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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Using first-principles evolutionary crystal structure prediction, we systematically investigate scandium polychlorides
across 50–300 GPa, predicting multiple thermodynamically stable phases ScCl, ScCl2, ScCl3, ScCl5, and ScCl7 with un-
conventional stoichiometries. The exceptional stability of these compounds stems from the mutually compatible crystal
orbitals of the Sc and Cl sublattices, strong ionic interactions, and the formation of Cl–Cl homobonds. These factors
play critical roles in stabilizing scandium chloride compounds with various unconventional stoichiometries. Notably high-
pressure novel ScCl phases with P63/mmc and Pm-3m symmetries can be metastable at ambient pressure upon decompres-
sion and convert into superconductive electrides. Pm-3-ScCl7 exhibits significant pressure-modulated superconductivity,
featuring an enhancement of Tc to 10.91 K at a low pressure of 75 GPa. In addition, the universal superconductivity found
in the Pm-3 structured chlorides suggests a promising structural prototype for pressure-tunable superconductors.

Keywords: high pressure, first-principles calculation, crystal structure prediction
PACS: 62.50.–p, 74.62.Fj, 81.40.Vw, 91.60.Gf
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1. Introduction
The stability and structure of metal–nonmetal systems

with significantly different electronegativities are fundamen-
tally determined by valence electron configurations at ambient
pressure. Within the conventional ionic bonding model, com-
plete electron transfers from electropositive metallic atoms to
electronegative nonmetallic atoms facilitate ionic interactions.
However, pressure can effectively alter the chemical character-
istics of elements and their interactions, leading to the emer-
gence of novel phases and unconventional stoichiometric com-
pounds with unexpected physical properties.[1]

As a group VIIA element with high electronegativity,
chlorine typically adopts a −1 oxidation state by acquiring
one electron when forming compounds with metals at atmo-
spheric pressure. In these conventional ionic compounds,
chlorine atoms adopt closed-shell electronic configurations
(Cl−) stabilized as atomic anions, as exemplified by alkali
metal chlorides (NaCl and KCl),[2,3] alkali earth metal chlo-
rides (CaCl2 and BaCl2),[4,5] transition metal chlorides (ScCl3,
YCl3, RuCl3, and FeCl3),[6–8] rare earth metal chlorides
(LaCl3),[9] and so on. Even in unconventional stoichiomet-

ric layered metal chlorides such as ScCl, YCl, and CrCl2,
the chlorine persists in atomic anionic states under ambient
conditions.[6,10] Remarkably, high-pressure theoretical and ex-
perimental investigations[11,12] have revealed several uncon-
ventional stoichiometric compounds and even multiple struc-
ture evolution behaviors like metallic carbides Na–C system,
where carbons experience a transition of isolated anions →
tetramers → extended chains → pentagonal and hexagonal
rings under pressure.[13] For chlorine-rich compounds, chlo-
rine atoms deviate from conventional anionic states to form
diverse chlorine structural motifs such as linear Cl−3 units,
monatomic chlorine chains, and layered configurations.

It is reported that unconventional stoichiometric com-
pounds, NaCl3 and KCl3, are stable in the Pnma structure
above 20 GPa and 1.3 GPa, respectively, containing almost
linear asymmetric Cl−3 units, in which the central Cl atom
is nearly neutral in charge and terminal atoms are negative.
Upon compression, NaCl3 and KCl3 convert to A15 structure
with Pm-3n symmetry above 50 GPa, and novel chlorine-rich
NaCl7 and KCl7 with Pm-3 space group, derivative structure
of the A15, become thermodynamically stable above 143 GPa
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and 225 GPa, respectively. These high-symmetry cubic phases
feature extended chains covalently connected along three per-
pendicular axes with interatomic distances (e.g., 2.06 Å in Pm-
3n-NaCl3 at 200 GPa) comparable to 1.99 Å in Cl2 molecu-
lar units.[11,12] CaCl2 experiences a Pnma→P-62m→Pnma
phase transition. In addition, unstoichiometric CaCl, Ca5Cl6,
Ca3Cl4, and CaCl3 are also discovered.[14,15] Long sought
monovalent calcium compound CaCl can be stabilized above
18 GPa with fcc structure and convert to ferromagnetic bcc
CaCl above 40 GPa.[14] Cubic CaCl3 with A15 structure sta-
ble at 33.5 GPa is found to possess Rubik’s cubic Fermi
surface.[15] Parallel investigations on the Y–Cl system up to
60 GPa uncovered the Y2Cl3 electride above 10 GPa, where
Cl atoms form atomic planes between Y layers along the
(001) lattice plane. The interstitial electrons are located be-
tween Y–Cl layers and connect with Cl atoms along the [001]
direction.[16]

These pressure-induced unconventional stoichiometries
and various Cl motifs challenge classical valence-based sta-
bility concepts, necessitating a comprehensive investiga-
tion of their formation mechanisms. The sublattice inter-
action theory promoted recently provides critical insights
into crystal architecture under high pressure, particularly for
polyhydrides.[17,18] In such a typical metal–nonmetal sys-
tem, interstitial electrons from metal sublattices occupy quasi-
atomic orbitals that template hydrogen sublattice configura-
tions, exemplified by the early transition metal polyhydrides
ScHn (n = 6, 9, and 10), where interstitial electrons from Sc
sublattices stabilize high-symmetry H cages.[19–21]

Under ambient pressure, stoichiometric scandium chlo-
ride ScCl3, stabilized in the R-3 space group, features three
stacking ScCl3 layers consisting of Sc3+ cations and Cl−

anions.[6] A recent theoretical investigation identified R-3m-
ScCl as a novel magnetic electride, with stacked folded Sc–
Cl monolayers and interlayer-localized interstitial electrons.[6]

Until now, the high-pressure phase diagram of the Sc–Cl sys-
tem has rarely been investigated. Given chlorine’s comparable
electronegativity to hydrogen under pressure (9.1 for Cl and
6.1 for H at 300 GPa[22]), multiple Cl configurations beyond
ionic bonding constraints are expected in the high-pressure
Sc–Cl system with exotic properties.

Herein, we present a systematic investigation of scan-
dium polychlorides ScCln (n = 1–10) from 50 GPa to 300 GPa
and reveal multiple stable stoichiometries (ScCl, ScCl2, ScCl3,
ScCl5, and ScCl7) with distinct stabilization mechanisms. In-
creasing Cl content drives sequential evolution from atomic
anions (ScCl, ScCl2) through Cl2 dimers (ScCl3) to extended
Cl covalent chains (ScCl5, ScCl7), accompanied by complex
stabilization mechanisms: sublattice orbital interactions, con-
ventional ionic bonding, and pressure-enhanced Cl–Cl ho-
mobonding. Notably, the high-pressure phases P63/mmc-ScCl

and Pm-3m-ScCl, thermodynamically stable in the pressure
range of 50–100 GPa and 100–300 GPa, can be decompressed
to ambient pressure and become superconductive electrides.
High-pressure phase Pm-3-ScCl7 exhibits an enhanced Tc of
10.91 K at 75 GPa, comparable to the Tc of 13.03 K of Cl2
solid at 380 GPa.[23]

2. Calculation methods
Variable composition searches of the Sc–Cl stable stoi-

chiometries at 50 GPa, 100 GPa, 200 GPa, and 300 GPa were
conducted through the evolutionary algorithm USPEX[24,25]

code with respect to Sc and Cl elements (Fig. S1). Then,
we performed the fixed composition searches on the ScCln
(n = 1–10) stable crystal structures from 50 GPa to 300 GPa
within 2–4 formula units to further confirm the results of the
variable composition searches. The first generation of 60
structures was produced randomly, and the subsequent gen-
erations of 30 structures were obtained by applying hered-
ity, transmutation, softmutation, and lattice mutation opera-
tions, with probabilities of 60%, 10%, 20% and 10%, respec-
tively. The predictions stopped if the best structure did not
change for 20 generations. Structural relaxations, electronic
properties, and total energies were calculated in the frame-
work of density functional theory (DFT) with Perdew–Burke–
Ernzerhof parameterization (PBE) of the generalized gradient
approximation (GGA)[26] as implemented in the Vienna ab
initio simulation package (VASP).[27] The all-electron projec-
tor augmented wave (PAW)[28] method was used to describe
the ion–electron interactions with 3s23p5 and 3s23p63d14s2

as valence for Cl and Sc, respectively. We employed an
800 eV plane-wave energy cutoff. Monkhorst–Pack meshes
for Brillion zone sampling with resolutions of 2π×0.03 Å−1

and 2π × 0.025 Å−1 were used for structure optimization
and electronic property calculations, respectively. Lattice
dynamics and electron–phonon coupling (EPC) were char-
acterized by density functional perturbation theory (DFPT)
as implemented in the Quantum-ESPRESSO package.[29] A
kinetic energy cutoff of 80 Ry was adopted with ultrasoft
pseudopotentials for Cl and Sc. Methfessel–Paxton smear-
ing method[30] with the smearing of 0.03 is chosen after con-
vergence tests (Fig. S18). The numbers of k-points and q-
points were 24×24×24 and 6×6×6 for P63/mmc-ScCl, Pm-
3m-ScCl, I4/mmm-ScCl2 and Pm-3-ScCl7, 20× 20× 8 and
5×5×2 for Cmcm-ScCl3, 8×20×20 and 2×5×5 for Amm2-
ScCl3, and 12×12×8 and 3×3×2 for P-3-ScCl5. The crit-
ical temperature Tc was estimated through the Allen−Dynes–
modified McMillan formula as follows:[31]

Tc =
ωlog

1.2
exp
[
− 1.04(1+λ )

λ −µ∗ (1+0.62λ )

]
, (1)

where µ∗ is the effective Coulomb repulsion, which is usually
taken as 0.1–0.13, the EPC parameter λ and the logarithmic
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average frequency ωlog are respectively calculated as follows:

λ = 2
∫

∞

0

α2F (ω)

ω
dω, (2)

ωlog =
2
λ

∫
∞

0

α2F (ω) ln(ω)

ω
dω. (3)

3. Results and discussion
3.1. Stabilities and structures

To investigate the thermodynamic stability of Sc–Cl sys-
tems, the formation enthalpies (∆Hf) of all the predicted poly-
chlorides ScCln (n = 1–10) are calculated in a pressure range
of 50–300 GPa. The known structures P63/mmc-Sc, P6522-
Sc, Cmca-Cl, and Immm-Cl are used as references.[32,33] The
convex hull built by ∆Hf [Figs. 1(a)–1(f)] reveals stable pres-
sure regions for multiple stoichiometries. From 50 GPa to
100 GPa, ScCl, ScCl2, and ScCl3 lie on the convex hull. Com-
pounds ScCl and ScCl2 remain thermodynamically stable until
300 GPa, while ScCl3 decomposes above 250 GPa. Notably,
polychlorides ScCl7 and ScCl5 start to locate on the convex
hull at 150 GPa and 200 GPa, respectively, and remain sta-
ble until 300 GPa. The pressure-dependent phase transitions
and crystal structures for each stable ScCln (n = 1, 2, 3, 5,
and 7) are shown in Figs. 1(g) and 2, respectively. The struc-
ture parameters can be found in Table S1 of the supporting
information. Despite the pronounced electronegativity differ-
ence between Sc (+3) and Cl (−1), the stability of scandium
chlorides under pressure transcends conventional valence con-
siderations.

For the case of monochloride ScCl, a hexagonal P63/mmc
phase is stable from 50 GPa to 100 GPa, succeeded by a CsCl-
type Pm-3m structure above 100 GPa, which is iso-structural
with high-pressure calcium chloride CaCl.[14] The dichloride
ScCl2 maintains its I4/mmm structure throughout the investi-
gated pressure range, featuring characteristic tetragonal ScCl8
units arranged in stacked layers along the c-axis. Within this
structure, Sc atoms exhibit four-fold chlorine coordination.
The electronic localization function (ELF) shows no electron
accumulation between Cl–Cl and Cl–Sc in ScCl and ScCl2
[Figs. S2(a)–S2(c)], indicating the ionic interactions. How-
ever, as typical metal–nonmetal systems, the numbers of non-
metal Cl atoms in ScCl and ScCl2 with Sc:Cl ratios of 1:1 and
1:2 are insufficient to satisfy the closed-shell stable structure
of metal Sc atoms. Therefore, the orbital interactions between
metal and nonmetal sublattices are also considered, in which
the electrons migrate from quasi-atomic orbitals in metal sub-
lattices to empty states of non-metal atoms located at the in-
terstitial sites.

The 3D ELF of the Sc sublattices of P63/mmc-ScCl, Pm-
3m ScCl, and I4/mmm-ScCl2, with the addition of Cl atoms

under pressures, are displayed in Figs. S3 and S4. The inter-
stitial electrons are found in the Sc sublattices and occupy the
crystal orbitals, well matching the positions of the Cl atoms in
the original structure, implying that these extra electrons will
naturally dope the unoccupied crystal orbitals of the Cl atoms
and enhance the structural stability.[17] Furthermore, the un-
derlying mechanism through which inter-sublattice ionic inter-
actions enhance structural stability can be elucidated by sys-
tematically examining the electronic band structure evolution
in the vicinity of the Fermi level.[17,18] Band structures and el-
emental projected electronic density of states (PDOS) for iso-
lated element sublattices and binary compounds in P63/mmc-
ScCl, Pm-3m-ScCl, and I4/mmm-ScCl2 phases at different
pressures are calculated (Figs. S5 and S6). The electron bands
of Sc and Cl sublattices exhibit significant overlap near the
Fermi level, where electrons originating from the Sc sublattice
naturally dope into the unoccupied orbitals of the Cl sublat-
tice, thereby lowering the energy of these orbitals relative to
the Fermi level and consequently enhancing the structural sta-
bility. The PDOS near the Fermi level shows similar trends,
and the large overlap between Sc and Cl states before and after
the sublattice combination indicates the position coincidence
of interstitial electron and non-metal sites.

At the same time, the stability evolution under pressure is
also investigated. The pressure-induced phase transition man-
ifests distinct coordination environments for interstitial elec-
trons in ScCl. For hexagonal ScCl, electrons localize at Sc
triangular pyramid centers with six-fold Sc coordination. The
high-pressure cubic phase exhibits electronic localization with
eight-fold Sc coordination mainly at the center of the sim-
ple cubic Sc sublattice. Generally, the increase in pressure
will increase the coordination number of interstitial local elec-
trons, which explains why ScCl tends to crystallize in the
cubic phase at higher pressure. Furthermore, for P63/mmc-
ScCl, pressure induces a dimension reduction of interstitial
electron shape from 3D framework to 2D layers with c/a ra-
tio expansion from 2.33 to 2.45 from 50 GPa to 200 GPa,
signifying weakened interlayer interactions and the pressure-
induced phase instability. I4/mmm-ScCl2 exhibits a body cen-
ter Sc framework, with interstitial electrons mainly occupy-
ing octahedral sites at 50 GPa in a pattern matching Cl posi-
tions. Progressive compression transforms these isolated elec-
tron regions into an interconnected network, with additional
localization at tetrahedral sites within the Sc lattice, function-
ally similar to Cl anions, and strengthens the stability of the
high-pressure ScCl2 phase as pressure increases. The PDOSs
show that the energetic reduction near the Fermi level after the
sublattice combination gradually increases as the pressure is
increased from 50 GPa to 300 GPa, indicating the pressure-
strengthened stability of ScCl2.
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Fig. 1. (a)–(f) The enthalpies of formation of ScCln (n = 1–10) with respect to Sc and Cl2 at 50–300 GPa. (g) The phase transition series of
stable compounds ScCl, ScCl2, ScCl3, ScCl5, and ScCl7.

ScCl3 is first stable as a Cmcm structure from 50 GPa
to 220 GPa and followed by the Amm2 structure. The Cmcm
phase features base-shared triangular prism chains along the b-
axis composed of ScCl6 units. Upon pressure-induced trans-
formation, the Amm2 phase develops a complex architecture
where two distorted ScCl8 units form spatial translation units
through face-sharing, organizing into layers A and B, shown
in Fig. 2(e), alternately stacking along the b direction. Both
phases maintain orthogonal face-centered scandium sublat-
tices (Fig. S7). The elongated interstitial electrons surround
Sc atoms, with only two of three Cl atoms per unit formula
matching in space. The electron band structures of Cmcm-
ScCl3 at 50 GPa and Amm2-ScCl3 at 240 GPa are displayed in
Fig. S8. The elemental projection electron bands of these two
binary compounds are oppositely distributed near the Fermi
level, showing obvious traditional ionic properties. Strong
ionic interactions reduce the energy of the Cl sublattice bands

relative to the Fermi energy level. The phase transition from
Cmcm to Amm2 phase corresponds to the increase of the coor-
dinate number of Sc atoms from 6 in Cmcm to 8 in Amm2.

The Cl-rich ScCl5 crystallizes in a trigonal P-3 structure
with four formula units per cell [Fig. 2(f)]. Sc atoms at the
corners and edges of the hexagonal lattice form four triangular
prisms, and the interstitial sites are occupied by two Sc and
two Cl atoms, respectively. The rest Cl atoms are arranged
into eight 1D chains crossing around Sc atoms. ScCl7 adopts
an A15-derived Pm-3 structure at 150 GPa [Fig. 2(g)], fea-
turing two Cl atoms at each lattice face forming Cl chains
and an additional isolated central Cl atom in the cubic cell,
isostructural with NaCl7 and KCl7.[11,12] Different from the
chlorides ScCl1,2,3, where the Cl atoms are all atomic, the Cl-
rich binaries (ScCl5 and ScCl7) contain Cl chains with Cl–Cl
distances (dCl−Cl) of 2.08–2.11 Å at 200 GPa, comparable to
that in Cl2 at 1 atm (2.01 Å).[32] The ELFs of P-3-ScCl5 and
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Pm-3-ScCl7 (Fig. S9) demonstrate the electron accumulation
between these adjacent Cl atoms in their Cl chains. Integrated
crystal orbital Hamiltonian population (ICOHP)[34,35] analysis
between these Cl atoms ranges from−1.50 eV to−1.80 eV in
ScCl5 and −1.64 eV to −1.92 eV in ScCl7 per Cl–Cl pair,
respectively. All these results indicate the existence of weak
covalent interactions and the formation of Cl–Cl covalent ho-
mobonds. The interstitial electrons of Sc sublattices in P-3-
ScCl5 and Pm-3-ScCl7 distribute between the Cl atoms with
the shortest dCl−Cl in Cl chains. The Cl atoms in chains show
reduced oxidability due to covalent hybridization and form
chain motifs through the covalent interactions and chemical

template effects provided by the interaction between Sc sub-

lattices’ interstitial electrons and Cl (Fig. S9), similar to those

in caged-like polyhydrides. Hence, in addition to the contribu-

tion from sublattice interactions, the pressure-enhanced Cl–Cl

homobonding also plays a key role in governing the stabil-

ity of these Cl-rich phases, which is similar to observations

in polyhydrides and fluorides.[1] Notably, increasing pressure

to 300 GPa reduces the dCl−Cl to 1.99–2.01 Å in both com-

pounds, accompanied by enhanced ICOHP values (−1.78 eV

to −2.06 eV in ScCl5 and −1.89 eV to −2.11 eV in ScCl7),

indicating strengthened covalent interactions under pressure.
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The comprehensive investigation of thermodynamic sta-
bilities reveals complicated pressure-induced chemistry in the
Sc–Cl system. Three fundamental mechanisms govern their
thermodynamic stability: classical ionic interactions, metal-
nonmetal sublattice crystal orbital matching, and pressure-
induced Cl–Cl homonuclear bonding.

Strong ionic interactions clearly play an important role in
the stabilization of various Sc–Cl systems, while sublattice or-
bital interactions and the Cl–Cl homonuclear bonding provide
key insights into the elucidation of the pressure dependence of
the ground state structure as well as the formation of binary
chlorides. Phonon calculations confirm the dynamic stabil-
ity of all predicted structures as evidenced by the absence of
imaginary frequencies in their calculated phonon band struc-

tures across the entire first Brillouin zone (Fig. S10).

3.2. Electronic structures and superconductivity

Given the ferromagnetic nature of the atmospheric
phase R-3m-ScCl, we investigated the magnetic properties of
the novel high-pressure phases P63/mmc-ScCl and Pm-3m-
ScCl. Spin-polarized calculations reveal that these new high-
pressure phases of ScCl are nonmagnetic within their thermo-
dynamically stable pressure ranges (Fig. S11). ScCl7 with odd
numbers of electrons is also calculated to be nonmagnetic,
as shown in Fig. S12. In addition, the spin–orbital coupling
(SOC) effect shows an ignorable influence on the Sc–Cl sys-
tem (Fig. S13). Electron band structures and partial electronic
density of states (PDOS) shown in Fig. S14 reveal the metallic
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character of all polychlorides except Cmcm-ScCl3, with most
compounds exhibiting poor metallicity characterized by pseu-
dogaps at the Fermi levels. But for Pm-3-ScCl7, a van Hove
peak appears near the Fermi level, suggesting potential super-
conductivity.

These features inspired us to investigate the superconduc-
tive properties of metallic chlorides under pressure. We cal-
culated their Tcs using the Allen–Dynes–modified McMillan
equation,[31] as shown in Table 1. Amm2-ScCl3, P-3-ScCl5,
and Pm-3-ScCl7 are superconductive in corresponding ther-
modynamically stable pressure ranges, but the calculated Tc

values are rather low (Table 1).
To find out the reason for the low Tc, we further calcu-

late the Eliashberg spectral functions α2F(ω) and the integral
EPC parameters λ as functions of frequencies of the supercon-
ductive polychlorides at corresponding pressures (Fig. 3). For
Amm2-ScCl3 at 220 GPa, the parameters λ and ωlog are about
0.33 and 466.86 K, respectively. The whole phonon vibration
frequency region is dominated by Cl atoms and a compa-
rable contribution by Sc. The α2F(ω) reveals the largest
contribution, about 87.99% from the middle-frequency region

Table 1. The calculated EPC parameter (λ ), logarithmic average phonon
frequency (ωlog), critical temperature with µ∗ = 0.10 and 0.13 (Tc), and
electron density of states at the Fermi level (N(EF), states/spin/Ry/unit cell),
for P63/mmc-ScCl, Pm-3m-ScCl, Amm2-ScCl3, P-3-ScCl5, Pm-3-ScCl7,
Pm-3-NaCl7, and Pm-3-KCl7 at given pressures.

λ ωlog Tc N(EF)

P63/mmc-ScCl
0 GPa 0.38 233.93 0.25–0.67 7.15

50 GPa 0.19 422.66 0.00–0.00 4.25

Pm-3m-ScCl
0 GPa 0.45 218.92 0.92–1.72 8.25

100 GPa 0.24 479.18 0.00–0.00 4.57
Amm2-ScCl3 150 GPa 0.34 394.34 0.17–0.59 5.43

220 GPa 0.33 466.86 0.15–0.58 4.99
300 GPa 0.33 527.34 0.14–0.56 4.55

P-3-ScCl5 75 GPa 0.65 224.34 2.86–3.88 10.53
200 GPa 0.31 454.33 0.05–0.26 7.07
300 GPa 0.28 558.39 0.02–0.14 6.66

Pm-3-ScCl7 75 GPa 0.89 192.08 9.09–10.91 19.84
200 GPa 0.35 488.16 0.28–0.89 13.87
300 GPa 0.31 579.48 0.07–0.35 12.14

Pm-3-NaCl7 100 GPa 0.65 310.36 6.56–8.88 17.18
200 GPa 0.38 489.92 0.60–1.54 12.30
300 GPa 0.31 587.33 0.08–0.41 10.01

Pm-3-KCl7 125 GPa 0.66 318.68 7.02–9.45 16.68
200 GPa 0.44 461.39 1.64–3.20 13.39
300 GPa 0.36 565.71 0.38–1.15 11.07
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(147–602 cm−1) to the EPC. P-3-ScCl5 and Pm-3-ScCl7 dis-
play tripartite phonon vibration regions: the low-frequency re-
gion equally contributed by the vibrations of Cl and Sc atoms,
the middle-frequency region mainly dominated by Cl atoms
and a small amount by Sc, and the high-frequency region only
from Cl atoms. At 200 GPa, the parameters λ and ωlog of P-
3-ScCl5 and Pm-3-ScCl7 are about 0.31, 454.33 K and 0.35,
488.16 K, respectively. The middle-frequency regions (295–

672 cm−1 and 297–637 cm−1) contribute most to λ about

56.74% and 63.23%, respectively, proving the critical role of

the Cl atoms in superconductivities. The relatively low Tc val-

ues, compared to analogous XeCln [36] compounds (9.0 K and

4.3 K for XeCl and XeCl2 with λ about 0.6 and 0.5), arise

from reduced λ attributable to a lower density of states at the

Fermi level (N(EF)).
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The pressure effects on the superconductivity of ScCln are
also investigated (Table 1). Notably, though P63/mmc-ScCl
and Pm-3m-ScCl are synthesized under high pressure, they
can maintain dynamic stability at ambient pressure as meta-
stable phases, confirmed by phonon calculations (Fig. S15).
Large energy barriers of phase transition between atmospheric
phase R-3m-ScCl and high-pressure phases P63/mmc-ScCl are
also found, further confirming the metastabilities of P63/mmc-
ScCl under ambient conditions (Fig. S16). The high-pressure
phases P63/mmc-ScCl and Pm-3m-ScCl are normal metallic in
high-pressure ranges; however, they are superconductive when
decompressed to ambient pressure with Tc of 0.25–0.67 K
and 0.92–1.72 K, respectively. In addition, ELF analysis
(Fig. S17) demonstrates electron accumulation at interstitial
4 f and 3d Wyckoff positions in P63/mmc-ScCl and Pm-3m-
ScCl structures, respectively, indicating their transition from
normal metals to electrides when decompressing to ambient

pressure. Therefore, the high-pressure phases P63/mmc-ScCl
and Pm-3m-ScCl become novel superconductive electrides as
pressure decreases to ambient pressure. Amm2-ScCl3 and P-3-
ScCl5 show negligible pressure responses (Figs. S19 and S20)
with negligible Tc enhancements of 0.03 K and 3 K upon de-
compression, respectively. Pm-3-ScCl7 exhibits remarkable
pressure sensitivity (Table 2) featured by a dramatic incre-
ment of Tc from 0.07–0.35 K at 300 GPa to 9.09–10.91 K at
75 GPa, comparable to the 9 K of XeCl at 100 GPa[36] and
13 K of Cl2 solid at 380 GPa.[23] The enhanced superconduc-
tivity in decompressed Pm-3-ScCl7 correlates with increased
λ (from 0.31 to 0.89) despite decreased ωlog (from 579.48 K
to 192.08 K). Analysis of mode-specific EPC λq, j(ω) reveals
pronounced phonon softening along the X–R–M path in Pm-
3-ScCl7 at 75 GPa (Fig. 4), where low-frequency modes be-
low 190 cm−1 dominate the coupling strength (Table 2), con-
tributing 66.47% to the total EPC parameter λ with the low-
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frequency EPC parameter λlow about 0.59. Under compression
to 300 GPa, the progressive suppression of phonon softening
leads to diminished total EPC, manifested by a reduced contri-
bution (31.03%) from modes below 342 cm−1 to λ , with the
λlow decreasing to 0.10. Pressure-dependent Bader charges
and ICOHP analyses of Pm-3-ScCl7 reveal reduced charge
transfer from Sc to Cl (−1.77e to −1.45e), and strengthened

Cl–Cl covalent interactions (−1.09 eV to −1.92 eV) under

compression. This evolution of electronic and phonon band

structures suggests a pressure-induced reduction of Cl elec-

tronegativity and electron localization within Cl2 units, weak-

ening metallicity, hardening phonon band structures, and sup-

pressing electron–phonon coupling.

Table 2. The calculated EPC parameter (λ ) from low-, middle-, and high-frequency regions of Pm-3-ScCl7 at given pressures.

Pressure (GPa) λlow ωlow (cm−1) λmiddle ωmiddle (cm−1) λhigh ωhigh (cm−1) λ

75 0.59 0–190 0.26 190–419 0.04 > 419 0.89
100 0.27 0–222 0.26 222–474 0.03 > 474 0.56
200 0.12 0–296 0.22 296–637 0.01 > 637 0.35
300 0.10 0–342 0.20 342–716 0.01 > 716 0.31
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The atomic vibration modes corresponding to phonon
softening regions are visualized in Fig. 5. These softening
modes, contributing predominantly to the electron–phonon
coupling (EPC) parameter, originate chiefly from stretching

vibrations between Cl2 units within chlorine atomic chains
along three perpendicular directions. Electron band structures
at the Fermi level are dominated by Cl atoms. Particularly
along k-paths exhibiting phonon softening, bands crossing the
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Fermi level display parallel dispersion, indicating Fermi sur-
face nesting. Increasing pressure gradually hardens phonon vi-
brations while reducing electronic states at the Fermi level —

especially those responsible for nesting — thereby diminish-
ing EPC. Thus, the superconductivity of Pm-3-ScCl7 primarily
stems from EPC generated by vibrations of the chlorine chain.
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The isostructural compounds Pm-3-NaCl7 [12] and Pm-
3-KCl7 [11] display similar pressure-dependent superconduc-
tivity (Table 1). Previous researches demonstrate the ther-
modynamic stabilities of Pm-3-NaCl7 and Pm-3-KCl7 above
142 GPa and 225 GPa, respectively. Pm-3-NaCl7 shows Tc

enhancement from 0.08–0.41 K at 300 GPa to 6.56–8.88 K
at 100 GPa, and Pm-3-KCl7 exhibits an increase from 0.38–
1.15 K at 300 GPa to 7.02–9.45 K at 125 GPa, with corre-
sponding λ increases from 0.31 to 0.65 and 0.36 to 0.66. This
systematic behavior suggests the Pm-3 structure type repre-
sents a general framework for pressure-tunable chloride su-
perconductors.

Similar to Pm-3-ScCl7, EPC parameter λ in Pm-3-NaCl7
and Pm-3-KCl7 arises mainly from low-frequency phonon
softening along X–R and R–M directions (Fig. 6). Low-
frequency regions dominate λ of NaCl7 and KCl7 with con-
tributions of 50.72% and 57.72% at 100 GPa and 125 GPa,
respectively. PHDOS confirms low-frequency modes corre-
spond to Cl-atom vibrations, indicating major EPC contribu-
tions from chlorine. Figure S21 schematics reveal that phonon
softening modes primarily involve stretching vibrations be-
tween Cl2 units within 1D chains. At 300 GPa, phonon soft-
ening vanishes with superconductivity suppression. Compar-
ing Tc values of ScCl7 (0.28–0.89 K), NaCl7 (0.60–1.54 K),
and KCl7 (1.64–3.20 K) at 200 GPa confirms that Tc pri-
marily follows λ trends (Fig. 7). Low-frequency contribu-
tions induced by phonon softening critically determine λ .
KCl7 with the highest λ shows 43.73% contribution below
296.72 cm−1, while ScCl7 with the lowest λ exhibits 33.53%
below 297.56 cm−1. Metal-atom vibrations demonstrate neg-
ligible influence, consistent with our results on supercon-
ductivity of Pm-3-ScCl7. The Cl-chain vibrations dominate
EPC and pressure-dependent superconductivity in Pm-3-MCl7
chlorides, which is displayed in Fig. 8 as a summary.

4. Conclusion

Using first-principles calculations combined with evolu-
tionary algorithm structural predictions, we systematically in-
vestigate the phase diagram of scandium polychlorides from
50 GPa to 300 GPa, establishing the thermodynamic stabil-
ities of ScCl, ScCl2, ScCl3, ScCl5, and ScCl7. Apart from
strong ionic interactions, the sublattice orbital interactions and
formation of Cl–Cl homobonds emerge as critical determi-
nants for elucidating both pressure-modulated phase trans-
formations and unconventional chloride stoichiometry forma-
tion. Remarkably, the high-pressure P63/mmc-ScCl and Pm-
3m-ScCl phases retain metastability at ambient conditions, ex-
hibiting intermetallic electride and superconducting proper-
ties. Furthermore, superconductivity observed in Pm-3-ScCl7
shows enhanced transition temperatures at lower pressures, at-
tributed to weakened Cl–Cl bonds, phonon softening, and in-
creased EPC. The discovery of superconductivity across Pm-3
structured chlorides suggests this structural type may serve as
a prototype for pressure-tunable superconductors.
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