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The electronic, phonon, and superconducting properties of hexagonal yttrium hydrogen selenide (YHSe) are studied using density
functional theory (DFT) methods. The DFT analysis revealed that the energy bandgap and density of states near the Fermi energy
(ep) decrease with increasing pressure. Additionally, the influence of pressure on the vibrational properties of YHSe is also
examined. The findings of the vibrational properties indicate a stiffening of lattice dynamics under pressure and the identification
of negative Gruneisen parameters at certain high symmetry sites. This enhances and deepens the understanding of the vibrational
characteristics of YHSe under extreme pressure conditions. Finally, the electron—phonon coupling (EPC) parameter (1) is exam-
ined under different pressures. The examination of EPCs across varying pressures showed a significant increase from 0.826 (0 GPa)
to 2.6287 (200 GPa), where an increase in this EPC is found to increase the superconducting critical temperature (T.). Furthermore,
the nonmonotonic relationship between the superconducting critical temperature (T.) and external pressure (P) in the YHSe
compound is observed. Initially, T, decreases with increasing pressure and then begins to rise again, reaching its peak value at
extreme pressure. These findings provide valuable insights into the pressure-dependent properties of YHSe and have important

implications for the field of superconductivity in condensed matter physics.

1. Introduction

The field of superconductivity has witnessed significant
advancements and garnered attention due to its distinct char-
acteristics and diverse industrial applications [1, 2, 3, 4, 5, 6].
However, the requirement of extremely low temperatures for
these properties to manifest severely restricts their practical
application. Consequently, the pursuit of achieving supercon-
ductivity at higher temperatures, potentially even at room
temperature, has long been a fiercely competitive objective
within the realm of superconductivity [7, 8, 9]. This is one
of the reasons why extensive research in this field has been
conducted for more than a century [9].

Since 1968, there has been significant advancement in the
realm of hydrogen-based superconductivity, which was ini-
tially proposed by Ashcroft. The idea suggests that pressurized

hydrogen could exhibit high-temperature superconductivity
because of its elevated phonons energy [10]. As a result,
metallic hydrogen stands out as the primary contender for attain-
ing high-T. superconductivity due to its remarkably elevated
phonon vibration frequency [11, 12, 13]. However, achieving
hydrogen metallization, referred to as the Wigner—Huntington
transition, usually demands exceptionally high pressures, which
makes it challenging to explore its electrical characteristics linked
with superconductivity in such environments. Ashcroft suggested
that by incorporating extra elements into hydrogen, it could be
precompressed, enabling the system to retain its metallic proper-
ties and display superconductivity at lower pressures [14]. Hence,
metal hydrides emerge as leading contenders for achieving high-
temperature superconductivity (T,). Recently, simple binary
hydrides with the highest predicted superconducting critical tem-
perature Tc using density functional theory (DFT) include MgHj
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(260 K at 300 GPa) [15] CaHg (235K at 150 GPa) [16], and YHg
(264K at 120 GPa) [17, 18] among others. However, Ashcroft’s
analysis indicates that DFT calculations have effectively discounted
nearly all binary hydrides, with experimental validations corrobo-
rating these forecasts [19]. Consequently, various researchers have
investigated different binary hydrides using DFT and experimental
methods, such as hydrogen sulfide (H,S) and lanthanum super
hydride LaH;, [20], which can manifest superconductivity
at relatively elevated temperatures under extreme pressure
circumstances.

While there has been extensive research into binary
superconducting hydrides, the investigation into multicom-
ponent superconducting hydrides has been comparatively
limited. Nevertheless, the broader array of element combina-
tions within multicomponent hydrides shows greater poten-
tial for achieving high-temperature superconductivity [21].
Recent experiments have revealed that ternary metal alloy
hydrides demonstrate enhanced superconductivity when
compared to their binary counterparts, such as (La, Y)Hg
[22] and (La, Y)H;, [22]. Additionally, theoretical analysis
indicates that the ternary La and Y hydrides-based system
holds considerable promise for achieving high critical tem-
peratures of superconductivity [23].

Therefore, the major goal of this work was to conduct a
theoretical examination of high-temperature superconduc-
tivity (T.) caused by electron interactions with a crystal lat-
tice. It mainly focuses on specific physical systems in which
hydrogen plays an important part in the process of obtaining
zero resistance at temperatures greater than the boiling point
of liquid nitrogen (77 K). Consequently, this study focused
on examining the yttrium hydrogen selenide (YHSe) ternary
hydride system, which has been comparatively under-
explored, with the goal of assessing the electronic structure,
phonon dynamics, and superconducting properties using
DFT under varying pressure levels.

2. Computational Detail

The computations were conducted utilizing the framework
of DFT within the Quantum Espresso package to investigate
the electronic structure, phonon dynamics, and supercon-
ducting properties of the YHSe system. In this investigation,
the electronic structure, phonon, and superconducting prop-
erties were examined under different pressure conditions. The
chosen pseudo-potential type for this study was the norm-
conserving pseudo-potential with a functional type of GGA
Perdew—Burke—Ernzerhof [24]. The optimal crystal structure
(Figure 1) at ambient pressure, with lattice values obtained for
this investigation, a = b=3.8055 A and c=3.8744 A. A plane
wave basis set with an energy cutoff of 100 Ry was employed
to ensure more precise outcomes in analyzing the hexagonal
structures of YHSe within the space group P6m2. Reciprocal
space integration was conducted using k-point sampling
employing sets of special points derived from the standard
k-points technique established by Monkhorst and Pack [25].
A mesh of 12X 12 X 12 k-points was utilized to enhance more
accuracy following a convergence test for electronic Brillouin
zone (BZ) integration within the hexagonal structures of
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FiGure 1: Optimized crystal structure of yttrium hydrogen selenide
(YHSe) at 0 GPa.

YHSe. The structure’s minimum total energy is attained through
the automatic relaxation of internal coordinates, employing the
Broyden-Fletcher—-Goldfarb—Shanno algorithm [26]. This opti-
mization process adheres to specific thresholds, ensuring an
energy change of less than 0.000001 eV/atom. Moreover, the
equilibrium atomic structure is fine-tuned by relaxing lattice
atomic coordinates, maintaining a tolerance of less than
0.00001 eV/A for each atom within the structure. These conver-
gence tests meet the required standards for subsequent calcula-
tions. The phonon dispersion and superconducting properties
were calculated using density functional perturbation theory
implemented within the Quantum Espresso code [27]. The
electron—phonon coupling (EPC) matrix elements were calcu-
lated within the first BZ using a 4 X 4 X 4 g-mesh, while the indi-
vidual EPC matrices were utilized with a 36 X 36 X 36 k-points
mesh for the YHSe system. Essentially, the Eliashberg theory
spectral function relied on a dense distribution of k-points where
in the dense k-points mesh encompassed all k and k+ g grid
points, effectively ensuring coverage of the g-points mesh by
the k-points mesh. The electronic structure, phonon dynamics,
and superconducting properties were computed under pressure
variation circumstances. We determined the superconducting
transition temperature T, by utilizing the Allen Dynes adapted
McMillan equation [28] with the effective Coulomb pseudo-
potential parameter (u* =0.10) [29]. The calculation of the criti-
cal temperature for superconductivity in a phonon-mediated
superconductor can be conveniently expressed using a modified
version of the McMillan [28] formula.

D 10g 1.04(1 + 2)
T, = S s /A 1
cT 12 eXp( A= i (1+0.64)) M)

where p* represents the coulomb pseudo-potential, 4 repre-
sents the EPC constant, and w,, stands for the logarithmic
average phonon frequency. The EPC constant (1) can be
denoted as follows:
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FIGURE 2: (a) Calculated lattice parameters in angstroms and (b) the c/a ratio of hexagonal YHSe with space group P6m2 under high pressure

up to 200 GPa.
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The w parameter represents the frequency of phonons,
while o’F (@) denotes the Eliashberg spectral function.
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where N (ep) signifies the density of states (DOS) at the
Fermi level per unit cell, where g-point denotes the wave
vector, w,, represents the phonon frequency at the g-point,
weighted with v as the vibrational mode, ¢, signifies the
energy of the bare electronic Bloch state, ¢p represents the
Fermi energy, g%,, stands for the electron—phonon matrix
element and y,, represents the phonon line width, which
can be formulated as follows:

Yo = gy Z Zk: |g51n(k’ q)|25(£m,q+k - 8F)é(em,k - SF)»
(5)

A 3
Fon(k.q) = <2Ma) ) <m7k+q‘5quSCF nk>. (6)
qu

Regarding the phonon-line width with the entirety of
EPC can be articulated as follows:

Yo
A= = —
LA = LN (e 7)

From McMillan’s [28] strong-coupling theory, the
parameter describing the coupling between electrons and
phonons can be formulated as follows:

N(ep)<I*>
M<w*>

A= , (8)

where <I?> the averaged over the Fermi surface represents
the electron—phonon matrix element, with M denoting the
atomic mass.

(@) = E/OoazF (w)wdw. 9)

3. Results and Discussion

3.1. Structural Properties. Because the material’s structure is
intricately connected to its other properties, our initial focus
was on refining the unit-cell parameters of YHSe while sub-
ject to different pressure conditions. The table and accompa-
nying figure present the optimized unit-cell parameters of
YHSe’s hexagonal crystal structure at pressures ranging from
0 to 200 GPa. Figure 2 illustrates the lattice parameters of
hexagonal YHSe with space group P6ém2 under high pressure
of up to 200 GPa. In this study, the observed decrease in
lattice parameter with increasing pressure for YHSe can be
attributed to the compressive effects of applied pressure on
the crystal structure. In this finding, as pressure increases, the



TasLe 1: Calculated lattice parameters (a =5 and ¢) of hexagonal
YHSe with space group P6m2 under varying pressure conditions up
to 200 GPa.

Pressure (GPa) Lattice parameter a=b (A) c (10\)
0 3.81 3.87
50 3.45 3.52
100 3.28 3.37
150 3.16 3.26
200 3.07 3.20

interatomic distances within the crystal lattice are reduced,
leading to a contraction of the unit cell volume. The decrease
in lattice parameters in this study indicates a higher packing
density of atoms within the crystal lattice as pressure
increases (Figure 2). Table 1 shows the lattice parameters
(a and ¢) of hexagonal YHSe with space group P6m2 under
varying pressure conditions up to 200 GPa.

3.2. Electronic Properties. The study investigates the elec-
tronic properties of YHSe across varying pressures, focusing
on its band structure and DOS. The analysis of the electronic
properties of YHSe indicates that it is a semiconductor with a
bandgap ranging from 1.24 to 1.51 eV under varying pres-
sure. The band structure of hexagonal YHSe with space
group P6m2 was calculated by selecting specific k-points
along the high symmetry path I'-M—-K-I'-A—-L-H [30]. Ini-
tially, at 0 GPa (see Figure 3(a)), YHSe has an indirect band-
gap of 1.52 eV; the valance band maximum is located at the
A-point, and the conduction band minimum is located at the
I'-point. Figure 4 depicts the indirect gaps at the I'-I" points
decrease with increasing pressure, while those at the H-H
points increase. Whereas the L-L gap initially increases up to
100 GPa, then decreases, and the M—M gap initially increases
up to 150 GPa and then decreases at 200 GPa. Conversely,
the direct gap decreases under pressure, with the gaps at K-K
and A-A points also diminishing. Remarkably, at 0 GPa,
the bandgap in the K-direction is direct, contrasting the
I'-point’s behavior as it transformed into an indirect gap
with increasing pressure, reversing the trend observed at
the I"-point. The band structure of YHSe (see Figures 3(a),
3(b), 3(c), 3(d), and 3(e)), calculated at each pressure,
revealed that at ambient conditions, the highest point in
the valence band is the A point. Initially, at 0 GPa, the lowest
point in the conduction band is the I-point energy at
I'-point (1.15eV), which has lower energy than the K
(1.83eV) and A (1.53eV) points in the conduction band.
However, as the pressure increases to 200 GPa, the lowest
point shifts to the K-point (0.57eV) in the conduction
band, which has lower energy than the /-point (0.88eV),
A (0.68€V), L (5.34¢eV), and H (6.44 eV) points. These find-
ings revealed that as pressure increases, the gaps between
bands at I'-I', A-A, and K-K in YHSe gradually decrease.
Even when subjected to extreme pressure at 200 GPa, the
distinct energies of the conduction and valence bands persist
without overlapping. This indicates that YHSe is still a semi-
conductor characteristic that has a lower bandgap at extreme
pressure. The band structure of YHSe calculated at 0 GPa is
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shown in Figure 3(a); compared to that calculated at 50, 100,
150, and 200 GPa, a slight change is observed in the calculated
bandgap decrease with increasing pressure, aligning with pre-
vious work for other related systems [31]. The energy band-
gap of YHSe calculated at each pressure is as follows at 0 GPa
(1.51eV), 50GPa (1.45eV), 100 GPa (1.43eV), 150 GPa
(1.35€eV) and at 200 GPa (1.24 eV) in this work.

In transitioning from the analysis of band structure to the
examination of DOS, we computed both the total DOS
(TDOS) and projected DOS (PDOS) for YHSe across various
pressures ranging from 0 to 200 GPa (see Figures 3(a), 3(b),
3(c), 3(d), and 3(e)). The Fermi-energy is set to be zero
energy.

It is evident that YHSe exhibits semiconductor charac-
teristics across various pressures up to 200 GPa, as evidenced
by the absence of DOS at the Fermi level. This observation is
consistent with the results of the energy band structure anal-
ysis at all pressures in this work. Hence, according to this
study, it is important to note that YHSe exhibits semicon-
ducting behavior. This characteristic is significant for under-
standing its potential applications in electronic devices and
highlights its suitability for certain semiconductor-based
technologies.

For more theoretical insight, the DOS of individual
atoms Y, Se, and H in the YHSe structure are observed
and depicted in Figure 3(a). In projected DOS analysis, in
the YHSe, at 0 GPa, Se atoms contribute more to the TDOS
than Y and H atoms in the valence band. Furthermore, Se-2p
states contribute more than Se-3d states, with the majority of
the DOS near the Fermi level attributed to Se-2p states.
Conversely, in the YHSe system, Y-atoms contribute more
to the TDOS than Se and H atoms in the conduction band.
Additionally, Y-3d states contribute more than Y-5p states,
and Se-3d states contribute more than Se-2p states, with the
majority of the DOS near the Fermi level attributed to Y-3d
states in the conduction band. This happens for all pressures,
but the overlap between orbitals varies at different pressures
in this work. In Figure 3(a), Se-3d bands overlap with Se-2p
bands from 4.39 to 6.025eV and from 6.35 to 8.305eV.
Again, Y-3d bands overlap with Se-3d bands at 7.28
—7.299 eV and 9.27-9.47 eV. This indicates Se-3d and Y-3d
hybridization forming covalent bonds. At 150 GPa, Se-3d
and Se-2p bands overlap from 6.86 to 9.043 eV. Finally, at
200 GPa in Figure 3(e), the two orbital overlap from 7.814 to
8.96 eV. On the other hand, Y-3d bands overlap with Se-3d
at —5.0 to 8¢V and —3.19 to —4.387 eV. Overall, the TDOS
near the Fermi surface N (ez) of YHSe decreases with
increasing pressure, which is consistent results with a related
system of previous work [32].

3.3. Vibrational Analysis. The phonon dispersions and pro-
jected phonon densities of states for YHSe are displayed in
Figure 5 across various pressure conditions. The absence of
any imaginary frequencies within the BZ confirms the
dynamic stability of the YHSe system. Herein, our results
demonstrated that YHSe is dynamically stable at a pressure
of 0 GPa as shown in Figure 5(a). Moreover, we have calcu-
lated the phonon dispersion at pressures of 0, 50, 100, 150,
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and 200 GPa and it is found that YHSe is dynamically stable.
The phonon dispersion curves @ (g), depicted in Figures
5(a), 5(b), 5(c), 5(d), and 5(e), represent the relationship
between phonon frequency and wave vector offering insights

into the material’s vibrational behavior across different
momentum states. The phonon DOS F (w), in Figure 5, at
different pressures illustrates the distribution of phonon fre-
quencies within the YHSe material, providing a comprehen-
sive view of its vibrational spectrum.

The distinctive structure observed in the phonon spec-
trum, as highlighted in Figures 5(a), 5(b), 5(c), 5(d), and 5(e),
is a direct consequence of the varying atomic masses of Y, Se,
and H within the material. The phonon DOS of YHSe reveals
that the low-frequency vibrations are predominantly domi-
nated by the heavier Y-atoms, while the lighter Se-atoms,
followed by H-atoms, contribute significantly to the high-
frequency modes. This variance leads to the delineation of
three distinct regions in the partial phonon DOS F (w), each
predominantly influenced by the vibrations of specific
atomic species. In particular, the lower frequency segment
is dominated by Y vibrations, followed by predominant Se
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phonon branches, while the higher frequency range is signif-
icantly influenced by H atoms, contributing to higher fre-
quencies due to their lighter mass [28].

At a pressure of 0 GPa, Figure 5(a), signifying the absence
of external pressure, the peak phonon DOS is roughly
0.15 states/cm ™~ ". The DOS of phonons, which are quantized
vibrational energy units in this material, is indicated by this
value. The phonon DOS shows three different peaks in the
frequency range of 125-215cm™" at this pressure. These
peaks line up with particular vibrational modes of the mate-
rial. The largest peak among these reaches a DOS of about
0.15 states/cm ™. Nonetheless, the phonon DOS decreases
from about 150 to 175cm™" in frequency. This decline
implies that there are fewer vibrational modes available in
this frequency range.

Then, the phonon DOS begins to rise again when the
frequency rises over 175cm™" and gets closer to 220 cm™".
The phonon DOS varies significantly when the pressure rises
to 50 GPa (Figure 5(b)). There is a noticeable reduction in
the peak phonon density; the initial peak is now observed at
about 0.048 states/cm™'. Concurrently, the next peaks show
a slow rise in density as they go to higher frequencies, now
between 300 and 400 cm ™. This shift toward higher frequen-
cies is consistent with the earlier research for a similar system
and shows that the material’s vibrational energy has been
redistributed in response to the increased pressure [33].

The material’s vibrational properties at high pressures
are reflected by the four distinct peaks in the phonon DOS
at 100 GPa (Figure 5(c)). The first peak appears in the
100-200 cm ™" frequency region, which corresponds to low-
frequency vibrational modes. It shows a comparatively larger
phonon DOS in this frequency range since it is marginally
higher than the peak that follows. The second peak, which
indicates a shift to intermediate-frequency vibrational modes,
appears after the first peak and occurs in the 200-300 cm ™
frequency range. It has a somewhat lower density than the
first peak, but as the frequency rises, the phonon density
gradually increases.

The third peak, denoting an additional rise in density,
emerges in the frequency range of 300-400 cm™", signifying
an additional displacement toward elevated frequencies. The
fourth peak, which is the highest of the four, is finally seen in
the 400-450 cm™ frequency region, which corresponds to
high-frequency vibrational modes. This peak represents the
material’s capacity to support more vibrational modes at
even higher frequencies when subjected to increased pres-
sure. In a similar vein, the phonon DOS decreases dramati-
cally to 0.024 states/cm™" at 150 GPa (Figure 5(d)).

The material’s vibrational behavior is represented by
three separate peaks in the phonon DOS, which ranged in
frequency from 100 to 350 cm™" within this pressure regime.
At a frequency of 150 cm™’, the first peak becomes clearly
visible, and its associated phonon DOS is 0.024 states/cm ™.
However, the DOS decreased as one moved closer to the
second peak. The DOS then increases again as one approaches
the third peak, suggesting that higher-frequency vibrational
modes are once again available. The pressure’s influence on
the phonon dispersion curves of YHSe along specific high

symmetry lines in the BZ, as shown in Figure 5. Initially, at
0 GPa pressure, the computed phonon dispersion curves
closely match those obtained from inelastic neutron scattering
measurements [34].

The investigation outlines key points regarding YHSe in
this study, which are delineated in Table 2 and align with
reported values of inelastic neutron scattering measurements
at ambient pressure [34].

As depicted in Figure 5(b), as pressure increases, there is
an observable tendency for phonon branches to move toward
higher frequency ranges. However, the degree of this shift
differs at various locations within the BZ. Figure 5(b) illus-
trates that at a pressure of 50 GPa, the frequency at each
pointon I', M, K, A, L, H surpasses that at each correspond-
ing point when the pressure is at 0 GPa. Specifically, at
50 GPa, the frequency at the I-point ranges from 289.64 to
349.63cm™" at M from 134.28 to 330.45cm™’, at K from
173.27 to 331.21cm™, at A from 206.41 to 308.56cm ™",
and at L from 142.93 to 351.14 cm ™. According to Figure 5(c),
as the pressure increases to 100 GPa, there’s a consistent trend
of frequency raise observed across all points on I, M, K, A, L,
and H, resembling the behavior observed at 50 GPa. However,
at this heightened pressure, a distinct feature emerged one
longitudinal optical branch diverges significantly from the
rest of the optical phonons, showcasing a notably higher
frequency. The frequencies associated with this distinct lon-
gitudinal optical phonon at each high symmetry point
within the BZ are as follows: I': 586.65cm ™", M: 620.72cm™",
L: 592.12cm™, K: 620.73cm™', A: 600.11cm™', and H:
575.06cm™.

The phonon frequencies at each high symmetry point on
K in the BZ (see Figure 6(b)) increased monotonically with
pressure up to 200 GPa. This suggests that under increasing
pressure, the phonon frequencies at K-high symmetry point’s
exhibit a monotonic increased up to 200 GPa. The findings of
this investigation are aligned with previously reported data
for related systems [35]. This behavior indicates a stiffening
of the lattice dynamics under pressure. Phonon frequencies
are related to the force constants between atoms in a crystal
lattice. As pressure is applied, the interatomic distances
decrease, leading to increased force constants and, conse-
quently, higher phonon frequencies [36].

However, as shown in Figure 6(a), at 100 GPa, the frequency
at the M point for the acoustic phonon is 135.59 cm™, and at
150 GPa, it decreases to 132.84cm™"' further decreasing to
124.15cm™" at 200 GPa. Similarly, at 100 GPa, the frequency
at the L-point for the acoustic phonon is 147.13cm ™", and at
150 GPa, it decreases to 143.27cm™’, further decreasing to
94.96 cm™" at 200 GPa. Additionally, at 100 GPa, the frequency
at the H-point for the acoustic phonon is 138.58 cm™", and at
150 GPa, it decreases to 135.49 cm ™", further decreasing to 53.46
cm™" at 200 GPa. Furthermore, the frequency at 150 GPa at the
A-point for the acoustic phonon is 273.03 cm™; it decreases to
21849cm™" at 200GPa. The frequency at 150 GPa at the
I-point is 387.03cm™" then decrease to 223.25cm ™" at 200 GPa.
This transition from an increase to a decrease in frequency as
pressure raise from zero to 150 GPa suggests that the Grunei-
sen parameters at these points will become negative. This
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FIGURE 6: Pressure dependence of the phonon frequency of hexagonal structure with space group P6m2 YHSe at high symmetry point (a) I,
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conclusion is consistent with previously reported results for
the related systems.

3.4. Superconducting Properties. In this work, the properties
of superconductivity in the chosen structures can be effec-
tively examined through EPC 4 (w) calculations. The calcu-
lated nonmonotonic dependence of the critical temperature
(T.) (Figure 7(a)) and EPC parameter, A (w) (Figure 7(b)) on
external pressure in YHSe reveals intriguing insights into its
superconducting properties under extreme conditions. The
T. of YHSe, the material’s superconducting transition tem-
perature under normal circumstances is 28 K at atmospheric
pressure (0 GPa). Superconducting critical temperature (T.)
first decreases to 24.78 K at 50 GPa when external pressure
increases, indicating a suppression of superconductivity.
This reduction is similar with the trend of the prior work
for the analogous system and may be caused by the compres-
sion of the crystal lattice, which alters the electronic band
structure and weakens Cooper pairing [28].

As the pressure is raised to 100 GPa, T, decreases even
more to 15.8K, suggesting that superconductivity is still
being suppressed. The decrease in T, indicated that the mate-
rial’s electrical characteristics are changed by the applied
pressure, resulting in less strong superconducting activity
[37]. Unexpectedly, there is a reversal beyond 100 GPa, and
T. begins to rise. T. marginally increases to 159K at
150 GPa, suggesting that superconducting may be enhanced
or restored under extreme pressure scenarios. Our analysis
shows that, among other previously reported hydrogen-
based superconductors [22], the relationship between the
critical temperature (T.) and pressure (P) consistently trends
beyond 100 GPa.

All of the high superconducting critical temperature T,
systems accessed under extreme pressure and thus reported
are hydrogen-rich materials, in which the superconductivity
is driven by strong EPC to the high-frequency hydrogen
phonon modes [38, 39]. Thus, Figure 7(a) shows that the
critical temperature (T.) increases to 31.64 K at an extreme
pressure of 200 GPa, indicating a significant enhancement of

superconductivity at extreme pressure. This trend in the
relationship between pressure and T, at extreme conditions
is consistent with the findings of the prior study for related
hydrogen-rich materials [16]. In the YHSe system, the T
grows monotonically from 15.8 K at 100 GPa to 31.64K at
200 GPa. This rising behavior points to intricate structural
changes or electronic transitions that support high-pressure
superconductivity, a pattern that is consistent with past
reports of superconductivity based on hydrogen [40].

The extreme pressure may lead to a lattice configuration
that optimally supports strong EPC [38, 41]. This configura-
tion could enhance the efficiency of Cooper pair formation,
leading to an increase in T.. The significant increase in A (w)
to 2.63 supports this notion, indicating a remarkable enhance-
ment of electron—phonon interactions conducive to supercon-
ductivity. In our investigation, we have found that despite the
decrease in the DOS near the Fermi level (Figures 3(a), 3(b), 3(c),
3(d), and 3(e)) as the pressure raises the efficiency of EPC may
increase at higher pressures due to change in lattice dynamics/
phonon frequency or electronic structure [39, 42].

In this work, electron-lattice vibration interactions may
become more efficient, leading to 1 (w) =2.63 at 200 GPa,
which could lead to enhanced superconductivity and a higher
T. as compared to low critical temperature superconducting
materials in the YHSe system, even though the number of
accessible electronic states near the Fermi level decreases
with pressure.

At very high pressures, the lattice structure of solid may
undergo stabilization, which can promote a more favorable
environment for superconductivity [39]. This stabilization
may reduce lattice vibrations or distortions that could
impede Cooper pair formation, thereby boosting T.. This
means that the interactions between electrons and lattice
vibrations (phonons) become stronger under extreme pres-
sure conditions, leading to an increase in T, [38, 40]. Conse-
quently, even in circumstances where the density of
accessible electronic states in the YHSe system is decreased,
improved EPC can encourage the production of Cooper
pairs in the current work. This indicates that the decreases
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FIGURE 7: (a) Calculated critical temperature superconductivity of space group P6ém?2 hexagonal of YHSe. (b) Calculated the integrating of
lambda, 4 (@) of Pém2 of YHSe. (c) Calculated the logarithmic average phonon frequency w , of P6m2 hexagonal YHSe. (d) Calculated
total density of states DOS near the Fermi level as a function of pressure for YHSe.

in the electronic density of the state in the current investiga-
tion are effectively compensated by the rise in EPC. The EPC
parameter (4) at ambient pressure (0 GPa) is calculated to be
0.83, indicating moderate electron—phonon interactions
since (A< 1). Through their facilitation of Cooper pair pro-
duction, these interactions are essential in mediating
superconductivity.

As the applied pressure increases to 50 GPa (Figure 8),
it results in an increase in 4 to 1.16, suggesting enhanced
EPC. This is indicative of a stronger electron—phonon
interaction at this pressure, as the EPC parameter exceeds
one since A>1.

However, from Figure 8, increasing the pressure to
100 GPa leads to a reduction in 4 to 0.94, indicating a weak-
ening of electron—phonon interactions since (A1<1). The lat-
tice distortion induced by the high pressure might lead to
changes in the phonon spectrum that counteract the increase
in EPC [42]. The overall EPC 2 shifts from 1.16 down to 0.94
between 50 and 100 GPa and with the Coulomb pseudo
potential (¢*=0.10) to a reduction of T. from 24.78 to
15.8 K between 50 and 100 GPa. Hence, the reduction of EPC
good agreement with the reduction of T, in between the
pressure of 50 and 100 GPa in the present work.

According to Figures 7(a) and 7(b), further increasing the
pressure beyond 100 GPa results in a notable increase in (4);
interestingly, beyond 100 GPa as pressure increases, the total

.l\)
w
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o
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&
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FiGure 8: Frequency distribution of the electron—phonon coupling
parameter, A(w) with space group P6m2 hexagonal YHSe under

different pressure calculated as, A(w) =2 [° %d(o.

A increases monotonously, consistent with the increases of T,
calculated by this work. At 150 GPa, 4 rise to 0.98 indicating
a resurgence in EPC but still weak electron phonon interac-
tion since A< 1.
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These band structure effects may lead to an enhancement
of EPC and an increase in 4 despite the overall challenging
conditions at extreme pressures [41]. Thus, changes in the
electronic band structure induced by pressure in YHSe at
higher pressures could influence the distribution of elec-
tronic states and their coupling to lattice vibrations.

The EPC parameter increases significantly (1=2.63>1)
at an extreme pressure of 200 GPa (see Figure 8), suggesting a
notable enhancement of electron—phonon interactions. This
enhancement is probably responsible for the calculated
increase in the critical temperature (T.) at 200 GPa in the
YHSe with 7. =31.64K.

In transitioning from the discussion of electron—phonon
strength (1) to the logarithmic average phonon frequency
(w}og), our investigation uncovers a compelling nonlinear
trend under increasing pressure. The logarithmic average
phonon frequency exhibits a notable increase from 199.83
to 316.89 K at 50 GPa, indicating heightened atomic interac-
tions and a transition toward stiffer atomic arrangements.
This initial rise underscores the material’s responsiveness to
external pressure, suggesting a capacity for structural adap-
tation in response to compression. Subsequently, as pressure
continues to increase, logarithmic average phonon frequency
(w)4g) exhibits fluctuations, hovering within the range of 264
—250 K between 100 and 150 GPa (Figure 7(c)). However, as
pressure intensifies further, the logarithmic average phonon
frequency experiences a noticeable decrease, dropping rap-
idly to 189.060 K at 200 GPa. Figure 7(c) illustrates that the
logarithmic average phonon frequency increase at low pres-
sures reaches a maximum at 50 GPa and then decreases to
189.06 K at 200 GPa.

Moreover, in this study the results of Eliashberg spectral
function a’F (w) and integrated electron—phonon coupling
constant as a function of phonon frequency 1 (@) were calcu-
lated at 0, 50, 100, 150, and 200 GPa. The phonon spectrum
or Eliashberg spectral function, a’F (w) and cumulative
electron—phonon coupling 4 (w) of YHSe were calculated to
investigate the lattice dynamics and electron—phonon interac-
tions for this system. The Eliashberg spectral function denoted
as a’F () serves as a valuable indicator for assessing the
overall influence of induced pressure effects on the EPC within
a material as previously experimental confirmed for different
system [37]. This Eliashberg spectral function essentially char-
acterizes the strength of the electron—phonon interaction at
different phonon frequencies [37].

According to Figures 9(a), 9(b), 9(c), 9(d), and 9(e), when
examining, a’F (w) one can observe peaks at certain fre-
quencies in YHSe system. These peaks correspond to the
dominant phonon modes that contribute significantly to the
EPC, 1 (). At ambient pressure (Figure 9(a)), the medium
and greatest peaks in @?F (w) are observed within a specified
frequency range, typically between 143 and 220 cm™", with cor-
responding peak values of 0.38 and 0.67. This range illustrates
the frequencies at which the most significant electron—phonon
interaction occurs during normal conditions.

According to Figure 9(a), the findings clearly indicated
that at current pressure settings, no additional noticeable
peaks appear beyond the range of 143220 cm™", showing

Advances in Condensed Matter Physics

A =0.8267

()

l A=1.1635 ]

(®)

?F (), A

A =0.9375

L L L L ‘__-
(0

o?F (w), A
=)
o O

I A =0.9802 J

l;d

0.5 ‘

0' s 1 s 1 s L 1
T T

o?F (w),
&

(d)

A =2.6287

o’F (w), A
o =

Ul — U1 N
E—

1 1 1 1 1

0 I 1 I 1 I 1 1
0 500 1,000 1,500 2,000 2,500 3,000

Phonon frequency (cm™!)

— o*F (w)
— A
(e)
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that changes in phonon dispersion are insufficient to gener-
ate new dominant coupling frequencies. Moreover, increased
pressure causes additional peaks in the Eliashberg spectral
function, a*F (w) specifically, at 50 GPa; five distinct peaks
emerge in the Eliashberg spectral function o’F ().

The first three peaks are located within the frequency
range of 140-340 cm™" with corresponding Eliashberg func-
tion values ranging from 0.5 to 1.05. The first, second, and
third peak is situated at a phonon frequency of 140, 288.28,
and 337.7 cm™" with an associated Eliashberg spectral func-
tion value of 0.553, 0.906, and 1.04, respectively.

Furthermore, two additional peaks manifest at higher
frequencies. The fourth and fifth peaks appear at a frequency
of 683.64 and 1,573.20cm™' with an Eliashberg spectral
function value of 0.83 and 1, respectively. These observations
indicate that under the applied pressure of 50 GPa, the pho-
non dispersion undergoes significant alterations, resulting in
the appearance of new dominant phonon modes contribut-
ing to EPC, 4 (w) as compared to 0 GPa.
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Clearly from Figure 9(c), as the pressure further
increased to 100 GPa, a similar trend in the Eliashberg spec-
tral function is observed with five distinct peaks and two
shoulder peaks appearing at different phonon frequency
ranges compared to both the ambient pressure and the
50 GPa conditions. The first three peaks are observed within
the phonon frequency range of 146-422 cm™". Specifically,
the first, second, and third peak occurs at a phonon fre-
quency of 146.32, 344.57, and 420.53 cm™', exhibiting an
Eliashberg spectral function value of 0.297, 0.419, and
0.572, respectively. Moreover, two additional peaks are
observed at higher frequencies. The fourth and fifth peaks
are situated at a phonon frequency of 599.45 and 1,855 cm™"
demonstrating an Eliashberg spectral function value of 1.14
and 0.626, respectively. These peaks indicate the presence of
dominant phonon modes contributing to EPC within the
YHSe material. As the pressure increases to 150 GPa, the
Eliashberg spectral function continues to reveal significant
alterations in the material’s EPC behavior (Figure 9(d)). At
this pressure, four distinct peaks and shoulder peaks appear
at different phonon frequency ranges. The first peak is
located at a phonon frequency of 149.83, 459.82cm™ " with
an Eliashberg function of 0.40 and 1.19, respectively. The
Eliashberg spectral function value for this peak is notably
higher at 1.19, indicating a significant enhancement in the
electron—phonon interaction strength (1) compared to the
first peak. The third peak, observed at a phonon frequency of
511.48 cm™ %, represents another significant enhancement in
EPC. With an Eliashberg spectral function value of 2.07, this
peak signifies a particularly strong interaction between elec-
trons and phonons at this frequency.

At a much higher phonon frequency of 2,051.10 cm ™', the
fourth peak is observed, indicating EPC interactions at even
higher energy levels. The Eliashberg spectral function value
associated with this peak is 1.94, indicating a significant cou-
pling strength at this high frequency. According to Figure 9(e),
as the pressure increases to 200 GPa, the Eliashberg spectral
function continues to reveal significant alterations in the materi-
al’s EPC behavior. At this pressure, five peaks emerge, each at a
distinct phonon frequency, shows various electron—phonon
interactions within this the material. The first, second, and third
peaks appear at a phonon frequency of 128, 227, and 261 cm™,
accompanied by a corresponding Eliashberg spectral function
value of 0.79, 1.21, and 1.59, respectively. The fourth and fifth
peaks appear at phonon frequency of 527 and 2,200cm™’,
though with an Eliashberg spectral function value of 0.378 and
1.97, respectively.

Overall, the peak value of the Eliashberg function at each
pressure shows electron—phonon interactions at those pres-
sures that aligned with electron—phonon coupling in this study.

Furthermore, the Eliashberg functions for the YHSe
compound at various pressures have been collected to visu-
alize their relative positions concerning pressure, providing
insight into the electron—phonon interaction (Figure 10).
According to Figure 10, the Eliashberg function has the high-
est peak value at pressures of 150 and 200 GPa, among
others; this shows that stronger electron—phonon interaction
at these pressures.
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FiGure 10: Eliashberg functions of YHSe for all pressures are gath-
ered to visualize their relative evolution with pressure.

4. Conclusions

In this research work, a thorough examination of the electronic,
phonon, and superconductivity properties of hexagonal YHSe
with space group P6m2 under varying pressure conditions is
studied. The investigation revealed intriguing pressure-
dependent behaviors in both the band structure and DOS,
with the bandgap transitioning between indirect and direct
characteristics at a certain high symmetry point as pressure
increases. Despite these changes, YHSe maintains its semicon-
ductor characteristics since the energy bandgap along /'—-A
direction is in the range of 1.24-1.52 eV for all pressure ranges,
and the bandgap gradually decreasing under pressure. Further-
more, the study delves into the vibrational properties of YHSe,
showcasing shifts and changes in phonon dispersions and DOS
under pressure. Importantly, YHSe remains dynamically stable
across all pressure conditions, with phonon frequencies show-
ing monotonic increases. Additionally, a transition from posi-
tive to negative Gruneisen parameters is observed at certain
pressure points, indicating a shift in lattice dynamics under
extreme pressure conditions.

Moreover, the investigation into superconducting prop-
erties under pressure reveals a complex interplay between
structural dynamics, EPC, and superconductivity. The find-
ings show that electrical and vibrational factors influence
YHSe’s superconducting properties, with pressure playing
an important role in modifying these interactions. Under-
standing these complex interactions is critical for the crea-
tion and optimization of superconducting materials with
improved performance and stability. Furthermore, the find-
ings of this study have important implications for the design,
production, and application of new materials with custom-
ized electrical, vibrational, and superconducting properties
for advanced technological applications. Overall, this study
contributes valuable insights into the behavior of YHSe
under extreme conditions, paving the way for further explo-
ration in experimental study.
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