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The recent achievement of room-temperature superconductivity at near-ambient pressure in nitrogen-doped
lutetium hydride further boosts enthusiasm for the pursuit of high-temperature superconductors. Transition-metal
phosphides (TMPs) have attracted substantial attention due to their fascinating properties encompassing super-
conductivity. Nevertheless, the superconducting scandium-based phosphides with high scandium concentration
are not well comprehended. Towards this end, our work focuses on the rational design of scandium-rich phos-
phides via the first-principles swarm structure calculations under pressure. Strikingly, several metallic phases,
viz., ScP, Sc, P, and Sc;P, are unambiguously uncovered wherein P atoms exhibit captivating configurations from
ladder, linear chain, and eventually to isolated atom. Further electron-phonon coupling simulations elucidate
that P6/mmm Sc,P, isostructural to MgB,, possesses a remarkable superconducting transition temperature, 7,
of ~20 K at 100 GPa, mainly deriving from the large acoustic phonon softening in the low-frequency region.
Tetragonal /4/mmm Sc;P is revealed to host a high phonon-mediated superconductivity of 20.5 K at 140 GPa,
which is chiefly attributed to the significant coupling between the low-frequency softened acoustic and optical
phonon modes associated with the Sc-dominated vibrations and Sc 3d electronic states around the Fermi energy.
This study paves the way for discovering distinguished superconductors in transition metal-based phosphide

systems.
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I. INTRODUCTION

The design of novel superconductors with intriguing struc-
ture features and high-temperature superconductivity has been
a research hotspot in the fields of condensed-matter physics,
chemistry, and materials science [1-5]. Recently, plenty of
pressure-stabilized high-7. hydrogen-rich compounds with
peculiar hydrogen structures have been predicted [6—10]. Sev-
eral hydrides are successfully synthesized such as covalent
hydride H3S with 203 K at 155 GPa [11], clathrate super-
hydrides CaHg (215 K at 172 GPa [12], 210K at 160 GPa
[13]), LaHo (250K at 170 GPa [14], 260K at 188 GPa [15])
and currently reported room-temperature superconductor N-
doped lutetium hydride at near-ambient pressure (294 K at 10
kbar) [16], demonstrating the critical role of the theoretical
calculations in revealing emerging superconductive materials.

Furthermore, transition-metal phosphides are of great im-
portance in industrial applications such as energy storage
[17,18] and catalysts [19,20] and have emerged as a plat-
form for possessing superconductivity [21-25] and striking
phosphorus motifs [26-28] due to the rich valence elec-
tron configurations of transition-metal elements. For instance,
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pressure-induced MnP with superconductivity of 1 K was dis-
covered to be the first Mn-based superconductor [29]. Notable
superconductivity at 5.5-7.0 K has been observed in MosP
[30-32]. Nb,Ps with zigzag-type infinite phosphorus chain is
synthesized and occurs superconductive transition at 2.6 K
[33]. Recently, pressure-stabilized Fd-3m YP, with unfore-
seen vertex-sharing P, tetrahedra exhibits superconductivity
of 9.5 K, and Pm-3m Y;P has a much higher estimated 7, of
12.1 K [34]. To date, MgB,-structured LaP, with graphene-
like P layer is reported to show the predicted highest T,
(22.2 K at 11 GPa) recorded in the transition-metal phos-
phides (TMPs) [35].

Scandium (Sc) is a member of transition metals, whose
elemental materials are superconductors [36,37], and shows
breakthrough superconductivity under extreme compression.
Recently, record high-7, superconductivity of elemental su-
perconductors is achieved in compressed scandium (36 K
at 260 GPa [38], 32K at 283 GPa [39]). Meanwhile,
binary compounds of Sc exhibit interesting properties com-
prising electride state [40] and superconductivity [41]. For
example, the first 2D electride semiconductor Sc,C was
recently synthesized [42]. Also, striking superconductivity
emerges in scandium compounds [43—46], such as, room-
temperature superconductivity of 313 K, was predicted in
a superhydride ScHj, with quasiatomic H, units below one
megabar [47].

©2023 American Physical Society
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With regards to the Sc-P compounds reported up to date,
there are three metallic phases of Fm-3m ScP [48], Pnma
Sc3P; [49], and Pnma Sc3P [50] at atmospheric conditions.
More recently, several superconducting phases of Pnma-,
Cmmm-, and P4/mmm-structured ScP, Fddd ScP,, and C2/m
ScP, are predicted under pressure below 300 GPa, where
ScP4 has a calculated 7. of 11 K at 50 GPa [51]. Sub-
sequently, Pmc2; ScPs, C2/m ScP,, R-3m ScP, P63/mcm
ScsP3, Cmce ScyP, P63/m Sc,P, and Pm-3m SciP are found
by the structure search between 1 atm and 100 GPa, where
ScsP; and ScsP are one-dimensional and zero-dimensional
electrides [52], respectively. Meanwhile, ScsP; and Sci;P
have low work-function values of 2.64 and 2.57 eV, respec-
tively. Although a series of compressed Sc-rich and P-rich
Sc-P compounds with appealing properties have been iden-
tified, the phase diagram, structures, and superconductivity
of scandium-rich phosphides in the broader pressure region
remain yet unknown. It is well known that pressure, as a
powerful research tool, plays a predominant role in identi-
fying emerging materials [53-57]. Therefore, it is expected
that scandium-rich phosphides in the Sc-P system can exhibit
more diverse structures and remarkable superconductivity at
elevated pressure.

In this work, we conduct comprehensive structure searches
on Sc-P compounds with multiple Sc-rich Sc,,P, compo-
sitions below 300 GPa and systematically establish the
high-pressure phase diagram of scandium-rich phosphides.
Several stable metallic phases (i.e., Pbam ScP, P6 /mmm Sc,P,
14/mmm Sc3P, and Im-3 Sc;P) are determined wherein inter-
esting ladderlike and linear-chain P arrangements are found
in Pbam ScP and P6/mmm Sc,P, respectively. Strikingly,
P6/mmm Sc,P not only hosts the MgB,-type structure but
also has significant superconducting critical temperature of
19.8 K at 1 Mbar. 7/4/mmm SciP has a calculated T, value
of 20.5 K at 140 GPa, remarkable among binary transition
metal-rich phosphides. Our work not only expands the family
of transition-metal phosphides but also deepens the insights of
the structures and superconducting properties of TMPs.

II. COMPUTATIONAL DETAILS

To attain stable Sc-rich Sc-P compounds with desirable
properties, we performed structure searches of the Sc-P
system under compression by using the highly efficient
CALYPSO package [58,59], which has been successfully ap-
plied for discovering stable or metastable materials [53,60—
69]. The calculations on structure relaxation and electronic
structures were implemented via the Vienna Ab initio Simu-
lation Package (VASP) code [70] based on density-functional
theory [71,72]. The projector augmented-wave (PAW) [73]
pseudopotentials with valence electron configurations of
3523p°3d' 4s*> (Sc) and 3s*3p® (P) were selected. The
Perdew-Burke-Ernzerhof [74] functional of the generalized
gradient approximation (GGA) [75] was adopted to describe
the exchange-correlation interactions. A cutoff energy of
800 eV and choosing k-point grid [76] with a reciprocal-space
resolution of 27 x 0.03 A~' could ensure the convergence
of total energies. Phonon spectra calculations were achieved
by PHONOPY code [77] with the finite displacement method
in the supercell [78]. Superconductive properties calculations
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FIG. 1. Energetic stability of Sc-P system at selected pressures.
(a) Convex hulls of diverse Sc-rich Sc,, P, compounds with respect
to elemental Sc and P solids. For clarity, formation energies of each
composition at 25, 50, 100, 200, and 300 GPa are offset by —1.0,
—2.0, —3.0, —4.0, and —5.0 eV, respectively. Here, P63 /mmc, Ccca,
P6,22, and P-1 structures of Sc [83-85] are exploited to calculate
formation energies. Cmca, Pm-3m, P6/mmm, and I-43d phases of P
[86-88] are taken into consideration. (b) Pressure-composition phase
diagram of stable Sc-rich Sc-P phases. Stability pressure ranges of
various Sc-P phases are denoted by different colored horizontal bars,
where previously raised phases are represented by italicized lines.

adopting ultrasoft pseudopotentials were implemented via the
QUANTUM ESPRESSO package [79]. More computation de-
tails are illustrated in Supplemental Material [80] (see also
Refs. [81,82] therein).

III. RESULTS AND DISCUSSION
A. Stability of Sc-rich Sc-P phases

To study the phase stabilities of scandium-rich com-
pounds in the Sc-P system, we carry out an extensive
structural search on varying Sc,P, (m=1-4, n=1;
m =3, n=2) compositions at the temperature of 0 K
and consider pressures of 1 atm, 25, 50, 100, 200, and
300 GPa. Then, the relative energy stability of the lowest-
energy structure of each composition with respect to the
elemental phases of the constituent elements of Sc and
P is calculated at corresponding pressure by using the
following formula of formation energy AG(Sc,P,) =
[G(Sc,,P,) — mG(Sc) — nG(P)]/(m + n) wherein G(Sc,,P,),
G(Sc), and G(P) are the Gibbs free energies of Sc,,P,, Sc,
and P at the same pressure, respectively. Subsequently, the
convex hull diagram is built by exploiting the above formation
energies of the Sc,, P, compounds [Fig. 1(a)]. The compounds
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FIG. 2. Crystal structures of predicted stable Sc-P compounds. (a) Pbam ScP with PScg polyhedron at 200 GPa. (b) Ladderlike P
arrangement in Pbam ScP. (c) Polyhedron view of P6/mmm Sc,P in MgB, structure at 300 GPa. (d) One-dimensional P chain in P6/mmm
Sc,P. (e) 14/mmm Sc;P containing PScy, unit at 100 GPa. (f) /4/mmm Sc;P with scandium layer and isolated scandium atom. (g) /m-3 Sc;P
at 200 GPa with PSc,-polyhedral unit. (h) Cage-type Scy4 structure and octahedral Sce unit in /m-3 ScsP.

represented by the solid circles on the solid line are ther-
modynamically stable, whereas the ones signified by hollow
circles located on dotted lines are metastable and easily de-
compose into other energetically stable chemical components.
As shown in Fig. 1(a), four Sc-rich stoichiometric compounds
encompassing ScP, Sc;P;, ScsPs, ScoP, and ScsP are found
to be energetically stable. Meanwhile, existing Fm-3m ScP
[48], Pnma Sc3P, [49], P63 /mcm ScsPs [52], and Pnma ScsP
[50] at 1 atm are rediscovered, demonstrating that the structure
search simulations and adopted pseudopotentials are reliable.
Moreover, the P4/mbm Sc;P, at 100 GPa, P4/nmm Sc,P at 25
GPa, C2/m Scy4P at 25 GPa, and C2/c Sc4P at 50 GPa selected
(Fig. S1) are found to have relatively low positive formation
energies of 6, 22, 47, and 29 meV per atom, respectively,
relative to neighboring reference phases (Table S2), indicating
that they are thermodynamically unstable. Meanwhile, they
also satisfy dynamical stabilities as judged by no imaginary
phonon frequencies (Fig. S2) and further exhibit metastability.
Therefore, these four metastable phases are kinetically stable
and accessible for experiments.

Furthermore, the pressure-composition phase diagram is
well constructed by precisely determining the stable pres-
sure regions of the scandium-rich phosphides [Fig. 1(b)].
As for ScP, based on the previously reported two phase
transformation sequences (Fm-3m — Pnma — Cmmm —
P4/mmm) [51] and (Fm-3m — Pnma — R-3m) [52], we
find an unreported Pbam ScP in the pressure range be-
tween 171.8 and 233.8 GPa (Fig. S3) and further confirm

the final phase-transition sequence (Fm-3m — Pnma —
Pbam — P4/mmm) below 300 GPa. As Sc concentration
increases, in addition to the two known low-pressure phases
Cmce and P63 /m [52], a high-pressure phase with space group
P6/mmm of Sc,P emerges above 212.1 GPa and maintains
stability up to 300 GPa. For the most Sc-rich stable stoichiom-
etry, the previously proposed Pm-3m Sc3P [52] transforms
into the high-pressure phase 14/mmm Sc;P above 69.4 GPa
and then converts to Sc3P with higher symmetry of Im-3
at 156.1 GPa and further stabilizes up to 277.1 GPa. Also,
the lattice dynamic stabilities of predicted stable Pbam ScP,
P6/mmm Sc,P, 14/mmm Sc;P, and Im-3 Sc;P phases are
verified by calculating their phonon dispersion curves. It is
noteworthy that they do conform to dynamic stabilities be-
cause of the absence of imaginary phonon frequencies in the
Brillouin zone of the predicted structures (Fig. S4).

B. Geometrical motifs and chemical bonding

Interesting structural features are displayed in pressure-
induced stable Sc-P phases. Here, we mainly focus on the
structural analysis of our predicted Sc-P structures. For ScP
stoichiometry, complicated phase transitions are found. It is
worth noting that an energetically favorable orthorhombic
ScP phase is proposed to have Pbam symmetry [Fig. 2(a)].
This structure has 4 formula units (f.u.) and can be viewed
as a stack of PScg hexahedron basic units with Sc-P dis-
tances of 2.30—2.37 A at 200 GPa. Interestingly, P atoms form
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quadrilaterals with P—P bond lengths of 2.05 and 2.26 A at 200
GPa, and these quadrilaterals share edges along the ¢ axis and
constitute a ladderlike phosphorus sublattice [Fig. 2(b)].

For Sc,P with higher Sc content, pressure induces an un-
precedentedly stable hexagonal phase. Compared with the
previously presented two low-pressure structures with space
group of Cmce and P63/m, the hexagonal structure of Sc,P
has a higher symmetry of P6/mmm, wherein geometric con-
figuration is similar to P6/mmm-structured MgB, [89], NaC,
[66], and Li,Si [90], (1 fu. per cell, Fig. 2c). Meanwhile,
this structure consists of PScy, octahedron with P-Sc dis-
tance of 2.32A at 300 GPa, where each P atoms have a
higher coordination number of 12 than 8 of Pbam-structured
ScP. Furthermore, Sc atoms form a honeycomb-like graphene
structure in the ab plane, whereas the P atoms in P6/mmm
Sc,P make up the one-dimensional straight chains with P—P
bond length of 2.19 A at 300 GPa along the c axis [Fig. 2(d)].
Meanwhile, the special MgB,—type structure is revealed in
P6/mmm Sc,P, indicating it has underlying superconductiv-
ity, which will be discussed later.

As for the stable Sc3P composition with the highest Sc con-
tent, the high-pressure tetragonal structure of Sc;P is found
to have space group 14/mmm [4 f.u. per cell, Fig. 2(e)] and
can be viewed as stacking of P-centered PScj, unit com-
prising 14 faces, where the distance between P and Sc is
2.53 A at 100 GPa. Notably, /4/mmm ScsP has two kinds of
occupations, i.e., Scl 8 (0.7386, 0.7386, 0.0000) and Sc2
4e (0.0000, 0.0000, 0.7719). Scl atoms form planar sheet
with Sc1-Scl distances of 2.40 and 2.63 A, whereas isolated
Sc2 atom is coordinated by 8 Scl atoms with distances of
2.48 and 2.58 A [Fig. 2(f)]. Under further compression, Scs;P
adopts a cubic phase with a higher symmetry of /m-3 [8 f.u.
per cell, Fig. 2(g)]. In this structure, each P is embraced by
12 Sc atoms with bond lengths of 2.36 and 2.37 A at 200
GPa and further constitutes the PSci, polyhedron including
eight triangles and six square quadrilaterals. Two inequiva-
lent Wycoff positions of Sc atoms in /m-3 Sc;P are found
in Fig. 2(h), namely, Scl 12d (0.2507, 0.0000, 0.0000) and
Sc2 12¢ (0.2203, 0.5000, 0.0000). Intriguingly, Scl atoms
constitute the 24-membered Sc clathrate structure, which is
analogous to Hy4 cage of Im-3m-structured CaHg [65] and
carbon-boron framework in synthesized cubic SrB;C; [91].
By comparison, Sc2 atoms form Scg octahedra, which is sim-
ilar to B¢ octahedra in /4/mmm Na;Bj3 [92]. Furthermore,
these two types of Sc structural units are interconnected to
construct a three-dimensional network configuration.

To unveil the bonding features, the electron localization
functions (ELF) [93] of Pbam ScP, P6/mmm Sc,P, 14/mmm
ScsP, and Im-3 Scs3P structures determined in this work are
computed. As illustrated in Fig. S5, the bonding between Sc
and P is ionic as evidenced by the apparent difference of the
ELF values around Sc and P, which indicates the charge trans-
fer from Sc to P atoms due to their electronegativity difference
[94,95] and is further supported by the Bader charge analysis
[96] (Table S3). Meanwhile, the evident electron localization
between P atoms in Pbam ScP and P6/mmm Sc,P is found
and has the ELF value larger than 0.5, demonstrating that the
strong covalent bond. On the basis, the structural stabilities of
predicted Sc-rich Sc-P compounds are mainly ascribed to the
strong ionic Sc—P and covalent P-P bonds.

C. Superconductive properties of MgB,-type Sc,P

The striking structures of predicted stable Sc-rich Sc-P
phases further stimulate us to study their electronic structures.
The metallic character of Pbam ScP at 200 GPa, P6/mmm
Sc,P at 300 GPa, I4/mmm Sc;P at 100 GPa, and Im-3 Sc;P
at 200 GPa is well revealed by the calculated electronic band
structures and projected density of states (PDOS) (Fig. S6).
Their notable metallicity inspires us to explore their super-
conductivity. Considering the unique structure of P6/mmm
Sc,P possessing MgB, configuration and potential supercon-
ductivity, we first focus on its superconducting investigation.
As clearly depicted in the band structure of Sc,P at 250 GPa in
Figs. 3(a) and S7, four energy bands crossing the Fermi level
E; are found to show the obvious dispersion, leading to the
emergence of the electron pockets below E. Furthermore, as
shown in Figs. 3(a) and S7, band 1 and band 2 are found to
have evident dispersion below the Fermi level along the I'-A
direction compared to other directions in the Brillouin zone.
Band 3 and band 4 exhibit large slope below the E; along the
A-H high-symmetry path in comparison with other paths in
the reciprocal space. The above features are beneficial to the
generation of the smaller effective electron masses. Further
estimated effective electron masses corresponding to band 1
(I"'-A), band 2 (T"-A), band 3 (A-H), and band 4 (A-H) in the se-
lected energy range from —0.4 eV to Fermi energy are 0.999,
0.995, 0.920, and 0.830 my wherein my is the electron mass,
respectively, indicating the relatively small electron effective
mass and favoring the superconductivity of P6/mmm Sc,P.
Meanwhile, the clear metallicity is demonstrated, which arises
from the contribution of Sc 3d orbital in the vicinity of the E
[Figs. 3(a) and S8)]. As illustrated in Fig. 3(b), Sc 3d makes
a larger contribution to the metallicity of Sc,P than Sc 4s, Sc
3p, P 3s, and P 3p, inducing the formation of van Hove singu-
larity (vHs) slightly below the Fermi energy. Further analysis
shows that there is significant overlap between Sc 3d and P
3p below the Fermi level, signifying the presence of charge
transfer from Sc to P, in accordance with the computed ELF
(Fig. S5) and Bader charge analysis (Table S3). Moreover, the
Fermi-surface nesting along the high-symmetry K-I" and I"-M
directions in the Brillouin zone is found via the calculated
Fermi surface [Figs. 3(c) and S9] and nesting function (Fig.
S10) of Sc,P at 250 GPa. Motivated by the electronic struc-
tures features above described for the pressurized Sc,P, we
evaluate its superconducting critical temperature 7. by means
of the following: the McMillan formula with the prefactor
introduced by Dynes [97,98] based on BCS theory [99]:

Wlog 1.04(1 + 1)
T, = expy — )
1.2 A — u*(1+40.621)

ey

and the Allen-Dynes-modified McMillan equation [100] with
the strong-coupling f; and shape f> correction factors is also
employed:

L oee [ 1040+

Tc—f1f21‘zexp|: )\—u*(1+0.6zx)}’ @
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FIG. 3. Electronic and superconducting properties of P6/mmm
Sc,P. (a) Orbital-resolved electronic band structure of Sc,P at
250 GPa. Contribution of Sc and P atomic orbitals (Sc 4s, Sc 3p,
Sc 3d, P 3s, and P 3p) is denoted by size of circles. Fermi energy
is set to zero. (b) Projected density of states (PDOS) of Sc,P at
250 GPa. Vertical dashed line denotes Fermi level. (c¢) Fermi sur-
face of Sc,P at 250 GPa, where red lines represent high-symmetry
k-points path in Brillouin zone. (d) Phonon spectra of Sc,P at 100
and 250 GPa. (e) Frequency-dependent Eliashberg spectra function
a? F (w), partial electron-phonon coupling (EPC) parameter A(w),
and atom decomposed phonon density of states (PHDOS) with unit
of (states THz ! cell™") of Sc,P at 250 GPa. Vibrational modes with
lowest-frequency acoustic branch at (f) H, (g) K, (h) M, and (i) L
points for Sc,P at 250 GPa are indicated by arrows. (j) Supercon-
ducting critical temperature 7. with u* = 0.10 and integrated EPC
constant A as function of pressure. (k) Total electron density of states
N(Ey) at Fermi level and logarithmic average phonon frequency wig
at different pressures.
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Here, u* denotes the Coulomb pseudopotential with con-
sidered values of 0.10 and 0.13, wj, is the logarithmic average
phonon frequency, @, is mean-square frequency, and A is the
total electron-phonon coupling (EPC) constant. The partial
EPC parameter A(w) as a function of frequency w is computed

by Eliashberg spectral function o F (o),

oo 2
M) =2 / @F@ (6)
0 w

Notably, Sc,P is found to have a predicted 7. of 8.3 K
at 250 GPa. Meanwhile, the calculated 7, value of Sc,P at
250 GPa by solving the Eliashberg equation [101] is 9.1 K,
which is slightly larger than 8.3 K estimated by the McMil-
lan equation (Table S5). Its total EPC parameter X is 0.54,
which is comparable to 0.61 of MgB, [102] and is pre-
dominantly determined by the following two components.
(i) The low-frequency phonon modes below 10.1 THz take
on the contribution (39.9%) to the integral A, which is mainly
related to the Sc-dominated vibration. (ii) By contrast, the
mixed vibrational modes of Sc and P atoms make a ma-
jor contribution (60.1%) to A in the high-frequency region
above 10.1 THz, where Eliashberg spectra function o F ()
shows the largest magnitude in the region of mixed Sc-P
modes [Fig. 3(e)]. Based on the above, the electron-phonon
interaction in P6/mmm Sc,P encompasses the whole lattice.
Consequently, this superconductive mechanism of P6/mmm
Sc,P is unlike those of H3Se [103] and CaYH;, [104] with
high-frequency modes dominated by the vibration of hydro-
gen atoms.

It should be noted that the robust dynamic stability and
good superconductivity of some excellent superconducting
materials remain kept at lower pressures [105]. For example,
Fm-3m LaBeHjy is calculated to be thermodynamically stable
above 98 GPa and has superconductivity of 185 K when
dynamically stabilized down to 20 GPa [106]. Furthermore,
it is found that the thermodynamically stable P6/mmm Sc,P
phase above 212.1 GPa (Fig. S11) remains dynamically stable
as pressure drops to 78 GPa due to the absence of imaginary
frequency modes (Fig. S12), indicating it has metastability at
lower pressure. Meanwhile, we estimated the energy barrier
of Sc,P at a selected pressure of 100 GPa using the climbing
image nudged elastic band (CINEB) [107] method, where
the high-pressure P6/mmm and low-pressure P63/m phases
are chosen as the initial and final states for the CINEB path,
respectively. The result shows that Sc,P has an energy barrier
of 151.2 meV/atom at 100 GPa (Fig. S13), implying P6/mmm
Sc, P still maintains kinetic stability at relatively low pressure.
Therefore, the P6/mmm-structured Sc,P synthesized at high
pressure can be recovered to low pressure. With this in mind,
we further investigate the pressure-dependent superconduc-
tivity of P6/mmm Sc,P. As pressure gradually decreases, T;
of Sc,P shows remarkable enhancement (10.4 K at 200 GPa,
14.2 K at 150 GPa). Remarkably, 7. of Sc,P can reach up
to 19.8 K at 100 GPa [Fig. 3(j)], which is comparable to
22.2 K of P6/mmm-structured LaP, at 11 GPa [35]. The
resulting integrated electron-phonon coupling parameter A
also exhibits an increasing tendency (0.59 at 200 GPa, 0.70
at 150 GPa) under decompression and has a large EPC A
of 1.01 at 100 GPa [Fig. 3(j)], while the logarithmic aver-
age phonon frequency wi,, is found to reduce [Fig. 3(k)].
Further superconducting mechanism analysis unveils that the
contribution of the low-frequency phonon vibrations to the
electron-phonon coupling strength of Sc,P at lower pres-
sure of 100 GPa is slightly greater than those of 250 GPa
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(Fig. S14). Interestingly, the pronounced acoustic softening
phonon modes of Sc,P at 100 GPa emerge at high-symmetry
H, K, M, and L points in the Brillouin zone in sharp contrast
to those at 250 GPa [Fig. 3(d)], contributing to an evident
increase in total EPC XA. The corresponding lowest-frequency
modes related to the points of H, K, and M, and L are mainly
associated with the movements of Sc atoms [Fig. 3(f)], where
the Sc atoms corresponding to H, K, and M points vibrate
along the c¢ axis, whereas the modes of vibration correspond-
ing to the L point derive from the motion of Sc atoms in the
ab plane. Meanwhile, the total electron density of states of
Sc,P at the Fermi level shows an increasing tendency with
decompression [Fig. 3(h)], indicating more electrons couple
with the phonons and further induce the enhancement of the
T. value.

D. I4/mmm Sc;P with remarkable superconductivity

Enlightened by the record high-temperature element su-
perconductivity recently observed in compressed elemental
scandium [38,39], Sc-P phases with higher Sc concentra-
tion proposed in this work should have more outstanding
superconductivity. Thereby, 14 /mmm-structured Sc3P is con-
sidered for exploring the superconductive properties. Phonon
calculations of I4/mmm Sc;P at 140 GPa imply that it
not only maintains the dynamic stability but also possesses
both marked acoustic and optical softened phonon modes
in the low-frequency region along the I'-Z direction of the
Brillouin zone [Fig. 4(a)], which is in sharp contrast to that of
P6/mmm Sc,P and similar to that of AlsSi [108]. Particularly,
the optical phonon softening corresponding to the I point at
2.2 THz is primarily ascribed to the motions of Scl atoms
parallel to the ab plane, while the softened acoustic ones at 2.6
THz regarding the Z point also stem from the displacements
of Scl atoms (Fig. S15). Meanwhile, the phonon branches
below 14.1 THz primarily derive from the contribution of
Sc1 and Sc2 atoms wherein Sc1-derived vibrations dominate,
whereas the ones above 14.1 THz are mainly attributed to the
vibration of P atoms, which is consistent with the analysis of
the phonon density of states [Fig. 4(b)]. Furthermore, the evi-
dent flat band around the Fermi level along the A-M direction
is unequivocally unveiled by the calculated electronic band
structure of SczP at 140 GPa, where Sc 3d undertakes the
major contribution in metallicity compared to Sc 4s, Sc 3p,
P 3s, and P 3p [Figs. 4(c) and S16)]. Conversely, the highly
dispersive bands are found in other high-symmetry directions
[Fig. 4(c)]. Further decomposed PDOS analysis reveals that
Sc 3d state dominates in the vicinity of the Fermi level E; and
strongly couples with P 3p within energy window from —6.0
to —4.0 eV below the E, supporting the strong ionic bonding
between Sc and P atoms. Obviously, a vHs produced by the Sc
3d state appears at —0.6 eV below the Ef [Fig. 4(d)], which is
like those of H3S [109] and LaH;q [110]. The above descrip-
tion mentioned indicates that Sc3P has a good potentiality in
superconductivity. Remarkably, further electron-phonon cou-
pling calculations suggest that /4/mmm Scs;P at 140 GPa
is found to have a T value of 20.5 K, exceeding those of
binary transition metal-rich phosphides [Fig. 4(h)]. Mean-
while, T, for ScsP at 140 GPa is estimated to be 21 K by
solving the Eliashberg equation, exhibiting slightly enhanced
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FIG. 4. Electronic structures and superconductive properties of
14 /mmm Sc;P. (a) Projected phonon spectra of primitive cell of Sc;P
at 140 GPa. Size of dots in phonon dispersion curves is proportional
to contribution of vibrations from Sc and P atoms (b) PHDOS of
Sc;P at 140 GPa. (c) Orbital projected band structure of primitive
cell of Sc3P at 140 GPa. Contribution of Sc and P atomic orbitals
(Sc 4s, Sc 3p, Sc 3d, P 3s, and P 3p) is represented by size of
circles. (d) PDOS of Sc;P at 140 GPa. (e) Eliashberg spectra function
a? F(w) and partial electron-phonon coupling parameter A(w) as
function of frequency w of Sc;P at 140 GPa. (f) Pressure-dependent
T. with u* = 0.10 and integral electron-phonon coupling constant
A. (g) Corresponding evolution of logarithmic average phonon fre-
quency wje and total electron density of states N(E;) at Fermi
energy in pressure range from 75 to 140 GPa. (h) Critical temperature
T, values of known binary superconducting transition-metal phos-
phides [22-24,28-35,51,112-114] as function of transition-metal
concentration.

superconductivity compared to the 7, calculated by means of
McMillan formula (Table S5). The corresponding electron-
phonon coupling strength A is 1.01, which is much larger
than 0.61 of MgB, [89] at ambient pressure and elucidates
that ScsP has sizable electron-phonon coupling interactions.
Further EPC analysis suggests that the low-frequency phonon
modes below 14.1 THz, chiefly related to Sc atomic vibra-
tions, account for 94.6% of the integrated EPC parameter A. In
contrast, the P-dominated high-frequency modes above 14.1
THz make a contribution (5.4%) to A. Thus, the strong EPC

174513-6



SUPERCONDUCTIVITY IN DENSE SCANDIUM-BASED ...

PHYSICAL REVIEW B 108, 174513 (2023)

of Sc3P is mainly due to the coupling between Sc 3d electron
state around £ and Sc-derived phonons in the low-frequency
region. Additionally, there are also mixed vibrational modes
for Sc and P atoms in both low- and high-frequency ranges by
phonon density of states (PHDOS) analysis [Fig. 4(b)], which
play an important role in electron-phonon coupling, wherein
the largest magnitude of Eliashberg spectra function o F (w)
is found to be in the region of mixed Sc-P modes [Fig. 4(e)]
and further indicates the electron-phonon coupling exists in
the entire frequency range.

The impact of pressure on superconductivity of /4/mmm
Sc3P is further investigated. Under decompression, although
the superconducting transition temperature 7. of [4/mmm
Sc;P is found to suffer from suppression in comparison to
that of P6/mmm Sc,P, it still keeps relatively high 7, values
(17.5 K at 100 GPa, 14.2 K at 75 GPa). Correspondence
to dT./dp slope of —0.132 K/GPa is elucidated. Further
analysis indicates that the reduction of 7, values is predom-
inantly attributed to the weakening of EPC strength A (0.96
at 100 GPa, 0.93 at 75 GPa). Besides, the density of states
at the Fermi energy N(Ey) increases accompanied with de-
creasing pressure, indicating the noticeable enhancement of
the metallicity of Sc3P. By contrast, the logarithmic average
phonon frequency wjo, shows a reduced tendency. Overall, the
decreasing tendency of superconductive critical temperature
yielded upon releasing pressure is mainly ascribed to the
synergistic effect of the EPC strength A and wiog [Fig. 4(f)].
In addition, the study on the superconductivity of Pbam ScP
suggests that it has a relatively lower calculated 7, of 1.3
K at 200 GPa than those of P6/mmm Sc,P and 14/mmm
Sc;P (Table S4). Moreover, the T, values of Pbam ScP,
P6/mmm Sc,P, and I4/mmm Sc;P by use of the Allen-Dynes-
corrected McMillan formula with the correction factors f; and
f> were calculated to check their influences on the transition
temperatures. The resulting 7. values of P6/mmm Sc,P and

I4/mmm SciP increased slightly, whereas the 7. value for
Pbam ScP did not change (Table S4). Meanwhile, to exam-
ine the impact of the Coulomb pseudopotential p©* on the
T. of Pbam ScP, P6/mmm Sc,P, and I4/mmm Sci;P, we
calculated their 7. exploiting the McMillan equation incor-
porating u* = 0.13 and found that the obtained 7, values
were slightly smaller than the ones when u* = 0.10 (Table
S4). Furthermore, Debye temperatures ®p of P6/mmm Sc,P
and I4/mmm ScsP at different pressures were also calculated
via VASPKIT [111]. The results demonstrate that ®p values of
Sc,P and Sc;P show an enhanced trend induced by compres-
sion (Table S6).

IV. CONCLUSIONS

In summary, to access the promising superconductive
transition-metal phosphides, we conducted a systematic ex-
ploration of scandium-rich Sc-P compounds under pressure.
Three compressed phases containing ScP, Sc,P, and Sc;P
are presented to have excellent metallicity and diverse P
arrangements. Significant superconducting transition temper-
ature is uncovered in pressurized P6/mmm Sc,P hosting the
MgB,-type structure. Notably, Sc3P with 14/mmm symmetry
is predicted to exhibit the highest superconductivity of 20.5
K among reported binary transition metal-rich phosphides so
far, and further experiment is thus stimulated.
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