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Hydrogen-based compounds have attracted significant attention in recent years due to the discovery of conven-

tional superconductivity with high critical temperature under high pressure, rekindling hopes for finding room-

temperature superconductors. In this study, we investigated the vibrational and superconducting properties of

H3Se in the 𝐼𝑚3̄𝑚 phase under pressures of 50–200GPa. Our approach combines the stochastic self-consistent

harmonic approximation and first-principles calculations to account for the quantum and anharmonic effects of

ions. According to the results, these effects significantly modify the crystal structure, increasing the inner pres-

sure by approximately 8GPa compared to situations in which they are ignored. The phonon spectra suggest that

when these effects are considered, the crystal stabilizes at pressures as low as approximately 61GPa, which is

significantly lower than the previously predicted value of over 100GPa. Our calculations also highlight the critical

role of quantum and anharmonic effects on the electron–phonon coupling properties. Neglecting these factors

can result in a significant overestimation of the superconducting critical temperature (𝑇c) by approximately 4K

(200GPa) to 25K (125GPa). With anharmonic phonons, the 𝑇c calculated from the Migdal–Eliashberg equations

reaches 200K (𝜇⋆ = 0.1, 𝜆 = 4.1) as the pressure decreases to 64GPa, indicating that the crystal is a rare high-𝑇c

superconductor at moderate pressures.

DOI: 10.1088/0256-307X/41/12/127402

Introduction. High critical temperature (𝑇c) super-

conductivity has remained one of the most attracting yet

challenging issues in physics for decades. Among the ad-

vancements already achieved, the discovery of high 𝑇c in

hydrogen-based systems stabilized by high pressure has

piqued considerable research interest in recent years. [1–10]

The prosperity of this field originates far from the suspi-

cion of Neil Ashcroft in several decades ago [11,12] that pres-

surized hydrogen or hydrogen-dominant alloys can exhibit

superconductivity at high temperatures, and then is fa-

cilitated by the advancement of high-pressure experimen-

tal techniques using diamond anvil cells. [3,13] The achieve-

ment in H3S with a 𝑇c of 203K at 155GPa [14] and in

LaH10 with 𝑇c of 260K at 180–200GPa [15] sparked hope

for room-temperature superconductors. Since then, the

superconductivity of an increasing number of hydrogen-

based compounds have been investigated both experimen-

tally and theoretically.

In the prediction of superconducting hydrides, com-

putational techniques based on density functional the-

ory (DFT) combined with conventional superconduct-

ing theory [16–18] have been extensively applied and play

a crucial role, such as in the famous cases of H3S,
[19]

LaH10,
[20] YH6,

[21] and many others. [22–37] A crucial part

of the calculation of superconductivity is the treatment

of ionic vibrations, from which the parameters describ-

ing the electron–phonon interaction can be obtained. The

conventional methodology employs the density functional

perturbation theory (DFPT), [38] where ions are treated

as classical particles. The potential 𝑉 (𝑅), known as the

Born–Oppenheimer (BO) potential, is approximated by a

Taylor expansion around the equilibrium positions of ions

that minimize 𝑉 (𝑅). Typically, this expansion includes up

to second-order terms and is referred to as the harmonic

approximation. Thus, it ignores the quantum fluctuations

of ions and the anharmonic nature of the potential. Re-

cent studies have emphasized the crucial impact of quan-

tum and anharmonic effects on the structural, vibrational,

and superconducting properties of many systems, espe-

cially hydrogen-based compounds. [20,27,39–48] For exam-

ple, the experimentally obtained 𝑇c in H3S (approximately

200K) [14] and in LaH10 (approximately 250K) [15,49] at

high pressures can only be well explained by considering

the quantum effect and anharmonicity.

Given the high 𝑇c observed in H3S, there is a natu-

ral interest in H3Se, which is achieved by substituting S

with its isoelectronic counterpart Se. However, to the best

of our knowledge, reports on H3Se are rare and contro-

versial. Experimental synthesis and metallization of H3Se

under high pressure have not yet been achieved. Zhang et

al. [50] reported the synthesis of H3Se in the 𝐶𝑐𝑐𝑚 phase

at 23GPa, which was later identified as (H2Se)2H2.
[51]

Theoretical predictions by Heil et al. [52] for H3Se in the

𝐼𝑚3̄𝑚 phase suggested a 𝑇c of 100K at 190GPa. Other
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studies [53–55] have estimated 𝑇c values ranging from 110K

to 118K at 200GPa. Ge et al. [56] reported a 𝑇c of approxi-

mately 163K, whereas Flores-Livas et al. [57] suggested ap-

proximately 130K for the same compound at 200GPa. In

addition, various studies [53,57] have investigated the struc-

tural stability of H3Se in the 𝐼𝑚3̄𝑚 phase, indicating sta-

bility at pressures exceeding 100 and 166GPa, respectively.

However, none of these calculations explored the quantum

and anharmonic effects of ions.

In this study, the vibrational and superconducting

properties of H3Se in the 𝐼𝑚3̄𝑚 phase under pressures rel-

atively lower than those used in previous studies, ranging

from 50 to 200GPa, were systematically investigated us-

ing first-principles calculations. The quantum and anhar-

monic effects of ionic vibrations were incorporated through

the stochastic self-consistent harmonic approximation (SS-

CHA). In contrast to previous predictions, [53,57] our cal-

culations demonstrate that the crystal remains dynam-

ically stable above approximately 61GPa due to quan-

tum and anharmonic effects, which are essential below

pressures previously thought necessary to achieve stability

(109GPa with harmonic calculations). Significant modifi-

cations were obtained in optical phonons, including soft-

ened bond-bending modes and hardened bond-stretching

modes, impacting the electron–phonon coupling (EPC)

properties and suppressing 𝑇c significantly, by up to ap-

proximately 25K at 125GPa. With anharmonic phonons,

the 𝑇c calculated from the Migdal–Eliashberg equations,

reached 200K (𝜇⋆ = 0.1), and 𝜆 exceeded 4, as the pres-

sure decreased to 64GPa. This study offers valuable in-

sights for experimentally confirming the superconducting

properties of H3Se.

Methods and Computational Details. Conventional

first-principles methods calculate the vibrational proper-

ties of materials employing the harmonic approximation,

which treats ions as classical particles. The potential 𝑉 (𝑅)

as a function of the ion configuration 𝑅, known as the

Born-Oppenheimer (BO) potential, is Taylor expanded up

to second-order terms around the configuration in equi-

librium 𝑅0 that minimizes 𝑉 (𝑅). By diagonalizing the

dynamical matrix

𝐷ℎ
𝑎𝑏 =

1√
𝑀𝑎𝑀𝑏

𝜕2𝑉 (𝑅)

𝜕𝑅𝑎𝜕𝑅𝑏

⃒⃒⃒⃒
𝑅0

, (1)

one obtains frequencies of the vibrational quanta, i.e., the

harmonic phonons. In this equation, 𝑎 and 𝑏 denote com-

bined indices identifying the Cartesian coordinates of all

ions; 𝑀𝑎 and 𝑅𝑎 denote the mass and position of atom 𝑎,

respectively.

Despite the success of the harmonic approximation,

neglecting the quantum and anharmonic effects of ions

can lead to significant deviations in material properties

related to ionic vibrations, as mentioned in Section 1.

The recently proposed SSCHA is aimed at addressing

this issue. [41,43,58–60] Without approximating the BO po-

tential 𝑉 (𝑅), the SSCHA rigorously incorporates the ef-

fects of quantum ionic fluctuations based on the varia-

tional minimization of the free energy, 𝐹 [𝜌] = min
𝜌

ℱ [𝜌];

with ℱ [𝜌] = 𝐸[𝜌]−𝑇𝑆[𝜌], retaining all anharmonic terms.

𝐸[𝜌] = ⟨𝐾 + 𝑉 (𝑅)⟩𝜌 is the total energy with 𝐾 being the

kinetic energy operator. ⟨𝑂⟩𝜌 = Tr[𝑂𝜌]/Tr[𝜌] is the quan-

tum average of the operator 𝑂 taken at the trial density

matrix 𝜌 of the system. 𝑇 represents the temperature,

and 𝑆[𝜌] represents entropy. For feasible implementation

in practice, the trial density matrix 𝜌 = 𝜌ℛ, 𝛷 is con-

strained to guarantee the distribution probability of ionic

positions to be a Gaussian type and centered at the cen-

troid positions ℛ with a width 𝛷 decided by the quantum-

thermal fluctuations around them. The SSCHA minimizes

ℱ [𝜌ℛ, 𝛷] as a function of ℛ and 𝛷. During each minimiza-

tion step, an ensemble of random ionic configurations in a

supercell is extracted from 𝜌ℛ, 𝛷, and the total energy and

forces of each configuration are calculated with the exter-

nal 𝑎𝑏 𝑖𝑛𝑖𝑡𝑖𝑜 code to obtain the free energy function and

its derivatives with respect to ℛ and 𝛷. Using the deriva-

tives, ℛ, 𝛷, and 𝜌ℛ, 𝛷 are updated to minimize the free

energy based on preconditioned gradient descent. At the

minimum, the obtained ℛeq determines the averaged ionic

positions, and the auxiliary force constants 𝛷eq represent

the fluctuations around these positions.

In the static limits, [41,61,62] phonon frequencies are de-

termined from the eigenvalues of the mass-rescaled second-

order derivatives of the free energy obtained at ℛeq,

𝐷𝐹
𝑎𝑏 =

1√
𝑀𝑎𝑀𝑏

𝜕2𝐹

𝜕𝑅𝑎𝜕𝑅𝑏

⃒⃒⃒⃒
ℛeq

(2)

known as the free-energy Hessian at ℛeq. This is the

quantum anharmonic analog of the classical harmonic dy-

namical matrix 𝐷ℎ [Eq. (1)]. Note that the appearance

of negative eigenvalues of 𝐷𝐹 or 𝐷ℎ (imaginary phonon

frequencies) indicates structural instability with or with-

out the quantum and anharmonic effects. In addition to

optimizing inner cell ionic positions, the SSCHA can relax

the lattice parameters under a specified pressure, incor-

porating the quantum effects and anharmonicity. This is

realized by replacing the BO potential with the free energy

when computing the stress tensor.

For simplicity, calculations using the classical harmonic

approximation are referred to as harmonic calculations,

whereas those employing the SSCHA to include quantum

and anharmonic effects are referred to as anharmonic cal-

culations.

The Eliashberg spectral function

𝛼2𝐹 (𝜔) =
1

2𝜋𝑁(0)𝑁𝑞

∑︁
𝜇𝑞

𝛾𝜇(𝑞)

𝜔𝜇(𝑞)
𝛿[𝜔 − 𝜔𝜇(𝑞)] (3)

is calculated at both the harmonic and anharmonic lev-

els, where 𝛾𝜇(𝑞) denotes the phonon linewidth due to the

electron–phonon interaction at the wave vector 𝑞 of mode

𝜇; 𝑁(0) denotes the density of states at the Fermi level; 𝑁𝑞

denotes the number of phonon momentum points used for

Brillouin zone (BZ) sampling; 𝜔𝜇(𝑞) represent phonon fre-

quencies obtained by diagonalizing 𝐷𝐹 or 𝐷ℎ during an-

harmonic or harmonic calculations. The EPC constant (𝜆)

and average logarithmic frequency (𝜔log) can be obtained

directly from 𝛼2𝐹 (𝜔) as 𝜆 = 2
∫︀∞
0

d𝜔(𝛼2𝐹 (𝜔)/𝜔) and

𝜔log = exp((2/𝜆)
∫︀∞
0

d𝜔(𝛼2𝐹 (𝜔) ln(𝜔)/𝜔)), respectively.
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The superconducting critical temperature (𝑇c)

is derived from the Allen–Dynes-modified McMillan

equation [17]

𝑇c =
𝑓1𝑓2𝜔log

1.2
exp

[︁
− 1.04(1 + 𝜆)

𝜆− 𝜇*(1 + 0.62𝜆)

]︁
, (4)

with 𝜇* being the Coulomb pseudopotential. Here, 𝑓1
and 𝑓2 are functions of 𝜆, 𝜇*, and 𝛼2𝐹 (𝜔). For compari-

son, 𝑇c is also calculated by solving the isotropic Migdal–

Eliashberg equations [18] once 𝛼2𝐹 (𝜔) is obtained.

The 𝑎𝑏 𝑖𝑛𝑖𝑡𝑖𝑜 calculations were performed using

the QUANTUM ESPRESSO (QE) package, [63] employ-

ing ultrasoft pseudopotentials with the Perdew–Burke–

Ernzerhof parametrization [64] of the exchange-correlation

potential. The cutoff energies for the wave functions and

density were set to 80 and 800Ry, respectively. Integra-

tion over the BZ in the self-consistent calculations was

performed using Methfessel–Paxton smearing with broad-

ening of 0.01Ry and a 24×24×24 𝑘-point grid. Harmonic

phonon calculations were performed on a 9×9×9 𝑞-point

grid using DFPT. [38] The SSCHA calculations were per-

formed on a 3× 3× 3 supercell containing 108 atoms, and

the resulting anharmonic dynamical matrices were inter-

polated to the finer 9 × 9 × 9 grid. The electron–phonon

interaction was evaluated in both the harmonic and an-

harmonic cases with Gaussian smearing of 0.008Ry.

Results and Discussion. Previous studies [53,57] have

suggested that H3Se can be stabilized in the high-

symmetry 𝐼𝑚3̄𝑚 phase under pressures greater than

100GPa. In this study, we focus on this structure and

apply a wider range of pressures to explore the impact

of quantum ionic fluctuations on its structural and vi-

brational properties. As shown in the corner of Fig. 1,

this structure exhibits body-centered symmetry, each Se

atom has six H atoms as the nearest neighbors located at

the six corners of a regular octahedron centered on the

Se atom, and the situation is similar for each H atom.

Through harmonic and anharmonic calculations, struc-

tural deformation under external pressure is investigated.

The pressure dependence of the lattice parameter is shown

in Fig. 1. The quantum and anharmonic effects signifi-

cantly correct the stress between ions. For the same lat-

tice parameter, the pressure obtained from the harmonic

calculations (referred to as harmonic pressure) is approx-

imately 8GPa lower than that obtained from the SSCHA

(referred to as the anharmonic pressure). In contrast, the

slope of the pressure with respect to the lattice parameter

is barely affected. This stress correction is a commonly

observed feature among superhydrides, such as AlH3
[40]

and AlMH6.
[65] Our calculations are consistent with those

reported in previous studies, as shown by the triangle in

Fig. 1.

Figure 2 shows the phonon spectra and the correspond-

ing projected phonon density of states (PDOS) and the

Eliashberg function 𝛼2𝐹 (𝜔) of H3Se in the 𝐼𝑚3̄𝑚 phase

across a wide pressure range of 75–200GPa based on both

the harmonic approximation and SSCHA.
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Fig. 1. Crystal structure and lattice parameter depen-

dence on external pressure. The crystal structure of 𝐼𝑚3̄𝑚

H3Se is shown in the corner, where Se atoms are repre-

sented by blue spheres and H atoms by pink spheres. One

of the polyhedra surrounding the central Se atom is de-

picted. The dependence of the lattice parameter on pres-

sure is calculated at both the harmonic (black squares)

and anharmonic (orange dots) levels. The results reported

by Zhang et al. [53] and Amsler [54] are shown by colored

triangles.

The anharmonic pressure (orange text) and the corre-

sponding harmonic pressure (black text) of the same crys-

tal structure are marked on each spectrum panel. Simi-

lar to the case in AlH3,
[40] under low pressures less than

109GPa [see panels (a1) and (b1) of Fig. 2], the harmonic

calculation yields negative (actually imaginary) phonon

frequencies, most notably at the 𝛤 point, indicating struc-

tural instability. This prediction is roughly consistent with

that in Ref. [57]. However, the anharmonic phonon fre-

quencies obtained from 𝐷𝐹 remain positive in the 75–

200GPa range, highlighting the crucial role of quantum

and anharmonic effects in stabilizing the 𝐼𝑚3̄𝑚 phase of

H3Se under low pressures. To determine the minimum

pressure required to stabilize the crystal in the anhar-

monic case, additional anharmonic calculations were per-

formed in a low-pressure range of 50–64GPa (see Fig. 3).

The results reveal the emergence of imaginary anharmonic

phonons under pressures of approximately 60GPa. Inter-

polation analysis of the dependence of the lowest optical

phonon frequency on pressure suggests that the minimum

pressure required to stabilize the crystal is approximately

61GPa.

Within the 100–200GPa pressure range, the acoustic

phonon branches are separated from the optical branches

and are barely influenced by the quantum and anharmonic

effects. This is because the acoustic modes predominantly

involve contributions from heavy selenium atoms, as ev-

idenced by the phonon partial density of states (PDOS)

[Figs. 2(a2)–2(f2)]. In contrast, the optical phonons are

significantly affected by quantum effects and anharmonic-

ity in a manner that the six middle bond-bending branches

are roughly softened, whereas the three high-energy bond-

stretching branches are hardened, except the 𝛤 point.

Note that under low pressures, the bond-bending and

bond-stretching branches are highly mixed. As shown
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in Figs. 2(a2)–2(f2), hydrogen is the primary contribu-

tor to these optical modes. The anharmonic phonon

linewidth due to the electron–phonon interaction is repre-

sented by red dots in Figs. 2(a1)–2(f1); the red dot size in-

dicates strong coupling between bond-stretching phonons

and electrons. Thus, these modes contribute significantly

to 𝑇c.
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black text. The anharmonic phonon linewidth of each mode due to the electron–phonon interaction is denoted by

the size of the red dots in arbitrary units. Zero frequencies are indicated by the gray lines. (a2)–(f2) The PDOS

and (a3)–(f3) the projected Eliashberg function 𝛼2𝐹 (𝜔) corresponding to the spectrum, where the solid and dotted

lines denote the anharmonic and harmonic calculations, respectively, the red/green lines denote the contributions
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The strong anharmonic modification of the optical

phonons has a significant impact on the calculated 𝑇c. Fig-

ure 4 show the 𝑇c obtained from the Allen–Dynes-modified

McMillan equation with the harmonic approximation and

by combining the SSCHA with the EPC matrix elements,

which are called harmonic 𝑇c and anharmonic 𝑇c respec-

tively, for conciseness. The Coulomb pseudopotential pa-

rameter 𝜇* is selected as a typical value of 0.1 [Fig. 4(a)]

and 0.13 [Fig. 4(b)]. We also solved the Migdal–Eliashberg

equation [18] to obtain more accurate results. The Allen–

Dynes equation underestimates 𝑇c by 16–50K compared

with the Migdal–Eliashberg equation at pressures of 64–

200GPa for both harmonic and anharmonic calculations.

In the strong EPC case at 75GPa, the underestimation of

𝑇c by the Allen–dynes equation can reach 30K (𝜇* = 0.1)–

34K (𝜇* = 0.13), which is 16%–19% of 𝑇c.
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(b) 0.13. 𝑇c values calculated with the harmonic approxi-

mation (harmonic 𝑇c) are denoted by hollow symbols, and

those calculated by combining the SSCHA and the EPC
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Label ‘AD’ represents results obtained from the Allen–

Dynes-modified McMillan equation, and ‘ME’ indicates

results obtained from the Migdal–Eliashberg equation. (c)

Amount by which harmonic 𝑇c exceeds anharmonic 𝑇c, de-

noted as Δ𝑇c. (d) EPC constant 𝜆 (black symbols) and

average logarithmic frequency 𝜔log (orange symbols).

At 200GPa, the 𝑇c obtained from the Allen–Dynes

equation with 𝜇⋆ = 0.1 in the harmonic calculation is

113.6K, consistent with previous predictions. [53–55] For

a given 𝜇*, 𝑇c decreases monotonically with increasing

pressure in both the harmonic and anharmonic calcula-

tions irrespective of whether the Allen–Dynes or Migdal–

Eliashberg equation is used. The suppression of 𝑇c by pres-

sure primarily results from the overall hardening of the op-

tical phonon modes imposed by compression. This can be

understood from the Allen–Dynes equation (4), where 𝑇c

increases monotonically with the EPC constant 𝜆 within

the typical parameter range. From the formula of 𝜆 as∑︀
𝜇𝑞 𝛾𝜇(𝑞)/[𝜋~𝐷(𝜖𝐹 )𝜔

2
𝜇(𝑞)], which can be deduced from

𝜆 = 2
∫︀∞
0

d𝜔(𝛼2𝐹 (𝜔)/𝜔) and Eq. (3), it can be concluded

that 𝜆, so as 𝑇c decreases as the vibrations harden (phonon

frequencies increase) and vice versa. 𝜆 and the average

logarithmic frequency 𝜔log are presented in Fig. 4(d).

𝑇c is significantly overestimated in the harmonic ap-

proximation due to the neglect of the quantum and an-

harmonic effects. The overestimated amount of 𝑇c, Δ𝑇c,

i.e., harmonic 𝑇c minus anharmonic 𝑇c, is presented in

Fig. 4(c). The overestimation of 𝑇c reaches approximately

25K at 125GPa and decreases with increasing pressure to

approximately 4K at 200GPa. For further exploration,

the projected Eliashberg spectral function 𝛼2𝐹 (𝜔) and its

integral 𝜆(𝜔) =
∫︀ 𝜔

0
2(𝛼2𝐹 (𝜔′)/𝜔′)𝑑𝜔′, for the harmonic

and anharmonic cases are shown in Figs. 2(a3)–2(f3). The

projected 𝛼2𝐹 (𝜔) onto H and Se can be obtained by cal-

culating the partial contributions from different types of

atoms to the phonon linewidth 𝛾𝜇(𝑞) in Eq. (3). As shown

in Figs. 2(a3)–2(f3), the contribution of the low-energy

acoustic modes to 𝜆 is approximately 0.3 at 100GPa and

nearly 0.25 at pressures of 125–200GPa, which is almost

unaffected by the anharmonic effects. This is different

from the case of AlH3,
[40] where the contribution of the

acoustic modes is significantly suppressed by anharmonic-

ity. The main contributors to 𝛼2𝐹 (𝜔) are optical phonons,

which primarily originate from hydrogen atom vibrations.

As shown in Figs. 2(a3)–2(f3) and Fig. 4(d), 𝜆 is not

notably suppressed by anharmonicity at high pressures

of 150–200GPa. 𝜆, including anharmonicity, is even

larger than that with harmonic calculations under 200GPa

[see blocks in Fig. 4(d)], different from the situations in

AlH3.
[40] This can be interpreted as the result of a can-

celation effect between the softening of bond-bending op-

tical vibrations and the hardening of bond-stretching vi-

brations, which are influenced by anharmonicity. Sup-

pression of 𝑇c by anharmonicity under pressures of 150–

200GPa can be explained by the significant suppression

of the Allen–Dynes average logarithmic phonon frequency

𝜔log by anharmonicity [see Fig. 4(d)]. 𝜔log is reduced from

930 to 861 cm−1 at 175GPa and from 955 to 869 cm−1

at 200GPa by the quantum and anharmonic effects, ac-

counting for the decrease in 𝑇c, even though 𝜆 is slightly

increased when the anharmonic modification is performed.

Notably, at 64GPa, 𝑇c calculated from the Migdal–

Eliashberg equations reaches 200K (𝜇⋆ = 0.1), and 𝜆 ex-

ceeds 4, revealing that the 𝐼𝑚3̄𝑚 H3Se is a rare high-

𝑇c superconducting hydride at moderate pressures. The

large 𝜆 value may explain the deviation of the Allen–Dynes

equation-calculated 𝑇c from the pressure dependence of

𝑇c at higher pressures [Figs. 4(a) and 4(b)], because the

Allen–Dynes equation tends to yield inaccurate results in

the case of strong EPC (large 𝜆). [66]

Summary. In summary, we systematically investigated

the vibration and superconducting properties of the 𝐼𝑚3̄𝑚

phase of selenium hydride H3Se using the SSCHA com-

bined with DFT to incorporate quantum and anharmonic

modifications. The results demonstrate that the crystal

structure is significantly influenced by these modifications.

The calculated pressure was approximately 8GPa larger

when considering quantum and anharmonic effects rather
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than simply calculating with the traditional harmonic ap-

proximation for the same crystal structure with lattice pa-

rameters ranging from 3.17 to 3.45 Å. The phonon spec-

tra were also significantly altered, as characterized by the

overall softening of middle optical phonons and hardening

of high-energy phonons. In particular, the phonon spectra

imply that the structural instability predicted by harmonic

calculations below 109GPa is invalid when anharmonic

modifications are considered, and the crystal remains sta-

ble at approximately 61GPa. Modification of ionic vi-

brational properties exert a significant effect on the cal-

culated superconducting critical temperature 𝑇c such that

the 𝑇c obtained from the harmonic approximation is signif-

icantly suppressed by anharmonicity, such as from 153K

to 130K at 125GPa and from 121K to 113K at 175GPa,

obtained from the Allen–Dynes equation. Notably, at

64GPa, where the crystal maintains dynamically stable

facilitated by the quantum and anharmonic effects of ions,

the 𝑇c calculated from the Migdal–Eliashberg equations

reaches 200K, revealing that this crystal is a rare high-𝑇c

superconducting hydride at moderate pressures. We ana-

lyzed the EPC properties and calculated parameters, such

as the phonon linewidth and the Eliashberg spectral func-

tion. These data indicate that almost all corrections to

𝑇c due to the quantum and anharmonic effects stem from

their influence on hydrogen atom vibrations. This high-

lights the indispensable role of quantum and anharmonic

effects in the estimation of the ionic vibration-related prop-

erties of hydrogen selenide, akin to many other hydrogen-

based compounds. This study augments the dataset of the

systematic properties of hydrogen-rich compounds, provid-

ing a foundation for further exploration into the essence of

superconductivity.
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