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Outline: The following supplementary material is divided in two parts. Part
A presents extended information for the electronic, dynamical and optical cal-
culations for all the materials presented in the main article. Part B deals briefly
with the extension of the space group characterization for multilayer pentagonal
structures, with two and three layers.

Part A: Additional information for pentagonal materials

We present further details for the first-principles results related to the novel
pentagonal materials proposed in the main article. In particular, the geometric
parameters and the band structure with GGA (PBE) and hybrid functionals
are reported along with additional spin textures for each material. Also, the
phonon band structure is given for the novel materials first proposed in this
work. Finally, the optical responses not included in the main article are pre-
sented here.
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Geometric properties of novel pentagonal materials

The structural parameters were calculated with two first-principles packages:
QUANTUM ESPRESSO (QE) [1] and GPAW [2]. The reason for this is the
possibility to calculate Wannier-interpolated bands with QE, and on the other
side, to employ hybrid functionals as well as to obtain phonon band struc-
tures with GPAW. We have checked carefully that both codes give the same
electronic band structures for all the materials reported. Although relaxed ge-
ometric parameters could differ between the two codes, the difference is under
the expected bounds related to the different numerical procedures that are ap-
plied. The GPAW relaxed lattice structures for PdSeTe, PdSeS and GeBi2 are
depicted in Fig. S.1. The geometric parameters for both QE and GPAW are
presented in Table S.1 and Table S.2, respectively.

Figure S.1: Lattice structure for the three new pentagonal materials presented
in the main article as obtained by GPAW.

Computational details for GPAW calculations

For the electronic structure calculations the real-space projector augmented
wavefunction method was employed, [3] together with the atomic simulation
environment (ASE) [4, 5]. In order to check the QE results, the first exchange-
correlation functional used was a PBE functional [6]. There is a very good
agreement between the outcomes of both codes. This gives way to perform
further computations with additional features. Thus, additional band structure
calculations with a hybrid functional in the form of the HSE06 implementation
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Material a(Å) b(Å) d(Å) Bonds(Å)

PdSeS 5.619 5.754 1.469
Pd-S Pd-Se Se-S
2.351 2.445 2.278

PdSeTe 5.939 6.168 1.663
Pd-Te Pd-Se Se-Te
2.595 2.486 2.604

GeBi2 5.831 5.831 3.558
Ge-Bi
2.775

Table S.1: Structural parameters for PdSeS, PdSeTe and GeBi2 extracted from
GPAW. a and b are the lattice vectors in the x and y directions, respectively;
d is the distance between the bottom and top atoms. The bond length is given
in the last column.

Material a(Å) b(Å) d(Å) Bonds(Å)

PdSeS 5.616 5.752 1.468
Pd-S Pd-Se Se-S
2.350 2.444 2.277

PdSeTe 5.951 6.183 1.664
Pd-Te Pd-Se Se-Te
2.610 2.481 2.608

GeBi2 5.849 5.849 3.500
Ge-Bi Bi-Bi
2.776 3.016

Table S.2: Structural parameters for PdSeS, PdSeTe and GeBi2 extracted from
QE. a and b are the lattice vectors in the x and y directions, respectively; d is
the distance between the bottom and top atoms. The bond length is given in
the last column.

[7] were obtained for PdSeS, PdSeTe and GeBi2 as presented in Fig. S.3, Fig.
S.10 and Fig. S.18, respectively. The energy cutoff was set to 850 eV and the
Brillouin zone was sampled via a 10×10×1 Monkhorst-Pack k-grid. A vacuum
space of 15 Å in the direction normal to the monolayer plane was used and
the unit cell was relaxed until the atomic forces were less than 0.01 eV/atom.
In addition to these electronic band calculations, we obtained the phonon dis-
persions. For this we employed a LCAO mode computation [8] with localized
double-ζ and single-polarized atomic orbitals, with a 5×5×1 supercell. Phonon
bands for PdSeS, PdSeTe and GeBi2 are depicted in Fig. S.4, Fig. S.11 and
S.19, respectively. These results show that all the new materials presented are
dynamically stable.
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PdSeS information

Γ X M Y Γ
-2

-1

0

1

2

3

E
n

er
g

y
 [

eV
]

Γ X M Y Γ
-2

-1

0

1

2

3
(a) (b)

Figure S.2: Electronic band structure for PdSeS from a) QE and b) Wannier
interpolation.

4



Γ X M Γ
-3

-2

-1

0

1

2

3

E
n

er
g

y
 [

eV
]

Γ X M Γ Γ X M Γ

PBE PBE+SOC HSE+SOC

Figure S.3: Electronic band structure for PdSeS obtained with GPAW. Including
calculations without SOC, with SOC and the PBE functional and with the
hybrid functional with SOC. The results agree very well with those obtained
from QE in Fig. S.2.
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Figure S.4: Phonon band structure for PdSeS from GPAW.
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Figure S.5: Spin texture near the Γ point for a) top b) second c) third and d)
fourth valence bands for PdSeS.
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Figure S.6: Optical conductivity with spin-resolved components along the spin
x direction for PdSeS. Other directions give similar results.

Figure S.7: Natural optical activity in terms of the rotatory power ρ for PdSeS.
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Figure S.8: Nonzero components of the shift current tensor σabc for PdSeS.

PdSeTe additional information
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Figure S.9: Electronic band structure for PdSeTe from a) QE and b) Wannier
interpolation. The band structure from QE is repeated here for the sake of
comparison.
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Figure S.10: Electronic band structure for PdSeTe obtained with GPAW. In-
cluding calculations without SOC, with SOC and the PBE functional and with
the hybrid functional with SOC. The results agree very well with those obtained
from QE in Fig. S.9.
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Figure S.11: Phonon band structure for PdSeTe from GPAW.

Figure S.12: Spin texture for a) the top valence band and b) the second valence
band for PdSeTe.
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InP5 additional information
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Figure S.13: Electronic band structure for InP5 from a) QE and b) Wannier
interpolation. The band structure from QE has been repeated here to facilitate
comparison. This material has been reported elsewhere [9]; therefore, no further
calculations are provided for phonons and band structure.
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Figure S.14: Spin texture near the X point for a) the top valence band and b)
the second uppermost valence band for InP5.
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Figure S.15: Optical conductivity with spin-resolved components along the spin
z direction for InP5. Other directions give similar results.
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Figure S.16: Natural optical activity in terms of the rotatory power ρ for InP5.

GeBi2 additional information
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Figure S.17: Electronic band structure for GeBi2 from (a) QE and (b) Wannier
interpolation. The band structure from QE has been repeated here to facilitate
comparison.
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Figure S.18: Electronic band structure for GeBi2 obtained with GPAW. Includ-
ing calculations without SOC, with SOC and the PBE functional and with the
hybrid functional with SOC. The results agree very well with those obtained
from QE in Fig. S.17.
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Figure S.19: Phonon band structure for GeBi2 from GPAW.

Figure S.20: Spin texture in the Γ point vicinity for a) bottom conduction band
b) second conduction band for GeBi2.
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Figure S.21: Spin texture in the neighborhood of the M point for a) top valence
band, b) second valence band, c) third valence band and d) fourth valence band
for GeBi2. Note that the spin (band) partners are not contiguous for the a) and
d) case.
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Figure S.22: Optical conductivity with spin-resolved components along the spin
z direction for GeBi2. Other directions give similar results.

Figure S.23: Natural optical activity in terms of the rotatory power ρ for GeBi2.
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Figure S.24: The nonzero component of the shift current tensor σabc for GeBi2.

Part B: Multilayer space groups information

Bilayer space groups

The most straightforward way to build multilayer structures is using the so-
called slip (translational) stacking. In the bilayer case presented here, two mono-
layers with the same space group are positioned with a relative displacement
described by the vector (t1,t2,t3). We consider the following relative translation
vectors for the analysis (in units of the lattice vectors)

• τ1 = (0, 0, t3)
• τ2,1 = ( 1

2 , 0, t3) and τ2,2 = (0, 12 , t3).
• τ3 = ( 1

2 ,
1
2 , t3).

• τ4,1 = ( 1
4 , 0, t3) and τ4,2 = (0, 14 , t3).

• τ5 = ( 1
4 ,

1
4 , t3).

• τ6,1 = ( 1
2 ,

1
4 , t3) and τ6,2 = ( 1

4 ,
1
2 , t3).

• τ7,1 = (t1, 0, t3) and τ7,1 = (0, t2, t3).

For each of these vectors we computed the space group that describes the
structure. The calculations were done with the aid of the spglib python library
[10] and checked with the FindSym code [11]. The results of the computation of
the space group for each particular stacking are summarized in Table S.3, with
the exception of vector τ1 = (0, 0, t3) which yields the same space group as the
composing monolayers.
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Space group of Translation vectors Bilayer space group
the monolayer

P4/mbm (#127*) τ2,1 and τ2,2 Pcca (#54)
τ3 P4/nbm (#125)
τ4,1 and τ4,2 P21/c (#14)
τ5 C2/m (#12)
τ6,1 and τ6,2 P2/c (#13)
τ7,1 and τ7,2 P21/c (#14)

P421m (#113) τ2,1 and τ2,2 P2221 (#17)
τ3 P42m (#111)
τ4,1 and τ4,2 P21 (#4)
τ5 Cm (#8)
τ6,1 and τ6,2 P2 (#3)
τ7,1 and τ7,2 P21 (#4)

P4bm (#100) τ2,1 and τ2,2 Pba2 (#32)
τ3 P4bm (#100)
τ4,1 and τ4,2 Pc (#7)
τ5 Cm (#8)
τ6,1 and τ6,2 Pc (#7)
τ7,1 and τ7,2 Pc (#7)

P4212 (#90) τ2,1 and τ2,2 P2221 (#17)
τ3 P422 (#89)
τ4,1 and τ4,2 P21 (#4)
τ5 C2 (#5)
τ6,1 and τ6,2 P2 (#3)
τ7,1 and τ7,2 P21 (#4)

Pbam (#55) τ2,1 and τ2,2 Pcca (#54)
τ3 Pban (#50)
τ4,1 and τ4,2 P21/c (#14)
τ5 P1 (#2)
τ6,1 and τ6,2 P2/c (#13)
τ7,1 and τ7,2 P21/c (#14)

Pba2 (#32) τ2,1 and τ2,2 Pba2 (#32)
τ3 Pba2 (#32)
τ4,1 and τ4,2 Pc (#7)
τ5 P1 (#1)
τ6,1 and τ6,2 Pc (#7)
τ7,1 and τ7,2 Pc (#7)

P21212 (#18) τ2,1 and τ2,2 P2221 (#17)
τ3 P2 (#3)
τ4,1 and τ4,2 P21 (#4)
τ5 P1 (#1)
τ6,1 and τ6,2 P2 (#3)
τ7,1 and τ7,2 P21 (#4)

P21/c (#14) τ2,1 and τ2,2 P2/c (#17) and P21/c (#14)
τ3 P2/c (#13)
τ4,1 and τ4,2 P1 (#1) and P21/c (#14)
τ5 C2 (#5)
τ6,1 and τ6,2 P2 (#3)
τ7,1 and τ7,2 P1 (#1)

Table S.3: Space groups for bilayer pentagonal structures based on the mono-
layers space groups. *The SG #117 gives the same groups as the same WP
coordinates are used for both groups.



Frequency tables for the case with n = 3 layers

When we add a third layer to the system, the stacking combinations increase
substantially, implying that the enumeration of the space groups for these con-
figurations becomes cumbersome and fairly impractical. Evidently this extends
to n > 3. Despite that, we can do a general analysis for some space groups
chosen as examples. We select SG #127 and SG #113, whose multilayers could
be of interest due to great number of reported materials belonging to these two
space groups. We present in Fig. S.25 and Fig. S.26 a summary for parent SG
#127 and SG #113, respectively, in the form of two frequency charts that show
the most recurring space groups arising from the stackings defined above.

Figure S.25: Frequency graph for the possible space groups that can be formed
by translational stacking of SG #127 monoloyers.
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Figure S.26: Frequency graph for the possible space groups that can be formed
by translational stacking of SG #113 monoloyers.

It can be noted in Fig. S.25 that for the space group #127, the most frequent
three-layer group is #7. This is in contrast with what is is generally expected;
that the #1 space group dominates the frequency count, as happens for example
with space group #113 in Fig. S.26.

The above procedure can be easily continued for n > 3 but in general the
trivial space group P1, will have an even greater incidence.
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