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Atomic and electronic structure of solids of
GEzBrsz, GEzlsz, SﬂzClzPN, SnzBl"zPN and
Sn,I>,PN inorganic double helices: a first principles
study
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We report the results of density functional theory calculations on the atomic and electronic structure of
solids formed by assembling A;B,PN (A = Ge and Sn, B = Cl, Br, and ) inorganic double helices. The
calculations have been performed using a generalized gradient approximation for the exchange-
correlation functional and including van der Waals interactions. Our results show that the double helices
crystallize in a monoclinic lattice with van der Waals type weak interactions between the double helices.
In all cases except Ge,Cl,PN, the solids are stable with a binding energy between the double helices
ranging from 0.06 eV per atom to 0.09 eV per atom and inter-double helices separation of more than
3.33 A. All the solids are semiconducting. Further calculations have been done by using meta-GGA with
a modified Becke—Johnson functional to obtain better band gaps, which are found to lie in the range of
0.91 eV to 1.49 eV. In the case of Ge,Br,PN the solid is a direct band gap semiconductor although the
isolated double helix has an indirect band gap and it is suggested to be interesting for photovoltaic, and
other optoelectronic applications. The charge transfer between the atoms has been studied using Bader
charge analysis and the DDEC6 method in the CHARGEMOL program, which suggests charge transfer
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Introduction

Double helical structures are very common in biological
systems and it was believed that only carbon containing
compounds can form this interesting geometry. But, in the past
few decades inorganic double helices with structural similarity
to DNA" have been the subject of much interest in the search for
non-carbon based such structures and they have been found in
many cases.”® While progress in this direction is slow, an
interesting development has been the finding™® of a double helix
structure of a simple binary system LiP. Many other systems in
this family of group I and group V elements have also been
studied, and it was revealed that the structural and vibrational
properties are sensitive to the constituent elements.'" In these
systems charge transfer from an alkali metal to group V element
would tend to make the latter behave like the next element such
as P to behave like S in the case of LiP. It is to be noted that
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from the outer helix to the inner helix.

a double helical structure of selenium, an element just below S
in the periodic table, has been reported™ to occur in a double
wall carbon nanotube. Also, sulphur favours polymeric chains®
and a one-dimensional helical structure of phosphorous has
also been reported."*** Some of the earlier reported inorganic
double helices, such as, [(CHj3),NH,]K,4[V10010(H20),(OH)4(-
PO,),]-4H,0 and the combination of cadmium sulphide and
cadmium tellurium forms very complicated double helical
geometry.'>"” Yet another interesting recent development has
been the finding of carbon free inorganic double helices of
a relatively simple system, SnIP and their needle-like solids.**>°
Both theoretical and experimental studies suggest that these
inorganic double helices crystallize in monoclinic structure.
The SnIP double helix has two interpenetrating helices: (i) outer
SnI helix and (ii) inner P helix. In the solid phase the unit cell
has two SnIP double helices separated by 3.70 A and they
interact with each other via weak van der Waals forces. Inter-
estingly the electronic structure of SnIP double helix shows it to
have a band gap of =1.86 eV, which is suitable for absorbing
visible light. Hence this semiconducting material is interesting
as a catalyst for photocatalytic water splitting reaction,*
photovoltaic, optoelectronic, and photoconducting applica-
tions. Also, such structures are interesting for flexible elec-
tronics, as well as atomic scale mechanical and sensor
applications. Nilges and co-workers have recently reported that
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the SnIP double helices are capable of forming heterostructure
with g-C;N, and this heterostructure shows remarkable photo-
catalytic water splitting.”® These developments are naturally very
interesting as they open up new possibilities of materials design
and also there is the question of the usefulness of such mate-
rials in biological systems. Following the discovery of SnIP
inorganic double helices, recently a theoretical study has pre-
dicted other double helices of ABP type in the same group,
where A = Si-Pb and B = CI-1.>* Similar to SnIP solid, these
systems also stabilize in the same crystal structure.

Inspired from these recent developments, in an earlier study
we have reported the atomic structure and electronic properties
of inorganic double helices of the type A,B,XY. Here A = Si-Pb
and B = Cl-I, and therefore the outer helix is similar to the case
of SnIP but the inner P helix is a heteroatomic XY (XY = PN and
SiS) helix.>® These choices were motivated from the fact that PN
also forms polymeric chain structures and SiS satisfies the
valency requirement besides the fact that S is also good from the
point of view of forming polymeric structures. It was shown that
the heteroatomic inner helix not only expends the family of
double helical structures, but also the double helices with a PN
inner helix were found to be even more stable than those with
a pure P helix. Such heteroatomic helices can also provide
flexibility to optimize the atomic and the electronic structure.
Further, this study shed light on the factors that may lead to the
formation of inorganic double helices. Similar to the parent
SnIP type inorganic double helices, these new double helices
also show semiconducting behavior with a sizeable band gap.
Moreover, by adding impurities to the double helix, p type
double helices were shown for the first time to be favorable.”
However, it is also important to know if these double helices
could exist in a solid form and are stable as in experiments
bundles or crystals of double helices are likely to be found as for
SnIP. Keeping this in mind, in this work we have studied
assemblies of A,B,XY inorganic double helices in the form of
their solid structures. Here we report our results on solids of five
inorganic double helices, namely Ge,Br,PN, Ge,I,PN, Sn,CI,PN,
Sn,Br,PN, and Sn,I,PN which have been found to be stable. It is
noteworthy to mention that we also attempted to assemble
double helices of other combination from this group such as
Si,I,PN and Ge,Cl,PN, but they were found to be structurally
unstable. Our results show that all the double helices reported
here form a solid phase in a monoclinic structure with the
helices separated from each other by 3.34 A or more, suggesting
that they are weakly interacting with each other as also in the
case of SnIP. Hence our work also suggests the possibility to
exfoliate the individual nanowire from their respective bulk
phase. Moreover, this will open up a new avenue to make het-
erostructures using these novel nanostructures for potential
applications.

Computational methodology

The calculations have been performed using Vienna Ab initio
Simulation Package (VASP) within the framework of van der
Waals corrected density functional theory.*” We used
projector augmented wave (PAW) pseudopotential method® to
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describe electron-ion interactions while the exchange-correla-
tion functional has been treated within generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE).*
The Brillouin zone integrations for the optimization of the
atomic structure of the solid have been performed using Mon-
khorst-Pack 4 x 6 x 2 k-points mesh. For incorporating van der
Waals correction, we performed calculations in all the cases
using Grimme's DFT-D2 method.** The structure optimization
calculations were performed without considering any symmetry
and allowing ionic positions, cell shape, and volume to relax.
The iterative relaxation process was repeated until the absolute
value of force on each ion was converged to less than 0.005 eV
A, The convergence for energy was set to be 10~° eV. Further,
we have calculated the bandgap using the meta-GGA with
modified Becke-Johnson (mB]) functional® that yields band
gaps with accuracy similar to GW method.

Results and discussion

To begin with, we modelled the atomic structure of the solids of
A,;B,PN (A = Ge and Sn, B = Cl, Br, and I) double helices in a way
similar to that of SnIP bulk structure. Fig. 1 shows the opti-
mized atomic structures of the solids in five cases which are
found to be stable. Similar to the case of SnIP solid, the unit cell
of these solids contains two double helices with one right-
handed double helix and the other, left-handed double helix.
Each double helix contains 42 atoms and therefore the solid
form of A,B,PN double helix has 84 atoms in the unit cell. All
these solids are non-magnetic and semiconducting. Similar to
the isolated double helices, in the bulk phase also the double
helices are chemically bonded along the axis of the helix while
along the other two directions the double helices are weakly
interacting. The various structural features of the completely
relaxed structures are given in Table 1. Our results show that the
lattice parameters along all the three directions increase when
we move from Ge to Sn and Cl to I. This is due to the increase in
the bond lengths in the outer A-B helix. In the case of Ge,Br,PN
and Ge,I,PN solids, the mean nearest neighbour bond lengths
in the outer helix are 2.79 A and 2.99 A, respectively. In the same
way the A-B bond lengths in Sn,Cl,PN, Sn,Br,PN, and Sn,I,PN
are 2.80 A, 2.94 A, and 3.11 A, respectively. It is interesting to
note that the P-N bond length in the inner helix remains almost
constant (~1.77 A) in all the cases. Further to calculate the
distance between the double helices in the bulk structure, we
measured the inter double helices A-B (dy_g) and B-B (dp-p/)
distances. The obtained results are given in Table 1. The
shortest inter-double helices distance 3.34 A is obtained for
Sn,CL,PN solid. In all other cases, the double helices are sepa-
rated by more than 3.34 A, suggesting that they are weakly
interacting through van der Waals force of attraction.

A similar behaviour was earlier obtained in the case of the
solid of SnIP double helices. Next, we calculated the binding
energy/atom (Ep,) to understand the strength of interaction
between the double helices in the solid phase, from

E 2 x E(AszPN) — E(AszPN)
b =

single solid

N
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Fig. 1 The optimized atomic structures of solids of (a) Ge,Br,PN, (b)
GeslsPN, (c) Sn,CLPN, (d) SnyBroPN, and (e) Sn,l,PN double helices.
The top (side) view of each system is shown in the left (right) panel.
Cyan, yellow, green, magenta, red, blue, and pink balls represent Ge,
Sn, CL, Br, I, P, N, Cl, N, and P atoms, respectively.

Here E(A;B,PN)ging1e and E(A,B,PN)g,iq represent the dispersion
corrected total energies of one A,B,PN double helix and the
solid form, respectively, while N is the total number of atoms in
the unit cell. Among the aforesaid double helices, the maximum
value of E}, (0.093 eV per atom) is obtained for Sn,Cl,PN while
the lowest value (0.064 eV per atom) is obtained for Ge,I,PN. In
general, the variation in E, suggests that the interaction
between the double helices increases as we move from I to Cl.
Also, the binding energy of Sn,B,PN is higher than the value for
Ge,B,PN for B = Br and I. In order to further understand the
energetic stability of these double helices, we also calculated the
cohesive energy (E.) using the following equation

E_ 2n[2E(A) +2E(B) + E(P) + E(N)] — E(A2B,PN)_ 14
© N
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Fig.2 Cohesive energy (E.) of solids of A,B,PN double helices. Points
are connected to aid eyes to see the trend.

Here, E(A), E(B), E(P), and E(N) denote the atomic energies of the
constituent atoms present in the double helix. E(A;ByPN)go1ig
refers to the total energy of the A,B,PN bulk while n represents
the number of formula units in the unit cell of the solid. The
calculated E. values are plotted in Fig. 2 and the results show
that the Sn,CL,PN solid has the highest E. value (3.84 eV per
atom) among the five solids of double helices we have studied,
while the values for Ge,Br,PN and Sn,Br,PN solids are 3.69 eV
per atom and 3.70 eV per atom, respectively. Similarly, the
Ge,IL,PN and Sn,I,PN solid have nearly the same values (3.55
and 3.54 eV per atom, respectively). It should be noted that E,
gradually decreases as we move from ClI to I. Since all these
double helices are heteroatomic systems, we further studied the
charge transfer between the constituent atoms by performing
Bader charge (Qg) analysis®**® using all electron charge density
and the results are given in Table 2. The Bader charge analysis
shows that each Ge atom in the outer helix of Ge,Br,PN donates
nearly 0.88e while the Br atoms in the same helix receive only
0.51e. Thus, it is clear that the remaining charge is transferred
to the inner helix.

Further, the electronegativities of P and N atoms are
different, and similar to the outer helix, in the inner helix also
we find charge transfer from less electronegative P to more
electronegative N. The charge transfer in the outer helix reduces
when I atom replaces Br. It is worth to mention that the charge
transfer is enhanced when we move from Ge to Sn. This is due
to the more extended nature of valence orbitals of Sn. As
a result, the outer helix becomes more ionic. Our Bader charge

Table1 The lattice constants (a, b, and c), average A—B bond length within the outer helix (da-g), average bond distance (dp_y) in the inner helix,
inter-double helices A-B distance (da _g), inter-double helices B-B distance (dg'_g/), binding energy/atom (Ey,) between the double helices in the
solids, and the meta-GGA mBJ bandgap (Ey). The band gap obtained within PBE is given in brackets

Ep (CV
Double helix a(A) b (A) c(A) dag (A) dp (A) dyw (A) dy_w (A) per atom) E, (eV)
Ge,Br,PN 13.94 8.88 16.61 2.79 1.77 3.51 3.40 0.070 1.49 (1.13)
Ge,I,PN 14.00 9.43 17.30 2.99 1.77 3.68 3.56 0.064 1.41 (1.04)
Sn,CL,PN 14.42 8.65 16.66 2.80 1.76 3.34 3.40 0.093 1.04 (0.71)
Sn,Br,PN 14.45 9.08 17.18 2.94 1.76 3.51 3.45 0.091 0.94 (0.66)
Sn,I,PN 14.51 9.63 17.82 3.11 1.77 3.66 3.57 0.075 0.91 (0.64)
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Table 2 Bader charge (Qg) on various atoms present in the A;B,PN double helices. The charge transfer calculated using DDEC6 CHARGEMOL

method is provided in the parenthesis

Double helices Qg(A) e Qp(B) e Qs(N) e Qp(P) e

Ge,Br,PN +0.88 (+0.42) —0.51 (—0.32) —1.66 (—0.45) +0.93 (+0.24)
Ge,,PN +0.77 (+0.33) —0.39 (—0.23) —1.66 (—0.43) +0.91 (+0.24)
Sn,CI,PN +1.07 (+0.55) —0.67 (—0.42) —1.71 (—0.48) +0.92 (+0.20)
Sn,Br,PN +0.98 (+0.51) —0.59 (—0.36) ~1.70 (—0.19) +0.92 (+0.47)
Sn,I,PN +0.91 (+0.42) —0.49 (—0.28) —-1.70 (—0.47) +0.88 (+0.19)

DOS (states/eV)

-4 -2
E (eV)

Fig. 3 Site and angular momentum resolved electronic density of
states of A,B,PN solids: (a) Ge,BrsPN, (b) Ge,Is-PN, (c) SnaCLPN, (d)
Sn,Br2PN, and (e) Sn,l>PN. The top of the valence band has been taken
as reference for energy.

analysis is consistent with the previous study*® on A,B,PN
double helices. Further, we analysed the charge transfer in the
above said systems by using DDEC6 CHARGEMOL code.***
Although, we find significant variation in the charge state of
each atom, namely less charge transfer compared with the
Bader charge analysis, the overall charge transfer trend is found
to be the same.

Fig. 3 shows the total and the site as well as angular
momentum decomposed partial densities of states of various
A,;B,PN double helices calculated using GGA-PBE exchange-
correlation functionals. The results show that all the solids of
the double helices are semiconducting with the band gap of
1.13 eV, 1.04 eV, 0.71 eV, 0.66 €V, and 0.64 eV, respectively, for
Ge,Br,PN, Ge,I,PN, Sn,Cl,PN, Sn,Br,PN, and Sn,,PN. A
similar trend in the value of the band gap was found in the case
of A,B,PN double helices in our previous study.> Here, all the
above said bandgap values have been obtained using PBE
calculation including the dispersion correction as discussed in
the computational methodology section. As GGA (PBE) gener-
ally underestimates the band gap, we expect the actual values to

This journal is © The Royal Society of Chemistry 2020

be higher. Fig. 3 also shows that the valence band maximum
(VBM) of Ge,Br,PN as well as Ge,I,PN mainly arises from 4p and
5p orbitals of the respective halogen atoms in the outer helix.
On the other hand, the conduction band minimum (CBM) has
dominant contribution from the 4p bands of Ge atoms.

/f
|
|
\
Al
\

2= = = — =

' ¥ HC E Ml A X H2 M2D1 Y1 T

Fig.4 Electronic band structure of solids of (a) Ge,Br,PN, (b) Ge,l,PN,
(c) SnxCLPN, (d) SnyBr,PN, and (e) Snul,PN inorganic double helices
calculated using DFT-mBJ method. The top of the valence band has
been taken as reference for energy.
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However, in the case of Sn,Cl,PN and Sn,Br,PN, the states
near the VBM predominantly arise from the 5p states of Sn
atoms, as the bands coming from the halogen atoms in the
valence band region lie lower in energy. But, similar to the Ge
based double helices, here also the states near the CBM are
mainly contributed by the valence 5p bands of Sn atoms.

Next, to get further insight on the semiconducting nature of
these solids of double helices and to obtain more reliable values
for the band gap, we calculated the electronic band structure
using the mBJ method. Our results show that there is an
increase in the value of the band gap when we use mBJ method
on comparing the GGA values. In Fig. 4 we have shown the
results for all the stable A,B,PN double helices. The band gap
values are 1.49, 1.41, 1.04, 0.94, and 0.91 eV, respectively, for
Ge,Br,PN, Ge,I,PN, Sn,CIl,PN, Sn,Br,PN, and Sn,I,PN. It can be
seen that in all the cases, the VBM and CBM are located on the I
point. However, it is also noted that in most of the cases, the
VBM exist in multiple points. Therefore, these systems are
quasi-direct bandgap semiconductor. It is noteworthy that there
is a transition from indirect to direct band gap nature for Ge,-
Br,PN, when we assemble the isolated Ge,Br,PN double helix to
form its bulk phase. Therefore, it is concluded that the weak van
der Waals interactions between the double helices in the solid
change this indirect gap into a direct/quasi direct band gap. The
obtained mBJ bandgap of the Ge,Br,PN solid is 1.49 eV which is
excellent for photovoltaic applications as also in the case of
currently well studied organo-metallic perovskite materials.*
Hence this would make these solids very interesting for opto-
electronic and photovoltaic applications.

Conclusions

In brief, we have performed dispersion-corrected DFT calcula-
tions to explore the atomic and electronic structure of solids of
A;B,PN (A = Ge and Sn, B = Cl, Br, and I) inorganic double
helices. Our results suggest that in many cases the A,B,PN
double helices can be assembled to form a stable monoclinic
crystal. The interaction between the adjacent double helices in
the solid phase is weak van der Waals force of attraction and in
all the five double helices that we found to form stable solids;
the inter-double helix distance is more than 3.33 A. The Bader
charge as well as DDEC6 analysis of the A,B,PN double helices
shows that there occurs significant charge transfer from the
tetravalent atom ‘A’ to both B atoms of the outer helix as well as
to N atoms of the inner PN helix. Also, in contrast to SnIP
double helices, there is polar character in the inner helix due to
charge transfer from P to N atoms. The charge transfer from the
outer helix to the inner helix also helps to stabilize the double
helical structure. Interestingly, the electronic structure shows
that all the solids of the double helices are semiconductors with
the band gap ranging from 0.91 eV to 1.49 eV. Since the mB]
method is good for producing the experimentally reported band
gap, we believe that these values would be close to their actual
band gap. Our results suggest that Ge based solids of these
inorganic double helices may be particularly interesting for
many applications including photovoltaic, optoelectronic, and
other nano-electronic flexible devices, since their bandgap falls
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in the range ideal for the above said applications. The formation
of solid structure suggests that these types of solid phases can
be synthesized. Hence, we believe that our work will motivate
experimentalists to realize these systems in laboratory.
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