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Squeezing lone pairs: The A17 to A7 pressure-induced phase transition in black phosphorus
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We show how the ground state of phosphorus, black phosphorus, and the a-As type modification, next-lying

on increasing pressure, are tightly connected over a Peierls intermediate. We unravel an intrinsic reactivity given
by lone pairs, which are conserved during phase transition and are not suppressing the Peierls state. Along this
line we provide a consistent solution to a classical chemical puzzle.
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I. INTRODUCTION

The polymorphism of the chemical elements is a complex
topic of great experimental and theoretical interest. Extreme
pressure and temperature conditions are promising setups for
exotic crystal structures and properties. However, the reasons
for the selection of a rather peculiar atomic pattern by a given
element remain largely elusive. Even phosphorus, a classical
element of the periodic system, remains surprising.'> With
three bonds and one lone pair, it is capable of a structural
eclectism hardly attainable by other elements. Peculiar to this
element is also the large number of still unsolved problems of
its allotropy.>®

Black phosphorus (space group Cmca, from now on
Al7) is a stable, semiconducting allotrope under ambient
conditions.”!? Its crystal structure consists of corrugated layers
of six-membered rings stacked along [001] (Fig. 1, left). Rings
of three-connected phosphorus atoms in chair conformation
share edges like in cis-decalin. Under moderate compression
(~5 GPa), black phosphorus transforms into the semimetallic
arsenic-type structure (space group R3m, from now on A7),'!
made of layers of six-membered rings linked in trans-decalin
fashion instead (Fig. 1, right). This transformation between
rather simple structures has repeatedly been considered over
the years.!>"!8 Preferential orientations obtained from diffrac-
tion experiments are used to validate structural transformation
models based on symmetry reasonings.!” While not group-
subgroup related, A17 and A7 can be accommodated in a
common monoclinic subgroup (P2/c) with phosphorus atoms
on general Wyckoff positions (4g). They are interconverted
by antiparallel displacements of adjacent (010) layers by £1/4
along [100], coupled to a shear deformation decreasing the
monoclinic angle 8 from 90° to 86.62°.

Al7 and A7 can be derived from a simple cubic a-
Po structure via a Peierls distortion.!”? The simple cubic
structure is indeed adopted by phosphorus, however, at a much
higher pressure (>12 GPa). Applying Woodward-Hoffmann
rules to a monoclinic (P2/m) A17— A7 model based on
distorting an underlying «-Po pattern, Burdett and Price found
that bond reconstruction may be restricted to a single direction
(along [001]417), like in the one-dimensional (1D) Peierls
chain.2® However, the concerted character of the process
causes highest occupied molecular orbital (HOMO)/lowest
unoccupied molecular orbital (LUMO) band crossing in orbital
correlation diagrams,”’ which suggests a non-martensitic,
discontinuous mechanism.
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Characteristic of phosphorus are lone pairs, which are
localized between corrugated layers in A17 and A7. Seo and
Hoffmann'3 pointed out the absence of Fermi-surface nesting,
expected in a truly Peierls system, due to s-p hybridization,
which is responsible for lone pairs formation. While an
active role of lone pairs can be expected,’’ this appears
incompatible with a process driven by a Peierls distortion
from an ideal simple cubic «-Po structure. However, are these
true alternatives or is there a different, yet undisclosed way
of combining Peierls distortion with lone pairs (strong s-p
mixing'3)?

In this work, to answer this question we look for a novel
picture of the transition mechanism. This entails working out
an atomistic landscape that allows for a detailed understanding
of local structural and electronic changes along the A7 to A17
transformation.

II. METHODS

Molecular dynamics (MD) is the method of choice for
mechanistic investigations. However, the elucidation of tran-
sition paths suffers from a reduced efficiency, due to the pres-
ence of activation energy barriers. Transition path sampling
(TPS)?>?3 MD was designed to cure this problem. Therein, an
initial trajectory is iteratively driven toward a most probable
trajectory regime, which represents the true transition. This
is realized as a combination of molecular dynamics (MD)
and Monte Carlo (MC) simulation steps.?>~> In this approach
the random walk is performed in the space of trajectories,
instead of the space of configurations of a typical Monte Carlo
simulation. A new path is generated from a previous one,
requiring the forward move (old to new) to be exactly balanced
by the reverse move, new to old.2 The collection of the
transition ensemble is ensured by the extensively used shooting
algorithm. In the latter, the molecular-dynamics layer is used as
a propagator. For a given trajectory, at a randomly chosen time
slice small momentum perturbations are introduced, followed
by propagation forward and backward in time. Provided the
trajectory stays in the reactive regime of phase transition, the
new trajectory is accepted with a probability proportional to
the ratio of the distribution probabilities of the perturbed to
the pristine time slice.”> Otherwise a new perturbation move
is made. Upon acceptance, the new trajectory becomes the old
one, and the process is iterated.
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FIG. 1. (Color online) (a) Layered structure of black phosphorus
(A17). (b) Corrugated layers of three-connected phosphorus in
A7 type. (c) Cope-like rearrangement of tetrahedral phosphorus
with repositioning of a lone pair. Orbital correlation diagram for
the Woodward-Hoffmann-like rearrangement of A17 into A7 with
crossing of states along the transformation path.

The simulation scheme requires an initial trajectory con-
necting the limiting structures. For this we have started the
simulation from a path connecting A17 to A7, obtained from
matching both structures in space group (P2/c) according to
the monoclinic model described by Katzke and Tolédano.!”
The transposition of a geometric model into a first dynamic
trajectory is achieved by selecting an intermediate configura-
tion from the model, generating a velocity distribution at a
given temperature, and propagating forward and backward in
time, until either A7 or A17 are reached, respectively.?®

TPS iterations were performed within the NPT (Ref. 27)
ensemble (p = 5GPa, T = 300 K) and implemented by apply-
ing momentum modifications on selected trajectory snapshots,
keeping total energy, momentum, and angular momentum
unchanged,?® according to the shooting scheme.?? Propagating
the new configuration in both directions of time provides a
new trajectory that is examined for the A17-A7 (or A7-A17)
process, respectively. MD simulations were carried out using
the density-functional tight-binding (DFTB), I point-only
module of the CP2K package.?’ The accuracy of electronic
density representation was checked against DFTB k-point
calculations.’® The time step At =0.2 fs ensured a good
time reversibility. Forces on phosphorus atoms were calculated
using the DFTB method.?' The mechanistic analysis is based
on more than 100 transition pathways collected after trajectory
convergence. The latter was inferred from the stability of the
mechanistic features emerging during TPS MD. Different from
the initial, concerted mechanistic models, the stable regime
shows local events of bond nucleation and growth.

III. RESULTS AND DISCUSSION

In Fig. 2 ensemble averaged values of volume (black curve)
and potential-energy [orange (gray) curve] changes across the
A17-A7 phase transitions are plotted. A volume compression
of approximately 3% from left to right can be appreciated.
The potential-energy change amounts to ~0.6 au/144 atoms
cell (~0.004 au/atom). The height of the energy barrier is
0.9 and 0.3 au, respectively. Noteworthy is the smooth volume
variation from ¢ = 0 to 2400 fs, and from 2600 to 5000 fs, with
a rapid slope change in between. The ¢ axis is pronouncedly
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FIG. 2. (Color online) Averaged structural parameter and
potential-energy changes [orange (gray) line] across the A17-A7
phase transition. Volume compression (black line) stabilizes A7. In
the insets details on the ¢ (layer stacking) and a axis variations are
given. The zeroth time frame is arbitrarily set.

shortened (layer compression), while the a axis is less affected
(Fig. 2, inset). We now turn to the details of the reconstruction.

The structural reconstruction (Fig. 3) is commenced via
antiparallel shuffling of corrugated (010) layers, without
breaking the zigzag chains of P-P contacts along [100]4;7.
At the same time the interlayer van der Waals space is
squeezed out on the eve of the transformation, under cell
parameter contraction in the [001] 4,7 direction and shortening
of P-P contacts. These atomic displacements, precursors to the
Al17— AT transition are associated with the softening of By,
and B31g phonon modes*?3* while the decrease of interlayer

spacing closely reflects high-pressure experiments.**

Once P atoms are juxtaposed along [001]4;7 a new P-P
contact is formed (Fig. 3, + = 1240). Subsequent bonds are
highly correlated in the vertical direction (three to four bonds
on the average, with less frequent five-bond sequences). This
results in chains (Fig. 3, t = 1740, 1860 fs) that convert P

3220 fs (A7)

(A1 t=0fs 1240 fs
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FIG. 3. (Color online) Mechanism for the A17— A7 transforma-
tion. Compression and layer shuffling of A17 (r = 0 fs) results in
interlayer contacts (r+ = 1240 fs) and interlayer bonds (¢t = 1740—
1860 fs), until reconstruction into A7 (r = 3220 fs). A vertical bond
chain is highlighted (r = 1740 fs), and marked throughout. Upper
row: orientation as in Fig. 1. Lower row: rotated by 90°. Zeroth time
frame is set arbitrarily.
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layers from cis- to trans-decalin under reorientation and
restacking of the initial layers. The intermediate regime is
characterized by the coexistence of A17 and A7 structural
motifs (Fig. 3, t = 1740-1860 fs).

The process depicted in Fig. 3 is articulated over two
different time scales: slow atomic movements (At ~ 2000
fs) on the one hand, which are associated with Ilattice
deformations via layer shifts and cell compression, and rapid
(At ~ 120-150 fs) bond flipping sequences along [001] 417 on
the other hand.

To visualize placement and changes of lone pairs along
the transition the electron localizability indicator®>3¢ (ELI)
was evaluated®’ on a trajectory snapshot of A17 and A7
coexistence. ELI is a functional of same-spin electron pair
density® and captures the local correlation of electronic
motion in coordinate space. It can be computed®® as the product
of the electron density ,0(7) and of the pair-volume function
Vo(7), Y = p(7) - Vp(7). V) is proportional to the vol-
ume occupied by a fixed fraction of same spin electron pairs.>®
It is calculated from the Fermi hole curvature, g(7),’%* as
Vp(7) = [('?2]3/ 8 As for the electron localization function

(ELF), ELI allows partitioning space into basins. Therein,
charges can be integrated. For isolated atoms or core states,
a shell structure appears. For molecules and solids, additional
basins are formed, corresponding to chemical bonds and lone
pairs. This feature is used here to characterize bonds and lone
pairs, and to compute charges therein contained. An isoline
representation of the resulting ELI map is given in Fig. 4.
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FIG. 4. (Color online) 2D cut (a,c plane) through the 3D ELI
map. On the left- and rightmost parts (A17 and A7, respectively)
lone pairs are visible (Y = 1.5). In the middle a chain is formed with
sickle-shaped localization domains placed sideways. Lone pairs in
A7 and A17 contain two electrons, while three electrons are found in
the intermediate chain.
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Three bond attractors (P-P) and one lone pair attractor
are visible on P in both A17 and A7. Large localization
domains (Y = 1.5) are found between layers, where lone pairs
are expected from the valence shell electron pair repulsion
(VSEPR) model.?! In these ELI basins the electron density
integrates up to two electrons.*” The ELI map delimits pairs
of P atoms forming P-P contacts both in the A17 (Fig. 4,
left) and A7 (Fig. 4, right) structures. At the interface on the
contrary, ELI isolines enframe a whole zigzag chain along
[001]417. Therein, the former lone pairs lie sidewards of the
chain in form of sickle-shaped localization domains containing
three electrons. The extra electron results from the homolytic
breaking of one P-P bond into P- -P. Accordingly, the electron
count obtained form ELI discloses an open-shell scenario with
seven electrons for each P atom in the zigzag chain interfacing
Al17 and A7 structures (1 lone pair: 2 e, 2 intralayer P-P:

e~, breaking of 1 P-P: 1 ¢7). The process of formation of
the intermediate chain can be described as a polymerization
of P, units into a -(P,),- polymer, which is accompanied by
a sudden change of P-P contacts along [001]4;7, in the form
of a vertical crack in Fig. 4. The ELI map and electron count
indicate that the chain is the exact halfway point on the process
of breaking a P-P bond and shifting a lone pair, thus perfectly
balanced with respect to distorting toward either structure.
As for the 1D Peierls chain,*! a lattice vibration mode of
symmetrical pairing of atoms is realized by two equivalent
bond localization fashions (P-P P-P <> P-P-P-P- <> -P P-P P-).

The striking difference with respect to the Woodward-
Hoffmann mechanism of Burdett*’ is the strictly local
character'®* of the Peierls chain and bond flipping events.
P-P bonds are interconverted into lone pairs and vice versa
by local rules of homolytic bond breaking resulting into an
instable chain at the interface between A17 and A7. Pressure
literally squeezes electrons out of this van der Waals reservoir
into the P-P bond scaffolding, under formation of a Peierls
chain. Layered structures result from lone pair relocation into
“empty” van der Waals regions.

To better capture the mechanism of bonds and lone pairs
relocation, Wannier functions were calculated. The Fourier
transform of Bloch states into Wannier functions is defined up
to a phase factor. A unique set of maximally localized Wannier
functions (MLWFs)* is obtained by minimizing the total
quadratic spread of the Wannier orbitals, like implemented
in the WANNIER90® program. For the MLWFs of Fig. 5
sp> projection functions were used. This choice consistently
produces three “bonds” and one “lone pair” on phosphorus
in A17 and A7. Like for the ELI analysis, the chain in
the intermediate steps appear different. In compressed black
phosphorus A17 (Fig. 5, t = 0 fs) a bond is clearly distinct
from a lone pair. In the regime of rapid bond flipping,
two equally spread and shaped MLWFs appear (Fig. 5, t =
1920,1960 fs). In the A7 structure (Fig. 5, 3240 fs), the former
bond has become a lone pair. Within the chain, a rapid change
of spread and shape of MLWFs is the electronic signature of
the reconstruction.

The short-lived P-P polymer locally appears when a fraction
of one phase is converted into the other. A set of bond
forming/bond breaking events may be as short as 40 ps.
Concomitantly, lone pairs are reoriented while remaining
stereochemically active during the transformation (Fig. 4). The
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FIG. 5. (Color online) Bond-to-lone pair interconversion on a
phosphorus atom illustrated with sp® projected MLWFs. A bond
(opaque) and a lone pair (transparent) are represented in the A17
structure (r = 0 fs). The lone pair is closer to P but more spread
out. In the intermediate configurations they become equal in size and
shape. In the A7 structure the former bond has become a lone pair,
and vice versa. Only the positive lobe of the MLWFs is rendered, for
clarity.

different scales indicated above comprise an electronic step of
chain formation and bond rearrangement at the interface (at
constant volume), and a lock-in step into either A7 or Al7,
which is carried by a slower lattice dynamics along different
distortion modes, under volume change. Distinct time scales
are intrinsic to the process, as expected for a Peierls instability.

The chain collapse into 2¢-2e bond sequences may take
place with a more or less pronounced delay on the sequence of
the events (Fig. 3), depending on the direction of the transfor-
mation. However, the glue for black phosphorus and As type
to communicate in the intermediate (phase coexistence) region
is over the polyradical, unstable chain. This is schematically
represented in Fig. 6.

The lone pair reorientation leads to layer restacking and
to a changed six-ring conformation. A correspondence can
be made with molecular isomerization reactions. Like in the
Cope rearrangement*® (Fig. 1), an electronic effect leads to
distinguishable configurations. For this molecular process, be-
sides a concerted pericyclic process, an intermediate biradical
mechanism is indicated.*’ For particular atomic assemblies,
like in the Pg_ anion, a degenerate Cope rearrangement leads
to valence tautomerism.*84°

From the electronic count in the intermediate chain,
a polyradical mechanism is proposed for the Al17— A7
transition, as a solid-state version of the molecular Cope
rearrangement. The coordination of P atoms in the chain
is momentarily augmented from 3 to 4 under conservation
of the lone pair stereoactivity. The resulting delocalization
and possible distortion of the polymeric zigzag chain are
summarized in Fig. 6.
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FIG. 6. (Color online) Schematic Cope-like mechanism for the
A17— A7 transformation with a polyradical intermediate. Sets of
arrows of different colors shows the distinguishable configurations
resulting from shortening every other bond within the chain.

In Fig. 7, band structures®’ of intermediate configurations
resulting from a collective bond-breaking, bond-formation
pattern and from a TPS trajectory, respectively, are com-
pared. The Brillouin-zone and special point symbols refer
to the orthorhombic primitive cell of the Pmna subgroup of
black phosphorus. In this primitive cell setting the stacking
axis ¢ of A17 runs along [001]. The bands are decorated
with fat bands showing the contribution of p, orbitals. In
the concerted model bands cross between Y and I', at

Energy (eV)

Energy (eV)
A& DM o N B O 6 &

o &

FIG. 7. (Color online) (a) Band structure of a symmetric interme-
diate from a concerted mechanism with bands crossing between I" and
Y. (b) Band structure (left) and configuration (right) of an intermediate
resulting from TPS simulation. Band crossing is avoided. A cusp at
S (b) and a cone between Y and I" (a) are visible.
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approximately 0.4 eV below the Fermi level. The region
between X (k = 1;0;0) and ¥ (k = 0; 1;0) through S (k =
%; %; 0) shows reduced dispersion, almost flat-band character.
In the nonconcerted version obtained from TPS, only at
S (k= %;%;0) is there a cusp in the DOS. The region
between X and Y shows bands with reduced dispersion (flat
bands), which are shifted just below the Fermi level by the
distortion. We note similar band-structure features in a recent
work.>"

The Peierls distortion described by Burdett et al.?**? for
the A17— A7 transformation based on an underlying «-Po
pattern was a concerted process involving the whole material,
as such even forbidden by the very same symmetry that made
it possible. In the polyradical chain scenario lone pair and
Peierls distortion are compatible features. The nonsimultane-
ous formation of polyradical chains avoids forbidden crossing
and draws the line between the above-mentioned concerted
models and our findings.

The Cope-like mechanism based on a polyradical inter-
mediate provides a solution to the mentioned complications at
least for three reasons: (a) it is a rapid electronic process taking
place locally within the reconstruction propagation front, made
of local bond flips correlated within a chain, (b) a low-
dimensional interface is formed between different structural
motifs along a noncontinuous, nonmartensitic process, where
the bond switching is taking place, (c) lone pair rearrangement
mechanisms and bond flipping pattern are geared together,
which allows for both the formation of a 1D chain and the
conservation of lone pair identities (as seen from the ELI
map). The local character of the bond-forming, bond-breaking
events releases many of the symmetry constraints of the
concerted mechanism. In reciprocal space, while the latter
causes bands to stick together at the high-symmetry point,
degenerate states and band crossings can be avoided in the
former (Fig. 7). Although challenging in principle, recent
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time-resolved electron imaging techniques may be appropriate
to investigate electron density changes along the reaction
coordinate.!

IV. CONCLUSIONS

Our analysis shows that black phosphorous and arsenic
types are not just juxtaposed on the phase diagram, but tightly
coupled. We predict the possibility of black phosphorus-type
modification for the heavier elements As and Sb, for which the
arsenic-type structure is the ground state. Increasing proximity
of s and p states may impair black phosphorus formation in Bi.
Since compression would lead to other compounds, we expect
chemical routes over (Zintl phase) precursor decomposition to
possibly achieve this.>?

The precise atomistic picture and the evidence of a lower-
dimensional intermediate in a region and on a time scale still
inaccessible to experiments indicate a perspective of optimally
combining computational and laboratory experiments. Along
this way we are confident that novel insights can be provided
into the fundamental problem of polymorphism, beginning
with the (simple?) elements.
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