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The structural phase evolution and superconductivity of perovskite RbPbl; via pressure have been in-
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vestigated by employing the first-principles calculations. The findings suggest that RbPbl; undergoes

three structural phase transitions from ppPv-Pnma to ppPv-Pnma(l) phases at 4.6 GPa, from ppPv-
Pnma(l) to ppPv-Pnma(V) phases at 19 GPa, and from ppPv-Pnma(V) to Pm phases at 69.2 GPa,
respectively. Two novel phases ppPv-Pnma(V) and Pm are predicted different from other previous
reported results. Meanwhile, an obvious piezochromic effect appears in ppPv-Pnma(l) phase due to
the change of the band gap under pressure tuning. Quite surprisingly, the electron-phonon coupling

calculations reveal that ppPv-Pnma(V) phase may be a potential low-pressure superconductor with
a Tc of 8 K (7.3 K) at 20 GPa, which slight higher than other similar perovskite or alloys(~3K). Our
studies further provide a theoretical support for exploring high-T, low-pressure superconductivity and

piezochromic effect in halide perovskites.

1 Introduction

Inorganic lead halide perovskites with the chemical formula
APbX;3 (A=alkali cation, X=halide anion) have aroused exten-
sively interest due to its adjustable band gap, long carrier dif-
fusion length, high carrier mobility and other excellent photo-
physical properties.™ Especially for CsPbl; and RbPbl;, are re-
gard as a potential candidate material to improve the stability
replacing the organic lead halide perovskite.®® Thus, numerous
experimental and theoretical methodologies focus on the struc-
tural stabilities and its applications.”® Even if CsPbl; possesses
a suitable bandgap energy 1.73eV for applying in solar cells, the
structural instability (different phases Pnma, Pm3m, P4/mbm will
appear at different temperature) further limits it’s practical appli-
cation. Whereas, for RbPbls, an orthorhombic Pnma phase per-
sists at temperature range from 200 K to 400 K, no other phase
is observed.” Meanwhile, by adding the RbI to Formamidinium-
based perovskites can suppress its "yellow-phase impurity", and
turn forms RbPbl; impurities, which achieved in excellent power
output.™ Moreover, §-RbPbl; has suitable band alignment with
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TiO, effectively carried out the electron transfer, which can be
regarded as a potential solar cell material.™ Of course, low di-
mensional RbPbI; nanowire also presents a good photoresponsive
activity when the absorption wavelength is below 450nm.™™
All of the aforementioned merits indicate that RbPbls is worth
paying attention to, even if it does not have a suitable band gap
as CsPblz does. Nevertheless, crystal structure and structural
phase transition are the most fundamental issue in understand-
ing and improving their performance. To the best of our knowl-
edge, most experiments and theories focus on investigating the
structure characteristic of CsPbl; via dopants, dimensional reduc-
tion, and pressure, ™™ and less involves RbPbl;, especial in high-
pressure.

Pressure is regarded as an effective avenue to tune the crys-
tal structures and physical properties of perovskite materials.™
By applying a hydrostatic pressure, all kinds of structural phases
(such as Pmn2;, Pm, P2/c, P2;/m, post-perovskite (pPv), post-
post-perovskite (ppPv), I4mm, and so on) emerge. 552 More
importantly, pPv structure appeared in MgSiO3 explains satis-
factorily the existence of anisotropic features in the D’ layer of
Earth, which was discovered in some ABX3 compounds and was
transformed from Pv (perovskite structure) under pressure. I8 Re-
cent progress on pressure-induced structure further reveals that a
novel stable post-post-perovskite (ppPv) structure has been ob-
tained in numbers of ABO3, ABF3, and A;O3 materials under
pressure, explaining successfully the "N phase" as discovered in
experiment.™ 27 This ppPv structure is composed of a three-
dimensional network of edge-sharing oxygen or fluorine octahe-
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dra, unlike traditional ABX3 perovskite structure (Pv) which is
composed of corner-sharing [BXs]*~octahedra, even though they
both belong to the same point group Pnma.™ As the research
progressed, ppPv structures present heterogeneous, which can
be divided to ppPv-Pnma(l), ppPv-Pnma(ll), and ppPv-Pnma(III)
according to the connection mode of among octahedra or poly-
hedra.™% Meanwhile, the detailed structural characteristic of
RbPbI; in experiment is along b direction of the crystal of dou-
ble rows of edge-sharing Pblg octahedra, which is consistent with
that of the aforementioned ppPv structure.™ Taken the diversity
of ppPv structure into account, it is unknown whether the new
ppPv structure or other novel structures will emerge under high
pressure for RbPblj;.

Usually, whether perovskite oxide or perovskite halide, appears
as insulator at ambient temperature and pressure. It is remark-
ably, however, the insulator can become a metal by applying
pressure in perovskite oxide CaZrOs;.?” This offers the possibil-
ity for further exploring superconductivity in perovskite materi-
als. Up to now, research on the superconductivity of hydrides is
quite hot due to the higher superconducting transition tempera-
ture T.. 4 There are also studies involving the superconductiv-
ity of anti-perovskite CuNNi; and Ca3PN, and the corresponding
superconducting transition temperatures 3.2 K and 4 K are pre-
dicted.Z%8 Of course, the superconductivity are found in other
compounds, such as (Ca;_,Sry)Pd3P (0.17< x <0.55), PbVSe,
and Ba 5Sry sPbs. %4 Regrettably, the superconductivity of per-
ovskite halide has not been reported, and even superconductivity
of perovskite oxide is rarely reported. Thus, the goal of this work
is to predict the novel structural phase of RbPblz via pressure,
further analyzing the pressure-induced piezochromic effect and
superconductivity.

2 Computational details

The pressure-induced piezochromic effect and superconductivity
of RbPbl; have been investigated by means of the Vienna ab ini-
tio simulation package (VASP) based on density function theory
(DFT) combined with the the Crystal structure Analysis by Par-
ticle Swarm Optimization (CALYPSO).®53 Many of structures
of the analogue unit RbPbl; in 2-4 formula units (fu.) was
searched based on CALYPSO method.®?5¥ The initial structures
are randomly generated and subsequently optimized. Each gener-
ation comprises 30 structures, with 70% generated through par-
ticle swarm optimization and the remaining 30% newly gener-
ated in a random fashion. The search process encompasses fifty
generations. In the all calculation, PBEsol, PBEsol+SOC, and
HSEO06 functionals based on the generalized gradient approxima-
tion (GGA) are adopted, where, HSEO6 functional is mainly used
for accurate calculation of band gap.®™ The valence electrons of
the atoms considered are: Rb 4s24p%5s!, Pb 5d!96s%6p?, I 5s25p°.
The k-point grid is sampled along the k-tight Monkhorst-packet
grid,®¥ with the minimum allowable spacing between k-points
set to 0.1A~!. The k-Monkhorst-packet grid refers to the specified
minimum grid density, which is the maximum distance between
any two k-points in the grid. Furthermore, a conversion theory
was utilized to relate the physical wave function to the auxil-
iary wave function (projected amplified wave (PAW) method), "
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setting the cutoff energy of the wave function to 700 eV. Corre-
spondingly, the convergence thresholds of the energy and Her-
man Feynman force on any ion were established as 10~8eV and
-103eVA~! respectively, where Herman Feynman force refers to
the derivative of generalized free energy. Moreover, to ensure
structural stability, we use the finite-displacement method for
phonon dispersion curve calculations. This involves computing
forces in Density Functional Theory (DFT) and determining their
derivatives using the finite difference method, illustrated in Fig-
ure S1. The calculated different crystal structures were visualized
by VESTA software package®™ and the space group was deter-
mined by FINDSYM program. ¥ Finally, the electron-phonon cou-
pling is calculated by means of the Quantum-ESPRESSO pack-
age based on linear response theory.***" Utilizing the Standard
Solid-State Pseudopotentials (SSSP), we employed pseudopoten-
tials tailored for Rb, Pb and I atoms. Pseudopotential approxi-
mation involves substituting the Coulomb potential in the many-
electron system Hamiltonian with a smooth function. The calcu-
lation employed a k-point grid of 12 x 16 x 4 for each g-point,
with a corresponding g-point grid of 3 x 4 x 1. The supercon-
ducting transition temperature was simulated by the Allen-Dynes
modified McMillan equation.*! The cutoff energy was set at 100
Ry, and the coulomb pseudopotential was selected as 4 = 0.1 and
0.13, respectively.

3 Results and discussion

3.1 Pressure-induced structural phase transitions

Based on the first principles calculations and CALYPSO method,
many structures of RbPbl; are taken into account under pressure
of 0-100 GPa. The relations between enthalpies (AH = E + PV)
and pressures are plotted in Figure 1 for RbPbl; with different
stable phases. Meanwhile, Figure 1 also presents the relation be-
tween the volume and pressure for different stable phases.

=== ppPv-Pnma '
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b= pPv-Pnma(V)
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Fig. 1 Volume and enthalpy values were calculated at hydrostatic pres-
sure from 0 to 100 GPa.

From Figure 1, one can see that, RbPbI; undergoes three struc-
tural phase transitions from ppPv-Pnma to ppPv-Pnma(I) phases
at 4.6 GPa, from ppPv-Pnma(l) to ppPv-Pnma(V) phases at 19
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ppPv-Pnma(V)

Fig. 2 The schematization of RbPbls is Pv-Pnma, ppPv-Pnma(l), ppPv-Pnma(V). The figure to the right of each panel describes the local structure

of the adjacent polyhedrons in these structures, and how they are arranged.

GPa, and from ppPv-Pnma(V) to Pm phases at 69.2 GPa, respec-
tively. Here, to distinguish it from the previous studies, the new
post-post-perovskite structure is identified as ppPv-Pnma(V). Of
course, the ppPv-Pnma and ppPv-Pnma(l) are employed the same
labels in previous reports.”? Regrettably, ppPv-Pnma(ll), ppPv-
Pnma(Ill) and ppPv-Pnma(IV) phases presented in previous stud-
ies, as well as Pnma, C2;/m(I) and C2;/m(II) predicted in CsPbl;
have not been found in this works.™%2#7 [n the same time, some
structures (P4/mmm, C2mm, I4mm, Cm, and so on) predicted in
other halide perovskites may be absent or metastable.*** Sur-
prisingly, the new crystal phase ppPv-Pnma(V) has never been
previously presented in any materials. Moreover, the relation
between the volume and pressure in Figure 1 reveals that the
phase transitions from ppPv-Pnma to ppPv-Pnma(l) and ppPv-
Pnma(V) to Pm belong to a first-order structural phase transitions,

and the phase transition from ppPv-Pnma(I) to ppPv-Pnma(V) be-
longs to a second-order structural phase transitions. A first-order
structural phase transition involves a material undergoing a di-
rect transformation from one crystal structure to another, marked
by significant thermodynamic changes such as abrupt jumps in
energy, volume, or other physical properties. This results in
noticeable discontinuities, distinguishing it from the continuous
changes observed in a second-order phase transition. %8

In order to further understand the characteristics of these sta-
ble phases, the schematic view of the corresponding structures
are shown in Figure 2, and the corresponding structural pa-
rameters are summarized in Table S1( seen in Support materi-
als). As revealed in Figure 1 and Figure 2(a), the ground state
of RbPbIj is post-post-perovskite structure (ppPv-Pnma) up to
about 4.6 GPa. Table S1 indicates that the structural param-
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Fig. 3 Lattice parameters and Pb-I length of Pv-Pnma, ppPv-Pnma(ll), ppPv-Pnma(V) and Pm phases of RbPbl; at 0-100 GPa hydrostatic pressure.

eters (a=10.272 f\, b=4.736A, and ¢=17.297A) of the ground
state for ppPv-Pnma phase are in line with the experimental
results (a=10.276A, b=4.775A, and c=17.3824).7 Meanwhile,
Figure 2(a) reveals that ppPv-Pnma phase can be characterized
by any oxygen octahedron connected to other four oxygen octa-
hedra by four common edges. Note that the coordination around
each Pb ion in ppPv-Pnma is six I ions due to Pb-I bonds con-
tained two doubly degenerate and other two non-degenerate,
and those bonds decrease with increasing pressure seen in Ta-
ble S1 and Figure S1. On the other hand, the c lattice parameter
(17.297A) is significantly elongated, while the b lattice param-
eter (4.736A) is significantly shortened relative to the a lattice
parameter (10.27213;), as seen in Table S1. These characteris-
tics of ppPv-Pnma phase are similar to those of the ppPv-Pnma
phase reported by Xu et.al., while is different the ppPv-Pnma(I)
characterized by each oxygen polyhedron connected to other
six oxygen polyhedrons by six common edges in previous stud-
ies.™ %2 Moreover, it is clear that the ground state of RbPbl; is
post-post-perovskite structure (ppPv-Pnma) not perovskite struc-
ture (Pnma) appeared commonly in oxygen perovskites and other
halide perovskites. ™*28354 Of course, in order to further ver-
ify the ground state structure, several other possible structures
(Pnma, ppPv-Pnma(Cmcm), ppPv-Pnma(lll), Pm3m) appeared
in previous reports have also been examined.™Z283,83.87 The
calculated results indicate that the energy values (-35.9172¢eV)
of ppPv-Pnma is lower than those of Pnma(-35.6253€V), ppPv-
Pnma(Cmcm) (-35.7586€V), ppPv-Pnma(Ill) (-34.9954€V) and
Pm3m (-34.4393€eV). Meanwhile, the phonon dispersions of ppPv-
Pnma, Pnma and ppPv-Pnma(Cmcm) shown in Figure S1(a-c) in-
dicate that three structures have no negative phonon frequencies
and are dynamically stable. Those further reveals ppPv-Pnma
is the ground state, which is consistent with the experimental

4| Journal Name, [year], [vol.],1-a

results,” where Pnma, ppPv-Pnma(Cmcm) phases are possible
metastable for RbPbIj3.

As also shown in Figure 1, RbPbI; is predicted to undergo
a phase transition from a post-post-perovskite structure (ppPv-
Pnma) to another post-post-perovskite structure about 4.6 GPa.
Figure 2(b) clearly presents that any halide polyhedron is con-
nected to six adjacent halide polyhedral by four common edges
and two common faces (each face is triangle formed by three
common edges) along a axis, which is similar to the character-
istics of ppPv-Pnma(I) phase in our previous reports.”? For con-
sistency, this post-post-perovskite structure is denoted as ppPv-
Pnma(]) in the following, and retains the ground state up to about
19 GPa. Moreover, as indicated in Fig S1( seen in Support ma-
terials), the lattice parameters a, b, ¢ and V (volume) of have
a sudden change at pressure 4.6 GPa from ppPv-Pnma to ppPv-
Pnma(I) phases, which reveals the phase transition is first-order
structural phase transition. Figure S1 and Table S1 also indicate
that seven Pb-I bonds of polyhedron in ppPv-Pnma(I) phases exist
two doubly degenerate and three non-degenerate bonds, and the
varietal tendency of Pb-I bond with the pressure is the same to
that of ppPv-Pnma. Apparently, the coordination of each Pb ion
goes from six to seven after phase transition due to add another
non-degenerate Pb-I bond in ppPv-Pnma(l). Interestingly, for a
given pressure 5 GPa (very close to the phase transition pressure
4.6 GPa), one can see that the a(=7.97A) and b(=5.07A) lattice
constants of ppPv-Pnma(l) are 14.4% shorter and 13.7% longer
than a(=9.32A) and b(=4.46A) lattice constants of ppPv-Pnma,
as well as the c(=16.52A) lattice constant of ppPv-Pnma(I) have
a very small change relative to c(=16.46 A) lattice constant of
ppPv-Pnma. It means that the phase transition from ppPv-Pnma
to ppPv-Pnma(l) is associated with an alteration in the crystal’s
structural shape. Even though ppPv-Pnma and ppPv-Pnma(l)
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phases have the same space group (No. 62) and the same types
of Wyckoff positions, the changes in lattice constants, the coor-
dination number and the structural shape reveal that it is also a
reconstructive phase transition.

When the pressure rises to 19 GPa, another post-post-
perovskite structure appears and retains lower enthalpies than
ppPv-Pnma(l) phases up to 69.2 GPa. Figure 2(c) reveals that
this post-post-perovskite structure differs from other post-post-
perovskite structures previously reported.? We also find that the
connection mode among the halide polyhedra in this structure is
the same as that of ppPv-Pnma(Ill) phase, but there exist some
differences (i.e., common faces is almost square formed by four
common edges, which different from common face is triangle
formed by three common edges in ppPv-Pnma(IIl) phase) in de-
tail. For distinction, this post-post-perovskite structure is marked
as ppPv-Pnma(V) in this work. As shown in Figure 2(c) and
Table S1, Pb-I bonds of polyhedra in ppPv-Pnma(V) phases are
eight contained two doubly degenerate and four non-degenerate
bonds. Interestingly, by analyzing the Figure 1 and Figure S1,
the sudden change in the lattice parameters a, b, ¢ and V are not
observed from ppPv-Pnma(l) to ppPv-Pnma(V) phases, which re-
veals the phase transition is second-order structural phase transi-
tion. Meanwhile, the transformation from ppPv-Pnma(l) to ppPv-
Pnma(V) results in a change in coordination number from seven
to eight only, implying the phase transition is isostructural phase
transition similar to the transition from ppPv-Pnma(l) to ppPv-
Pnma(ll) in previous reports. %

To our surprise, other new phase Pm is predicted successfully
at about 69.2 GPa and retains the most stable up to 100 GPa,
which completely differs from the post-post-perovskite structure
seen in Figures 2(a-d). As indicated by Figure 2(b,c), any halide
polyhedron is connected to other neighboring halide polyhedral
via corner sharing along c axis and edges sharing on different c
plane, which is different from the halide octahedra in traditional
perovskite via corner sharing each other reported in CsMI3 (M=Pb
and Sn) only.*® Moreover, Figure 1, Figure S1 and Table S1,
a sudden changes of the lattice parameters a, b, ¢ and V (vol-
ume) are observed about 69.2 GPa, and the coordination num-
ber around Pb retains the same at eight. Meanwhile, Pm and
ppPv-Pnma(V) phase possesses the different space groups and
the different types of Wyckoff positions shown in Table S1. The
aforementioned discussion further illustrates the transition from
ppPv-Pnma(V) to Pm is both a first-order phase transition and
reconstructive phase transition. Of course, by continuing to ap-
ply pressure on the ppPv-Pnma(V) phase, other phase P2;/c can
be obtained at pressure from 69.2 GPa to 100 GPa. In order to
further verify the ground state at this pressure region, we em-
ploy the CALYPSO search method by fixing the cell of P2;/c or
ppPv-Pnma(V) phases to obtain other relative stable phases (Pm,
Pmn2y, P2y/c, P2;/m, Cmc2, Cm, Pc and so on ). Their enthalpies
and the phonon dispersions further reveal that Pm is the most sta-
ble at pressure from 69.2 GPa to 100 GPa compared with other
phases. Unfortunately, the Pmn2; phase reported in CsPbl; is only
a metastable phase for RbPbI;. %
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3.2 Electric properties and piezochromic effect

Pressure can induce the bond length shortening and the B-X-B
angle increasing, which narrows and widens the corresponding
band gap, respectively. The "B-X-B angle" refers to the bond angle
in a molecule or compound, with X representing one atom and
B/B’ representing another atom or group. It specifically indicates
the angle formed when there is a bond between an atom (X) and
two other atoms or groups (B and B’) in the molecule. Thus, pres-
sure is regard as a good strategy to regulate the band gap. In this
works, based on the stable structures obtained above, the electric
band structures are predicted by employing functional PBEsol,
HSEO06 and PBEsol contained the spin-orbit coupling (SOC) un-
der pressure from O to 100 GPa. As depicted in Figure 4, the
energy band gap decreases gradually with increasing pressure
at the corresponding stable phase pressure region. It can be
also seen that the variation tendency of band gap is consistent
whether PBEsol or HSE06 functional, which is different from that
of PBEsol+SOC. As presented in Figure 4, the tune of pressure
on the band gap for ppPv-Pnma(l) is very obvious, resulting in
appearing the piezochromic effect. That is to say, the band gap of
ppPv-Pnma(l) decareases from 2 to O €V with the pressure vary-
ing from 5 to 18 GPa, and undergoes a transition from insulator
to metal. Considering the alterations in band gap and pressure,
we calculated the pizochromic effect amplitude of ppPv-Pnma(l)
phase. The amplitude of the pizochromic effect is measured at
0.154 eVGPa~!, surpassing the 0.058 eVGPa~! pizochromic ef-
fect observed in the study of BiFeO; by Sando et al.,”" indi-
cating a significant piezochromic effect of RbPbI; under pres-
sure. This piezochromic effect also appeared in ppPv-Pnma(Il)
for CaZrOs in previous reports.?? Similarly, this piezochromic ef-
fect has also been found in ppPv-Pnma(IV) phase of RbSnBr; and
the non-Pv-Pnma phase of CsPbX3,™%2 as well as in the exper-
imental study of Cs;MnBi;Cl;, with Imma phase and Cs;CoCly
with Pnma phase. The above discussion further indicate that the
piezochromic effect appears

—=— PBEsol
—a— HSE06
—u— PBEsol+SOC

Band Gap /eV

0 T ¥ g T ¥ ¥

0 10 20 30 40 50 60 70 8 90 100

Pressure / GPa

Fig. 4 RDbPbl; electronic band gap calculated by PBEsol, HSE06 and
PBEsol+SOC under hydrostatic pressure of 0-100 GPa.
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Fig. 5 DOS of RbPbls predicted by PBEsol method under different phase and hydrostatic pressure: (a) ppPv-Pnma (0GPa), (b) ppPv-Pnma(l)
(5GPa), (c) ppPv-Pnma(l) (15GPa), (d)ppPv-Pnma(V) (20GPa). On the right side is the conduction band corresponding to 5GPa, 15GPa and

20GPa. The dashed line is set to the Fermi level.

in those materials with the same orthorhombic symmetry,
which is closely related to the symmetry of structure. Up to now,
one can see that the piezochromic effect is very likely to occur
when the crystal structure belongs to orthorhombic perovskite-
like structure. Of course, it needs to be further verified in theory
and experiment.

To explore deeper insight into the effect of pressure on the band
gap, the atom-resolved density of states for the corresponding
stable phases at certain pressure (0 GPa, 5 GPa, 15 GPa, 20 GPa)
are displayed in Figure 5, respectively. As shown in Figure 5(a),
at 0 GPa, the conduction band edge is dominated essentially by p
orbits of I and Pb atoms. Whereas, the valance band edge derives
primarily from the p orbit of I atom with a very small contribution
of s orbit of Pb atom. When pressure is up to 5 or 15 GPa, the
contribution of orbit on the conduction and valance band edges
is similar to that in 0 GPa. In Surprise, the contribution of I-p
state on the conduction band is more and more obvious compared
with the p orbit of Pb. As the pressure increases, the p orbitals
of I atom shift towards lower energy regions, causing the band
gap to decrease. As revealed in Figure 4, RbPbl; presents the
metallic properties at 18 GPa. When pressure ranges from 0 to
18 GPa, the transition from insulation to semiconductor to metal
occurs. Thus, the piezochromic effect appeared in ppPv-Pnma(I)
is mainly derived from the p orbit of I , which is different from
that in CaZrO;3 derived from the d orbit of Zr.

3.3 Superconductivity properties

The aforementioned discussion reveals that RbPbl; retains metal-
lic with pressure varying from 20 to 100 GPa, implying that
it could be a potential superconductor. Superconductivity re-
lies on a substantial Density of States (DOS) at the Fermi level
and high symmetrical crystal structure.®2 DOS, representing

6| Journal Name, [year], [vol.],1-a

the count of allowable electron states at a specific energy level,
aids in understanding the overall distribution of states with re-
spect to energy and unveils energy band spacing in semiconduc-
tors. In comparison, more electronic states appear near the Fermi
level for RbPbl; with ppPv-Pnma(V) phase at 20 GPa, revealing
ppPv-Pnma(V) phase of RbPbl; possesses higher superconducting
transition temperature. Therefore, we will select ppPv-Pnma(V)
phase of RbPbI; at 20 GPa to explore it’s superconductivity. Cor-
respondingly, the electron-phonon interaction parameter A, the
Eliashberg phonon spectral function o?F(w) and the logarithmic
average of the phonon vibration frequency ®,, have been inves-
tigated as shown in Figure 6. Based on equation 1, the value 1.16
of the electron-phonon interaction parameter A is estimated. 553
Where Ng, is the density of electronic states at the Fermi level,
(¢%) is the average value of the electroacoustic matrix elements
near the Fermi level, M is the atomic mass, and (®?) is the aver-
age value of the square of the vibration frequency. Therefore, it
can be seen that A is positively correlated with DOS near Fermi
level and negatively correlated with the average value of atomic
vibration frequency. Apparently, our calculated parameter A is
higher than some alloys (0.56 for PbVSe, at 6.4 GPa, 0.46 for
SnVSe, and 0.64 for TigPb,), and slightly lower than some per-
ovskite (1.43 for MgVHg at 150 GPa). 55,58

_ ~ OCZF(a)) _ Nsp <g2>
r=2 [ o~ o ©)
O L4142
=73 eXp( lfu*(1+0.62/l)) @)
g =exol [ o (@)n(o) 3

When A is less than 1.5, the superconducting critical tempera-
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Fig. 6 (a) Phonon spectrum decorated by the normalization phonon
linewidth; (b) The projected phonon state density is calculated; (c)
Ellyashberg spectral function a?F(®); (d) Cumulative EPC strength A
of the ppPv-Pnma(V) phase of RbPbl; at 20 GPa.

ture T, can be calculated by the Allen-Dynes modification of the
McMillan formula as seen in equation 2 and 3. Where u* repre-
sents the shielded anti-superconducting Coulomb pseudopoten-
tial. When p* is set to 0.1 and 0.13, the corresponding 7; value of
ppPv-Pnma(V) in RbPbI; is about 8 and 7.3 K at 20 GPa, respec-
tively. Meanwhile, we also estimate the 7. of ppPv-Pnma(V) with
3.8K at 60 GPa (see Figure S2), which is smaller than that at 20
GPa. It may be attributed to the smaller DOS value at the Fermi
level at 60 GPa.

To effectively explain the electronic coupling mechanism on
which superconductivity depends, we give PHDOS, o?F(®) and
A(®) are drawn in Figure 6. Figure 6 (a) shows the phonon spec-
trum modified by normalized phonon linewidth. The phonon
linewidth is closely associated with the electron-phonon inter-
action matrix element, describing the scattering probability am-
plitude of phonons with a wave vector q on the Fermi surface
(FS).5?Compared with the cutoff frequency of §-CsPbls, the fre-
quency of the largest RbPbl; is increased by 24%,**which may
be attributed to the high-frequency modes of RbPbI; contributed
mainly by the vibration of the I and Rb atoms. This enhance-
ment is due to the vibration of Rb atoms, proving beneficial for
improving T;. In contrast to low-frequency acoustic modes, high-
frequency optical phonons contributed by Rb and I atoms exhibit
stronger electroacoustic coupling, driven by their larger phonon
linewidth. As revealed in Figure 6(b), it is not difficult to see that
the vibration frequency in the low frequency region (less than 2.5
THz) is mainly contributed by Pb and I atoms, while that in the
high frequency region (higher than 2.5 THz) is mainly related to
I atoms, and a large number of electrons are transferred from I-p
to Pb-p with resulting in the strong hybridization of p-p orbits.
Electron transfer between Pb and I atoms leads to electron scat-
tering in the lattice, which increases electron-phonon coupling.
Thus, the superconductivity of RbPbl; is mainly contributed by p
orbital which is different from Ca3;PN contributed mainly by Ca-d
orbitals.”® Near the Fermi energy level, I ions contribute 60.14%
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to TDOS, Rb 20% and Pb only 19.79%, which is consistent with
the contribution to the total A and is a key factor in enhanc-
ing phonon-mediated superconductivity EPC. Regretfully, both Pb
and I have large relative atomic masses, which drag down the
average value of RbPbl; atomic vibration frequency, making (®?)
smaller. These factors lead to a strong electro-acoustic coupling
interaction in RbPbI; and also suggest that the superconductivity
of RbPbI; is mainly contributed by I. Analogously, Nag,WO3 in
the M,WOs; system also has a superconducting transition temper-
ature of 3 K,”5%50 which is slightly lower than that of RbPbls
with 8 K at 20 GPa. Our findings may further promote to ex-
plore high-temperature low-pressure superconductors and also
need further experiment to verify the accuracy of our calculations.

4 Summary

The first-principles calculations conjunct with the particle swarm
optimization algorithm are performed to explore the structural
evolution, electronic properties, and superconductivity of RbPbl;
at 0-100 GPa. Results indicate that RbPbl; undergoes a rich struc-
tural evolution by tuning the hydrostatic pressure. Two first-
order reconstruction phase transitions from ppPv-Pnma to ppPv-
Pnma(l) and from ppPv-Pnma(V) to Pm phases, as well as a
second-order isomorphic phase transition from ppPv-Pnma(l) to
ppPv-Pnma(V) were predicted, respectively. Notably, details of
structural characteristics indicate that, whether ppPv-Pnma(V) or
Pm phases, are two novel phases different from the previously
reported ppPv-Pnma(l), ppPv-Pnma(ll), ppPv-Pnma(Ill), ppPv-
Pnma(IV) or Pm. Consequently, by tuning the pressure from 0 to
18 GPa, the insulator-to-semiconductor-to-metal transitions occur
resulting in an obvious piezochromic effect. More importantly,
a superconducting transition temperature of 8 K (7.3 K) at 20
GPa of the ppPv-Pnma(V) phase is predicted, implying RbPbl;
is a potential low-pressure superconducting material. Undoubt-
edly, the p orbitals in I significantly contribute to the observed
piezochromic effects and the emergence of superconductivity.
These outstanding properties will stimulate experimental inter-
est, potentially catalyzing additional investigations into novel su-
perconductivity phenomena. Furthermore, this prompts further
exploration of high-7; low-pressure superconductivity of halide
perovskites and their potential in scientific applications.
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