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Most of the H-rich superconductors have so far been discovered to be clathrate structures. Several clathrate
hydrides, including H;S, LaH,y, and CaHg, were predicted to be excellent superconductors through structural
searches and were later confirmed through experimental synthesis. Here, we conduct extensive crystal structure
searches and first-principles calculations for ternary Na-P-H hydrides under high pressure. Two stoichiometries
of NaPHg¢ and NaPHg in ternary Na-P-H hydrides are found to be stable under 200 GPa. The P6m2 phase
of the NaPH¢ hydride is identified as a novel ternary layered H-rich superconductor, exhibiting a high critical
temperature 7, of 112.2 K under 200 GPa. Our calculations indicate that the high 7, of the NaPH; hydride under
high pressure is attributed to the high density of hydrogen s states present at the Fermi level. Furthermore, a
metastable Pm3 phase of the clathrate NaPH, hydride is uncovered under 350 GPa and displays an exceptional
T, of 201.4 K. These results suggest that ternary alkali metal Na-based hydrides hold promise as high-7,
superconductors under high pressure and offer critical insights into the design and synthesis of novel category

high-temperature superconductors.
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I. INTRODUCTION

Strong electron-phonon coupling (EPC) and high-
frequency phonon vibrations make metallic hydrogen a
promising high-temperature superconductor [1-3]. However,
the metallization pressure required for dense hydrogen
exceeds 450 GPa [4,5], which is still a challenge for current
hydrostatic pressure experiments. A flexible strategy,
“precompression” of hydrogen in hydrogen-dominant
hydrides, proposed by Ashcroft [6] in 2004, can produce
metallic hydrogen at relatively low pressure conditions.
Several high-temperature superconductors in hydrides at
high pressure were discovered with this powerful strategy,
such as conventional sulfur hydrides (H3S) [7,8], lanthanum
hydrides (LaH () [9,10], and calcium hydrides (CaHg), which
were theoretically predicated to be metallic and subsequently
confirmed by high-pressure experiments. These high-T.
superconductors exhibit high 7, values of 203 K at 150 GPa
[11], 250 K at 170 GPa [12,13], and 215 K at 172 GPa [14],
respectively. Therefore, the compressed hydrides experience
metallization at much lower pressures than metallic hydrogen.

Since then, a series of surprising metallic hydrides with
rather high 7, were searched for using extensive theoretical
predictions [15-22]. The sodalitelike clathrate MgH, is pre-
dicted with T, higher than 200 K [21,22] under high pressure
[14,15]. In arecent review Semenok et al. reported the detailed
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structure, electronic properties, and maximum 7. values for
alkali metal and transition metal based binary hydrides [19],
which offer active guidance for future synthesis of binary
hydrides. As for rare-earth (RE) hydrides, Peng et al. con-
ducted a symmetrical study for entire lanthanide series of
elements, and the 7, values of the energetically stable YH;q
and LaH; hydrides are 303 and 288 K at high pressure [10].
We have also explored high-7; superconductivity in H-rich
RE hydrides and identified the “second island” of high-T;
superconductors in late Yb/Lu polyhydrides [23]. Moreover,
yttrium hydrides with high symmetrized H cages in corre-
sponding crystal structures are also potential superconductors.
Some stable and metastable yttrium hydrides, such as YH3,
YHg, and YHy, were successfully predicted and confirmed by
the later experiments [24-27].

Recent reports [28,29] identified ternary hydrides that un-
dergo metallization at moderate pressures while exhibiting
high T, values, potentially even at room temperature. Sun
et al. discovered the metastable Li,MgH,, [30] ternary hy-
dride with a remarkably high T, value of ~473 K at 250 GPa.
The doped Li atoms in Li,MgH,, provide extra electrons
to dissociate the H, molecules, which greatly improves the
strong EPC and causes the high-7, superconductivity. Alkali
metals (Li) and alkaline earth metals (Mg, Ca) can donate
electrons [31-36] to enhance the 7; of hydrides. For exam-
ple, phosphorus hydrides are metastable phases corresponding
to elemental phosphorus and hydrogen [35-37]. The free-
electron metal Li ([He] 2s') doped metastable P-H binary
hydrides, such as LiP,Hj4 (169 K at 230 GPa) [38] and
LiPH¢ (167 K at 200 GPa) [39], can produce stable high-T,
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superconductors. By contrast, the atomic radius of sodium is
about 1.8 A, which is larger than that of lithium. The met-
allized pressures of sodium-based hydrides are, in principle,
lower than those of lithium hydrides [40,41]. For instance,
NaszFeH; and Na3;CoHg hydrides exhibit low synthesis pres-
sures of about 10 GPa [42], and Na,SiHg hydrides are known
to form several hypervalent compounds which exhibit superi-
onicity at relatively low pressure.

In this work, we conduct a systematic study of sodium
metal doped phosphorus hydrides, producing stabilized
NaPH,, (n = 3-8) ternary hydrides under high pressure. The
energetic, structural, and electronic properties of the stable
H-rich NaPH¢ and NaPHg hydrides indicate that NaPHg are
energetic and dynamic stable at 200 GPa. Furthermore, the
hexagonal layered P6m2 phase of NaPHg is an excellent su-
perconductor with a high 7, of 112.2 K at 200 GPa, while
the cubic clathrate Pm3 phase of NaPHg exhibits a T, value of
201.4 K at 350 GPa. The Pm phase of NaPHg is metallic at
200 GPa with T, of 55.9 K, suggesting that H-rich NaPHg and
NaPHjg hydrides are high-7; superconductors.

II. COMPUTATIONAL DETAILS

The candidate structures of ternary Na-P-H hydrides are
predicted using the CALYPSO code [43-45]. We perform
variable-composition crystal structure searches for NaPH,
(n = 3-8) ranging from 1 to 4 f.u./cell at 100, 200, 300,
and 400 GPa. The total energy and electronic properties
are calculated by using the Vienna Ab initio Simulation
Package (VASP) [46] with the Perdew-Burke-Ernzerhof [47]
exchange-correlation functional. Projector augmented wave
(PAW) potentials with the valence electrons 3s' for Na, 3523 p?
for P, and 1s' for H are adopted [48]. Valid PAW pseudopo-
tentials under high pressure have been verified by various
works [10,23,49]. For Na-P-H hydrides, the detailed core
radii from the pseudopotentials and the interatomic distances
(see the Supplemental Material [50]) indicate that the PAW
pseudopotential can lead to solid and valid results in high-
pressure calculations. To ensure the convergence of force and
energy, we set the corresponding plane wave cutoff energy
to 800 eV and Brillouin zone samplings to 0.20 A~!. The
dynamical stability of the predicated ternary Na-P-H hydrides
is calculated using the PHONOPY code [51] by using density
functional perturbation theory. The EPC and superconducting
critical temperature 7, are calculated using the QUANTUM
ESPRESSO package [52]. Ultrasoft pseudopotentials for Na,
P, and H atoms are chosen with a kinetic energy cutoff of
80 Ry. To get the EPC parameter A, the Brillouin zone is
sampled by a very dense 24 x 24 x 24 mesh for k points
and a 6 x 6 x 6 g-point mesh (convergence tests are shown
in Fig. S1). T, are estimated using the Allen-Dynes modified
McMillan equation [53],
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FIG. 1. (a)-(d) The 3D convex hulls constructed based on the
formation enthalpies related to the elemental Na, P, and H at 100,
200, 300, and 400 GPa, respectively; the solid dotted (NaPH, and
NaPHjs) represent the energetically stable structures.
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Coulomb pseudopotentials p©* = 0.10 and 0.13 are taken in
our calculation. The EPC constants of A and w,, are calcu-

lated as
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III. RESULTS AND DISCUSSION

We have explored the energetically stable structures of
NaPH,, (n = 3-8) hydrides at pressures ranging from 100
to 400 GPa. Clearly, the ternary stoichiometries of NaPHg
and NaPHg hydrides occur in three-dimensional (3D) con-
vex hulls, as depicted in Fig. 1. Based on the formation
enthalpies relative to the elemental Na, P, and H atoms,
we have identified energetically stable binary NaH, NaH3,
NaH;, and NaHy hydrides and ternary NaPHg and NaPHg
hydrides. Figures 1(a)-1(d) show that the ternary NaPH¢ and
NaPHg hydrides remain stable up to 200 GPa. Additionally,
in Figs. S2(a)-S2(c) in the Supplemental Material [50], we
present the 3D convex hulls of NaPHg and NaPHg hydrides
with respect to the stabilized binary NaH hydride and ele-
mental P and H atoms. The enthalpy difference curves for
NaPH; with respect to the R3m phase as a function of pressure
are shown in Fig. S3(a), which suggests that the hexago-
nal layered P6ém2 phase of NaPHg remains stable over the
pressure range of 200 to 400 GPa. Our structure predictions
have also uncovered two metastable R3m and Pm3 phases
of NaPHg. The monoclinic Pm phase of NaPHg is identified
as the ground state structure at high pressure from 200 to
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FIG. 2. Crystal structures for NaPHg: (a) and (b) a supercell
of P6m2 NaPHg at 200 GPa in different views, with the kagome
lattice formed by H atoms in the H-P layer, (c) the Pm3 structure
at 350 GPa, and (d) the R3m structure at 200 GPa. The sodium atoms
are yellow, the phosphorus atoms are purple, and the hydrogen atoms
are pink.

350 GPa, as illustrated in Fig. S3(b). Figures S4-S6 dis-
play the phonon dispersion curves of the P6m2, R3m, and
Pm3 phases of NaPHg, indicating that the P6m2 phase is
thermodynamically stable within a pressure range of 150 to
400 GPa.

Detailed crystal structures of NaPHg hydrides for selected
pressures are displayed in Figs. 2 and S7. The corresponding
structure parameters are summarized in Table S1. Typically,
H-rich clathrate structures are observed in binary and ternary
H-rich superconductors. However, the most stable structure
of the NaPH hydride at 200 GPa is a layered P6m2 phase,
which consists of H-P and Na-H layers, as depicted in
Figs. 2(a) and 2(b). The H; units are bonded with the P-H and
Na-H layers; the corresponding H-H distance is about 0.774
A. The H atoms in the P-H layers form a kagome lattice [in
Fig. 2(a)], while the P atoms are centered within each kagome
framework [54]. Additionally, a H-rich clathrate structure
of the NaPHy hydride with Pm3 symmetry is identified.
The cubic Pm3 phase of the NaPHg hydride is metallic and
stable at 350 GPa, as depicted in Fig. 2(c). The Hj, cages
are surrounded by P atoms, which is similar to the previously
reported LiPHg hydride [39]. Another metastable phase of
NaPHg is observed in the structural searches at 200 GPa and
is a trigonal R3m structure, as shown in Fig. 2(d), where the
H atoms are arranged in triangular H3 units. Na atoms are
located at the eight corners of the lattice, while the P atoms
are situated in the body-centered lattice. Although the trigonal
R3m phase and cubic Pm3 phase of NaPHg possess formation
enthalpies that are approximately 0.044 and 0.182 eV /atom
higher, respectively, than that of the ground state P6m2
phase at 200 GPa, they are still regarded as metastable
phases due to their mechanical and thermodynamic
instability.

In Fig. 3(a), we present the electronic band structure and
density of states (DOS) for the most stable P6m2 phase of
NaPHg at 200 GPa. The flat electronic bands crossing the
Fermi level indicate the metallic character of the P6m2 phase.
The H s states contribute to half of the total DOS at the Fermi
level, and their high values suggest that the P6ém2 phase of

Total
H_total
Na_total
P_total

FIG. 3. (a) Calculated electronic band structures and density of
states of P6m2 NaPHg and (b)—(d) the Fermi surface sheets of the
P6m?2 NaPHg structure at 350 GPa.

NaPHg is a potential high-7; superconductor [23]. The Fermi
surface of the P6m2 phase, shown in Figs. 3(b)-3(d), reveals
that the electron packages are located around the I' point.
Furthermore, we display the detailed DOS and Fermi surface
sheets for the metastable R3m and Pm3 phases at 350 GPa
in Fig. S10, which shows that both the R3m and Pm3 phases
of NaPHg are metallic with a relatively large number of H s
states at the Fermi level.

Motivated by the metallic properties of the NaPHg hydride,
we have calculated the EPC parameters for both stable and
metastable hydrides at high pressure. The electronic density
of states at the Fermi level Ng, the detailed EPC parameter A,
the logarithmic average phonon frequency wo, and the super-
conductivity T, are summarized in Table I. The results indicate
that the layered P6m?2 structure possesses a high T, of 112.2 K
(A = 1.313) at 200 GPa and 93.4 K (A = 0.904) at 350 GPa
when p* = 0.10. The layered P6m2 phase represents a cat-
egory of high-7, hydrides that expands the range of known
covalent and clathrate superhydrides [29]. Our calculations
indicate that the EPC A value for the Pm3 phase of NaPHg
is approximately 2.347. For EPC A > 1.5, by considering the
Allen-Dynes modified McMillan equation, the 7, supercon-
ductivity of the cubic Pm3 phase of NaPHg is determined to be
201.4 K, which is higher than the T of approximately 167.3 K
for the similar cubic Pm3 phase of LiPHg [39]. Furthermore,
the metastable trigonal R3m phase of NaPHg exhibits a 7,
value of 95.9 K (A = 1.313) at 350 GPa. The remarkable
superconductivity observed in NaPHg suggests that Na atoms
could provide electrons to increase the contribution of the
DOS of atomic hydrogen around the Fermi level and could
result in high T, values. Based on the Ng; values presented
in Table I, it can be observed that high Ng, values corre-
spond to high T, values, as evidenced by the P6m2, R3m, and
Pm3 phases of NaPHg exhibiting higher 7. values at selected
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TABLE I. Predicted superconducting properties of ternary Na-P-H high-temperature superconducting polyhydrides at different pressures;
T. are estimated using the McMillan equation and the Allen-Dynes modified McMillan equation.

Pressure Ngy T. (K) HAT. (K)
Hydrides Space group (GPa) [states/(Ry/f.u.)] A Wieg (K) w* =0.10 w*=0.13 w* =0.10
NaPHg 187 (P6m2) 150 4.231 3.311 377.277 70.7 67.5 110.5
187 (P6m2) 200 3.766 1.313 1128.264 112.2 100.8
187 (P6m2) 300 3.677 0.984 1417.528 96.3 82.4
187 (P6m2) 350 3.601 0.904 1581.039 93.4 78.2
187 (P6m2) 400 3.596 0.883 1503.430 85.1 70.8
166 (R3m) 200 2.652 1.289 854.109 83.2 74.6
166 (R3m) 300 3.173 1.496 905.954 103.0 93.9 118.8
166 (R3m) 350 2.633 1.313 964.058 95.9 86.1
200 (Pm3) 340 5.375 2.257 997.160 155.0 145.6 196.1
200 (Pm3) 350 5.393 2.347 1009.917 160.6 151.2 201.4
200 (Pm3) 400 5.065 2.235 726.923 112.3 105.5 145.2
NaPHg 6 (Pm) 200 2.748 1.467 500.387 55.9 50.8
6 (Pm) 300 1.701 0.670 1995.376 62.1 46.6
6 (Pm) 350 2.456 1.192 764.332 67.8 60.1

pressures. For example, the P6m2 phase displays a T, of
112.2 K (with a Ngy value of ~3.766), while the Pm3 phase
exhibits a 7. of 201.4 K (with a Ngy value of ~5.393). Com-
paring the superconductivity trends with the cubic Pm3 phase
of LiPHg, we can infer that the alkali metal Na can stabilize
P-H hydrides at high pressure and enhance the EPC, leading
to high-7, superconductivity.

To further explore the superconductivity mechanism in
diverse structures of NaPHg hydrides, we have calculated
the phonon dispersion curves; phonon density of states pro-
jected on Na, P, and H atoms; and THE Eliashberg spectral

function a’F (w) together with the electron-phonon integral
Aw) at 350 GPa, as displayed in Fig. 4. The phonon modes
for the layered P6m2 phase [Fig. 4(a)] exhibit two distinct
frequency ranges: Na and P atoms contribute minimally to
the overall EPC X due to their substantial atomic masses in
the low-frequency range (0-750 cm~'). Meanwhile, the high-
frequency region (>750 cm~!) is predominantly associated
with atomic H atom vibrations and H, molecules, contribut-
ing significantly to the total EPC A (up to 67%), similar to
H-dominated binary high-7;. superconductors such as H3S
[7,11] and lanthanide hydrides [10,12,13]. In Fig. 4(b), the
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FIG. 4. Phonon dispersion curves (the radius of the red circle is parallel to phonon linewidths); phonon density of states projected on Na, P,
and H atoms; and the Eliashberg spectral function a?F (w) together with the electron-phonon integral A(w) at 350 GPa for (a) the P6m2 phase
of NaPHj, (b) the Pm3 phase of NaPHg, (c) the R3m phase of NaPHg, and (d) the Pm phase of NaPHj.
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clathrate Pm3 phase of NaPHg exhibits a compelling soft
phonon mode in the middle frequency (250-1500 cm™') at
the R point. The radius of the red circle on the phonon disper-
sion curve represents the strength of the EPC A, indicating
that considerable phonon linewidths mainly originate from
the H-H vibration soft phonon modes around the R and I
points for Pm3 NaPHg at 350 GPa. The phonon modes in the
low-frequency region (<750 cm™') are predominantly related
to the Na/P atoms and a portion of the H-H soft phonon,
resulting in 70% of the total EPC A, while the atomic H-H
vibration phonon modes dominate the high frequency > 750
cm~! with 30% of the EPC A [see Fig. 4(b)]. Interestingly,
the vibrational range of hydrogen atoms in the trigonal R3m
phase of NaPHg is different from those of layered and cu-
bic structures, which appear in the entire vibration frequency
region [see Fig. 4(c)]. For the R3m phase of the NaPH¢ hy-
dride, H atoms combined with Na and P atoms contribute
about 45% of the total EPC A in the low-frequency range.
Hydrogen plays the dominating role in strong EPC, leading
to high-7, ternary atomic hydride superconductors. Overall,
among the three phases of NaPH¢ hydride superconductors,
the metastable Pm3 phase with atomic hydrogen possesses
the highest 7, value of approximately 201.4 K at 350 GPa,
attributed to the Na/P vibrations in the low-frequency region
contributing 70% of the total EPC 1. Meanwhile, the layered
P6m2 ground state and trigonal R3m metastable for NaPHg
display 7, values of around 93.4 and 95.9 K at 350 GPa,
respectively.

We next calculate the projected crystal orbital Hamilto-
nian population [55-57] to evaluate the chemical bonding in
Na-P-H hydrides, which can provide critical insights into the
relationships between superconductivity and structure among
the different phases of NaPHg. Figure 5(a) reveals strong H-H
bonding in the layered P6m2 phase of NaPHg, evidenced by
the prominent features of occupied antibonding states near
the Fermi level. The substantial antibonding states of H-H
bonding, including the H-H bonding in molecular H,, agree
with the dominant contribution of 67% to the total EPC X in
the P6m2 phase of NaPHjg at 350 GPa. It is noteworthy that the
Na-H and P-H bonding states are qualitatively similar in the
cubic Pm3 and trigonal R3m phases of NaPHg [Figs. 5(b) and
5(c)], with occupied bonding states below and antibonding
states above the Fermi level, respectively. Moreover, in the
cubic Pm3 phase of NaPHj, the H atoms contribute to strong
H-H bonding states near the Fermi level [Fig. 5(c)], indicating
the highest 7, values. Table S1 presents the detailed Bader
charges of Na, P, and H atoms of NaPH¢ hydrides at 350 GPa,
indicating the number of electrons transferred from Na/P to
H atoms. For the three phases of NaPHg hydrides, the partial
charges transferred in the layered P6m?2 phase are —0.61¢ and
—0.62¢ for Na and P, respectively. Similar values are observed
in the cubic Pm3 (—0.47¢ for Na and —1.29¢ for P) and trigo-
nal R3m (—0.57¢ for Na and —2.53¢ for P) phases of NaPHg
at 350 GPa, with H atoms accepting all electrons from the Na
and P atoms. The formation of metallic H-H bonds by charge
transfer from Na and P atoms induces the high-frequency
vibration and causes the high-7;. superconductivity of NaPHg.
For the ground state layered P6m2 phase of NaPHg, the 2h
and 2c sites of H atoms represent the H, molecules, corre-
sponding to a nearly negligible electron transfer of 0.03¢. The
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FIG. 5. Projected crystal orbital Hamiltonian population

(pCOHP) of the predicted compounds: (a) the P6m2 phase of
NaPHg, (b) the R3m phase of NaPHg, (c) the Pm3 phase of NaPHs,
and (d) the Pm phase of NaPHg at 350 GPa.

significant degree of electron transfer from Na/P atoms to
H atoms in the ternary P6m2, R3m and Pm3 hydrides pro-
motes the formation of Na-H and P-H bonds, as well as
high-frequency hydrogen vibrations, which is consistent with
the above EPC calculations.

In fact, we have found another stable stoichiometry of
NaPHjg in ternary Na-P-H hydrides at 200 GPa. It is also a
layered structure with Pm symmetry, as shown in Fig. S7(c),
and is composed of Na-H,-H and P-H layers. The H-H dis-
tance within the H, unit is approximately 0.742 A. As shown
in Fig. S9(b), the calculated band structures and DOS indicate
the Pm phase of NaPHg possesses a limited metallic character.
The corresponding EPC calculations reveal that the Pm phase
of NaPHg shows a T, value of 67.8 K (A ~ 1.192), which is
lower than that of the layered P6m2 phase of NaPHg (T, ~
93.4 K) at 350 GPa. For the Pm phase of NaPHg, the analo-
gous vibration phonon modes are also presented in Fig. 4(d).
The soft phonon modes around the I' point indicate the H
atom vibrations effectively enhance the EPC, and H atoms
dominate the high-frequency regions (>750 cm™") with 42%
of the total A.
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IV. CONCLUSIONS

In summary, we have explored the crystal structures
and superconductivity of H-rich Na-P-H ternary hydrides
at 100400 GPa by using structure prediction methods and
first-principles calculations. We have discovered two stable
stoichiometries of NaPHg and NaPHg in ternary Na-P-H hy-
drides at 200 GPa. The P6m2 phase of NaPHg was verified
as a ternary layered H-rich superconductor with a high 7,
value of 112.2 K at 200 GPa. Interestingly, the metastable
clathrate Pm3 phase of NaPH¢ was identified with a sub-
stantial 7, value of 201.4 K at 350 GPa. Our calculations
demonstrate that the high 7; of NaPHg at high pressure is due
to the high density of H s states at the Fermi level, and H
atoms contribute to strong EPC interactions in ternary sodium

phosphorus hydrides. These findings enrich the understand-
ing of alkali metal phosphorus hydrides at high pressure and
provide vital perspectives for further exploration of innovative
classes of high-temperature superconductors.
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