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Pathways to crystal chirality: An algorithm to identify displacive chiral phase transitions
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We present an algorithm that integrates pseudosymmetry search with first-principles calculations to system-
atically identify achiral parent structures and establish potential chiral displacive transitions linking them to
their corresponding chiral phases within the 22 enantiomorphic space groups. This approach enables a robust
exploration of structural relationships, offering new insights into symmetry-driven properties. Our workflow
streamlines the discovery of displacive chiral phase transitions driven by soft phonon modes, providing insights
into the mechanisms of structural chirality in inorganic materials. We apply this methodology on the chiral
phases of TeO,, Na,;SeOy, SryAs,07, As,Os, Rb,Be, 03, and CaTe,05. Demonstrating that some do not have
a minimal supergroup that allows for an achiral phase; some can have a minimal supergroup, still, no unstable
phonon mode exists in the achiral phase; and somewhere the minimal supergroup exists with a soft phonon mode

connecting the identified achiral phase and the chiral phase through small continuous displacements.
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I. INTRODUCTION

Chirality in periodic solids is characterized by structures
belonging to space groups that include only operations of the
first kind [1-5], i.e., those which map a right- (left-) handed
coordinate system to another right- (left-) handed system. This
fundamental property distinguishes chiral structures from
their achiral counterparts [6,7]. The concept of chirality in
crystallography extends beyond mere point group symmetry
and encompasses the complete three-dimensional periodicity
of the crystal lattice [8]. Chiral space groups, also known
as Sohncke groups, comprise 65 of the 230 crystallographic
space groups and are characterized by the absence of improper
symmetry operations such as inversion centers, mirror planes,
and rotoinversion axes [1,6,9]. This inherent asymmetry gives
rise to unique physical properties in chiral materials, including
optical activity [10,11] or nonlinear optical effects [12], which
have significant implications in various fields ranging from
materials science to pharmaceutical research [13]. Recently,
the study of chiral effects in crystals has gained considerable
attention, particularly concerning phenomena such as chiral
phonons [14—17], which are phonons that exhibit rotational
motion (clockwise or counterclockwise) that are locked with
the particle’s momentum. Another area of interest is spin
selectivity [18], where one spin state is favored over an-
other when electrons pass through chiral magnetic structures.
Additionally, a recent research focus is polar and magnetic
skyrmions [19], topologically protected textures of spin or
electric dipoles. There is a growing interest in exploring topo-
logical states, such as those associated with Kramers-Weyl
fermions [20], alongside the emerging field of altermagnetism
[21,22]. Chiral crystal structures, characterized by the absence

“Contact author: fgomez @uliege.be
fContact author: eric.bousquet@uliege.be

2469-9950/2025/112(1)/014107(11)

014107-1

of inversion symmetry and mirror planes, are particularly
promising in this context. These unique structures can give
rise to distinctive magnetic properties, positioning them as
natural candidates for altermagnetic phenomena [21] while
also profoundly influencing the electronic structure and band
dispersion [23].

Theoretically, irreducible representations (irreps) that sat-
isfy the group theoretical conditions for chiral objects
formally exist [24], as these irreps inherently possess char-
acteristics that align with the symmetry requirements for
chirality. This implies that symmetry-based frameworks can
differentiate between chiral and achiral states. Consequently,
phase transitions involving spontaneous symmetry breaking,
characterized by an order parameter that distinguishes be-
tween chiral and achiral phases, also exist and should be
observed in nature, as the order parameter is a physical
quantity that changes during the transition, reflecting the
emergence of chirality [3]. The crystallization process within
a chiral symmetry group plays a decisive role in determining
the material’s chirality and its associated properties, making it
a crucial area of investigation [25-27]. Therefore, understand-
ing such structural phase transitions from an achiral to a chiral
phase is essential for identifying the material’s final symmetry
and its electronic, magnetic, and optical properties [28].

A fascinating case occurs when such transition is driven
by an unstable phonon mode that transitions from an achiral
to a chiral phase, as recently proposed for K3NiO, [29]. In
this case, the phase transition is displacive or order-disorder
(i.e., not reconstructive), and a group-supergroup relation be-
tween the two phases exists, which also means it preserves the
internal connectivity and does not break any bonds [30]. How-
ever, despite significant theoretical and experimental efforts
in this field, only a very few number of candidate materials
exhibiting transitions between chiral and achiral phases have
been identified to date [3]: MgTi,O4 [31,32], KsNiO, [29],
CsCuCl, [33], NayCa,(SiO3)s [34-36], or Ag,P,O; [37].
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Although PbsGe3011 has also been reported to exhibit an
achiral-to-chiral phase transition through a polar soft mode
[38], it is excluded from the present discussion as we focus
specifically on the 22 enantiomorphic crystal space groups.

Therefore, several fundamental questions arise: Are there
intrinsic physical or chemical barriers inhibiting the exis-
tence of such phase transitions naturally occurring in nature,
or have they been overlooked due to limitations in our
search methodologies [39,40]? Could a more meticulous and
systematic exploration of diverse crystal structures leverage
advanced computational screening techniques [41,42] un-
cover additional candidates for chiral phase transitions? Do
we possess the appropriate theoretical frameworks and exper-
imental techniques to effectively investigate and characterize
these potential transitions? The answers to these questions
could significantly impact our understanding of chirality in
condensed matter systems and potentially lead to the discov-
ery of novel materials with unique properties [28].

In this study, we propose a systematic methodology for
identifying achiral parent structures from known chiral crys-
talline phases belonging to the 22 enantiomorphic space
groups and capable of exhibiting displacive phase tran-
sitions. We employ both rigorous symmetry analysis and
first-principles calculations. For simplicity and clarity, we
restrict our focus to nonmagnetic crystals displaying chiral
enantiomorphic space groups as magnetic chirality can be
at play as well [3]. We use group-theoretical approaches to
derive the parent structure from the atomic positions of the
low-symmetry chiral phase. While illustrated here on a proof-
of-concept set of six compounds, the methodology is well
suited for future high-throughput implementation, offering the
potential to uncover novel candidates for chiral transitions.
Once the parent achiral structure has been identified rely-
ing on symmetry arguments, subsequent density functional
theory (DFT) calculations are conducted to compute phonon
instabilities and check the existence of soft modes connecting
the achiral reference and the chiral structures. By presenting
this framework, we aim to stimulate the scientific community
to identify and investigate novel materials exhibiting chiral
transitions. This could potentially lead to discoveries with
implications for applications such as optoelectronics, spin-
tronics, and nonlinear optics.

The article is organized as follows: First, we will present
the systematic procedure to obtain high-symmetry parent
structures belonging to achiral space groups for a given
low-symmetry chiral phase. In the following sections, we
will apply this technique to some candidates within the
22 enantiomorphic space groups. Our methodology helps
identify crystals that can exhibit displacive chiral phase tran-
sitions from the combination of symmetry and first-principles
analysis.

II. RESULTS

A. Finding an achiral reference for a given chiral crystal

In this section, we will outline the necessary steps to ob-
tain an achiral reference structure starting from the atomic
positions of a low-symmetry chiral crystal. We will re-
strict ourselves to crystals from the 22 enantiomorphic space

groups, but the methodology could be applied to all Sohncke
groups. To this end, we will conduct a symmetry analysis
following the successful methodology already employed in
the determination of new displacive ferroelectric materials
[43—45] or high-temperature structural transitions of Pnma or
P2,2,2, symmetries [46,47]. This method acts as a screening
test; if no candidate structures are found, then we can confirm
that the crystal in question cannot be connected to an achiral
reference through phonon distortions. However, if candidate
structures are identified, then further first-principles stability
calculations and phonon analysis must be performed to con-
firm the presence of an unstable chiral phonon that can lower
the energy of the achiral phase to the chiral one.

Suppose we have a chiral crystal belonging to a particular
group G occupying the atomic positions r;. If we require this
material to show a displacive phase transition from a higher-
symmetry achiral reference, then the atomic positions need to
comply,

r=r)+u, ey
where ! are the positions of the atoms in the parent structure
belonging to a higher-symmetry achiral space group H, and
u; are the set of individual atomic displacements that drive
the displacive phase transition. Moreover, the enantiomorphic
space group G would present a similar relation T; = r{ + W
where u; and u; are related by an improper rotation.

In this context, the original structure exhibits pseudosym-
metry, denoted as H [48]. The atomic positions, r?, may
correspond to the high-symmetry, high-temperature phase
within the phase diagram, which, in our case, serves as
the achiral reference structure. Therefore, finding crystalline
structures belonging to supergroups H complying with the
restrictions imposed by Eq. (1) can give candidates for dis-
placive phase transitions towards the low-symmetry phase
under consideration. Indeed, such methodology has proven ef-
fective in predicting displacive ferroelectric phase transitions
[43-45] or high-temperature structural transitions [46,47].

However, searching among all the possible supergroups H
of a given space group G is unnecessary. A better strategy is to
start screening among the minimal supergroups of G. Indeed
any group-supergroup relation (G < #H) can be decomposed
by a chain of minimal supergroups G < Ky < K-+ <H
[49]. Therefore, finding no candidates among the minimal
supergroups of G guarantees the absence of displacive phase
transitions for the given crystalline structure. Conversely, if
candidates are identified using the minimal supergroup ap-
proach, then further searches can be conducted following the
same strategy.

The search of minimal supergroups of G conveying with
Eq. (1) can be done with the tool Pseudosymetry search [50]
of the Bilbao Crystallographic server [51,52] which not only
accounts for the symmetry of the initial subgroup but also
takes into account the information of the Wyckoff positions
occupied by the crystal to provide a list of consistent candi-
dates. First, the determination of all minimal supergroups of a
given space group can be performed by inverting the data on
the maximal subgroups of space groups available in volume
Al (Symmetry Relations Between Space Groups) of the In-
ternational Tables for Crystallography [53]. Then splitting the
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FIG. 1. Algorithmic view of the methodology described in the
article to search for new displacive chiral phase transitions

Wyckoff positions is considered an increase of site-symmetry
and may cause atoms belonging to distinct special positions
in the subgroup to become equivalent in the higher-symmetry
supergroup [54]. Hence, we can apply this method to the
chiral crystals reported in the International Crystal Structure
Database [55] to find novel structures displaying displacive
chiral phase transitions.

Once the parent achiral reference has been determined,
subsequent DFT calculations are required to complement the
symmetry analysis. First, a relaxation of the atomic structure
r¥ is performed, followed by a phonon calculation to identify
a potentially unstable phonon. These phonon modes are then
analyzed to determine whether any of the instabilities could
drive a transition to a chiral phase. Finally, the eigendisplace-
ments associated with the unstable modes are condensed in the
direction of the chiral phase to confirm the connection with the
structure reported in the databases.

We summarize the methodology workflow algorithm in
Fig. 1. As previously mentioned, we start with the atomic

positions of the chiral phase and perform a pseudosymme-
try search to identify potential achiral reference structures.
The algorithm terminates if no compatible achiral reference
structure is found, as a phase transition would be impossible.
However, we proceed with DFT relaxations if an achiral ref-
erence is identified. Symmetry-adapted mode (SAM) analysis
follows this step to identify at which special k points an irrep
can drive the high-symmetry structure to the low-symmetry
chiral structure. Hence, only phonon calculations at those
special k points should be done, which helps to save com-
putational time by avoiding doing the full phonon dispersion
curve. A phonon calculation is then conducted at those k
points where we know that an irrep can give the achiral to
chiral phase transition if phonon mode instability with this
irrep is present. If no instabilities are detected, then the al-
gorithm stops; if instabilities are present, then the algorithm
condenses these modes to determine whether any lead to the
chiral phase. If successful, then the material is added to the
list of candidates for displacive chiral transitions, completing
the process.

B. The case of TeO,

In this section, we apply our methodology to the interesting
case of TeO, crystal. Among the three commonly reported
polymorphs at ambient conditions [56,57], this material has
an enantiomorphic low-symmetry phase of either P4,2,2 or
P452,2 space groups. To our knowledge, no parent structure
has yet been reported for this compound at the bulk level.
Still, a rutile P4,/mnm high-symmetry phase has been re-
ported recently when grown epitaxially on FeTe substrate
[58]. Our pseudosymmetry search predicts that the high-
symmetry P4,/mnm achiral structure can be linked to the
chiral low-symmetry P4,2,2 (space group number 92) and
P432,2 (space group number 96) phases through the Z3 irrep
from the zone boundary Z point, similarly to the case of
K3NiO; [29]. The calculated structural data of the converged
P4, /mnm structure computed with a k mesh of 10x10 x 10
can be found in the Appendix.

We can therefore study from DFT calculations whether a
soft phonon mode is present at the Z point of the P4, /mnm
achiral phase of TeO,. As shown in Fig. 2(b), a double degen-
erate unstable phonon mode is encountered at Z, showing a
frequency of 370i cm~!. The symmetry of this unstable mode
corresponds to the irrep Zs, which is the right one to link
the high-symmetry rutile phase and the low-symmetry chiral
phases. Due to the double degeneracy of the Z; mode, differ-
ent linear combinations (a, b) can be constructed. Diagonal
distortions (a, a)/(—a, —a) and (a, —a)/(—a, a) domains are
associated to the P4;2,2 and P432,2 space groups, re-
spectively. Similarly to the case of K3;NiO,, nondiagonal
distortions (a, b) drives the system to a C222; phase when-
ever a # 0 and b # 0, whereas Cmcm phases are encountered
when a = 0 or b = 0. The condensation of the Z; unstable
mode eigenvector give an energy gain of AE = —0.127 eV
per atom for the (a, a) phase as shown in Fig. 2(c). We also
obtained that the (a, b) case has the same energy gain as
the (a, a) case, so we can conclude that the case a # b does
not give a local minimum. The (a, 0) case shows a higher
energy (AE = 0.06 eV) than the (a, a) case such that we can
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FIG. 2. (a) Schematic representation of the TeO, crystal structure where atoms occupy the P4,/mnm high-symmetry positions. Arrows
indicate the direction of the atom displacements that bring the system to the P4,2,2 chiral phase. Gold and red balls represent Te and O atoms,
respectively. (b) Calculated phonon band structure along the I'-Z path of the high-symmetry phase of TeO,. The color of the different branches
are weighted according to the contribution of each chemical species to the dynamical matrix eigenvector (red for the O atom and blue for the
Te atom). (c) Energy surface when we condense the Z; unstable mode along the (a, a) directions in normalized units.

conclude that, through the Z; irrep, the chiral (a, a) domains
are those giving the lowest energy.

A SAM analysis of our relaxed chiral phase reveals that
the distortion for the P4,/mnm phase decomposes into Z3 and
I, irreps where the amplitude of the I'; mode (0.004 A per
ion) is two orders of magnitude smaller than that of the Z3
mode (0.093 A per ion). The I'; mode is a secondary SAM
that appears through invariant coupling with the Z; unstable
mode as this mode is not unstable at the zone center.

The Z3; mode induces a slight in-plane displacements of
the Te atoms, as well as both out-of-plane and in-plane dis-
placements of the O atoms. However, the in-plane component
of the O displacement is smaller than the out-of-plane one.
As shown in the weighted phonon band structure of Fig. 2(b)
and the magnitude of the arrows in Fig. 2(a) the distortion is
mostly dominated by the O movements. Similarly to K;NiO5,
the associated distortions produce a helical structure as shown
in Fig. 2(a). In Fig. 2(a), we show a schematic representa-
tion of the TeO, crystal and its chiral Z3 (a, a) distortion.
Atomic positions correspond to the high-symmetry P4, /mnm
phase, and the arrows indicate how the atoms move when
transitioning from the achiral rutile phase to the chiral P4,2,2
phase. The handedness of the chiral phase has been computed
following the helicity method described in Refs. [59,60]. This
helicity is well defined within the context of displacive phase
transitions, allowing for a reference-independent comparison
between different compounds. By normalizing its value to the
number of atoms in the unit cell, the reference becomes in-
trinsically determined by the physical nature of the transition.

For TeO; a value of 7.38 x 1073 is found, which is similar to
the one found in K3NiO; (7.75 x 10~3) for a similar type of
transition.

Interestingly, an analysis of the band structure and elec-
tronic density of states (see Fig. 3) reveals that a significant
change in the electronic structure also accompanies the struc-
tural phase transition. Indeed, the electronic band gap is
substantially increased from a value of only 0.11 eV in the
high-symmetry phase to a value of 1.93 eV in the chiral
structure contrary to the case of K3;NiO, where the band gap is
essentially unaffected by the chiral transition [29]. Therefore,
inducing a chiral transition in this material would also tune
its band gap by one order of magnitude, which might be
interesting for applications. Clearly, this behavior is material
dependent and cannot be extrapolated to other compounds

b
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FIG. 3. Calculated projected electronic density of states (DOS)
of the TeO, crystal (a) in the high-symmetry achiral rutile phase and
(b) in the low-symmetry chiral phase.
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FIG. 4. (a) Schematic representation of the SryAs,O; crystal structure where atoms occupy the P4, high-symmetry positions. Arrows
indicate the direction of the atom displacements that bring the system to the P4; chiral phase. Green, yellow, and red balls represent Sr, As,
and O atoms, respectively. (b) Calculated phonon band structure along the I'-Z path of the high-symmetry phase of Sr, As,O;. The color of
the different branches are weighted according to the contribution of each chemical species to the dynamical matrix eigenvector (red for the O
atom, green for the Sr and blue for the As atoms). (c) Energy surface when we condense the Z, unstable mode in normalized units.

emphasizing the need to evaluate these properties on a case-
by-case basis.

This example illustrates how our methodology provides
a clear pathway for identifying potential candidates for
chiral displacive transitions in the case of TeO, crys-
tal. We will now apply this approach to other types of
compounds.

C. The case of Sr;As,0,

Here we shall present another example of chiral phase
transition predicted with the pseudosymmetry search algo-
rithm. The Sr;As,O; compound exhibits experimentally a
low-symmetry phase of either P4; or P45 chiral space groups
[61,62]. We could identify an achiral parent structure of P4,
symmetry by applying the pseudosymmetry search algorithm.
We have relaxed this new parent structure with a k mesh of
4x4 x 2 and the obtained structural parameters can be found
in the Appendix.

As in the previous case, a symmetry analysis of the
supergroup—subgroup relationship reveals that this parent
structure can be connected to the enantiomorphic space
groups P4, and P4 through two different irreps at the Z point.
Indeed a SAM analysis gives Z; (with an amplitude of 0.054 A
per ion) and I'y (with an amplitude of 0.016 A per ion) for the
P4, space group and Z4 and I'; for the P45 space group but
with the same SAM amplitudes as Z3 and I"; in the P4, case.
As for TeO,, the I'j mode appears to be secondary while the

Z3 and Z, are the primary main modes. Unlike K3NiO, and
TeO,, where the transition to chiral enantiomorphic phases
is driven by the same irreducible representation (irrep), the
two chiral space groups in this case are associated with two
distinct irreps. Our phonon calculations in the P4, achiral
reference of SryAs,O; are consistent with these results as
two unstable modes are found, one with an imaginary fre-
quency of —503i cm™! and the Z; label and the other one
with an imaginary frequency of —501i cm™' and the Z, label
as shown in Fig. 4. These two modes of different symmetry
have the same frequency, and condensing their respective
eigenvectors and relaxing the structure gives the same gain of
energy (AE = —0.18 eV per atom), as we would expect for
two pairs of enantiomorphic crystals. The substantial unstable
frequencies and significant energy gain suggest that achieving
experimental stability for the achiral parent structure may be
challenging. However, these findings could motivate further
experimental efforts to enhance the stability of this phase,
potentially through the application of tensile strain or by op-
timizing growth conditions, as was successfully demonstrated
for TeO, [58].

The Z3 and Z, modes involve mainly the layer-by-layer
nonpolar in-plane and the polar out-of-plane movement of the
atoms. In contrast, the I'; involves mainly the atoms’ polar
in-plane and nonpolar out-of-plane movement. The compo-
sition of these movements generates a helical structure as
shown in Fig. 4. By probing the helicity amplitude of the
structure [59], we found a value of 0.81 x 1073, with, as we
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FIG. 5. (a) Schematic representation of the Na,SeOy crystal structure where atoms occupy the high-symmetry positions (P4, /mmc space
group). Arrows indicate the direction of the atom displacements that bring the system to the P4;22 chiral phase. Gold, green, and red balls
represent Na, Se, and O atoms. (b) Calculated phonon band structure along the I'-Z path of the high-symmetry phase of Na,SeOq. The color
of the different branches are weighted according to the contribution of each chemical species to the dynamical matrix eigenvector (red for the
O atom, green for the Na and blue for the Se atoms). (c) Energy surface when we condense the Z; unstable mode in normalized units.

would expect, a simple sign change between the P4, and P43
phases.

A study of the electronic band structure reveals a substan-
tial band-gap increase accompanying the transition, similarly
to the case of TeO,. The band gap is 0.95 eV in the high-
symmetry phase and 3.03 eV in the low-symmetry phase.

This new example is interesting because it shows that our
methodology can find displacive chiral phase transitions in
which two different phonon modes are responsible for the two
enantiomorphic space groups. In the limit of our knowledge,
such a possibility has not been previously discussed in the
literature.

D. The case of Na,SeOy

We shall now discuss the case of Na,SeQg. This material
is only reported in the Materials Project and with the P4,22
and P4322 pair of enantiomorphic space groups [63]. While
no experimental report exists for this crystal, DFT calcula-
tions predict it to be stable. Given the scarcity of reported
crystals within the enantiomorphic space groups, we can use
it as a new test case for our search method for displacive
chiral phase transition. After applying the pseudosymmetry
search and relaxing the structures with a k-mesh sampling of
4x4x4, we obtain a high-symmetry parent structure with the
space group P4, /mmc and with structural data reported in the

Appendix that can be connected to the enantiomorphic space
groups by phonon modes at the Z point.

By performing the phonon calculations at the Z point, we
found several unstable modes, as shown in Fig. 5. The irreps
of the two most unstable modes are Z; and Z,, which gives a
nonchiral phase transition to space group Pmmm and Pccm
respectively, with a degenerate frequency of —237 cm™'.
The third and fourth modes correspond to the Z; and Z,
irreps, which are also degenerate and drive a chiral phase
transition showing the same frequency of —217 cm™' and
similar symmetry. In contrast to TeO, or K3NiO,, diagonal
distortion domains (a, a) or (—a, —a) in this system lead to
a Pmma achiral space group symmetry, whereas distortions
along (a, 0) or (0, a) drive the chiral transition towards the
P4,22 and P4322 space groups, respectively.

Upon relaxing the previous unstable modes, we observe
that, despite exhibiting the highest instability, the Z; and Z,
modes do not lead to the most stable phase, as they provide
an energy gain of AE; = —0.007 eV per atom versus AE, =
—0.45 eV per atom for the Z; and Z; modes in the chiral
phase. A SAM decomposition of the relaxed Z3 mode in (0, a)
domain gives I'; (with amplitude 0.15 A per ion) and Z3 (with
amplitude 0.30 A per ion). The relaxation of the Z3 and Z,
modes along the diagonal domains (a, @) or (—a, —a) with the
achiral Pmma phase gives an energy gain of E3 = —0.18 eV
per atom, which is larger than the relaxation coming from
the Z; and Z, modes but lower than the chiral phase. Hence,
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FIG. 6. Calculated phonon band structure along the I'-Z path
of the high-symmetry phase of As,Os. The color of the different
branches are weighted according to the contribution of each chemical
species to the dynamical matrix eigenvector (red for the O atom and
blue for the As atoms).

Na,SeOy has the potential to exhibit a displacive chiral phase
transition.

Computing the handedness of the chiral structure, we ob-
tain a value of 2.70 x 1072, This significant handedness,
compared to that of TeO, or K3NiO,, is explained by
the increased magnitude of the distortion, which is three
times larger. The magnitude of the handedness amplitude
is quadratic concerning the chiral distortion amplitude [59],
which explains the large helicity value obtained for Na;SeOq.
In Fig. 5, we give a schematic representation of the crystal
helical distortion from the P4, /mmc phase towards the P4322
phase.

Last, regarding the band structure, the electronic band gap
is reduced from 0.61 eV in the high-symmetry phase to gap
closure in the chiral phase. This contrasts the previous three
examples, where the chiral distortion strongly increased the
band gap.

E. Other materials showing no displacive chiral transitions

This last section will discuss additional crystal structures
for which either no candidates for parent structures were
found using a pseudosymmetry search approach or no un-
stable phonon modes driving the chiral transition could be
identified.

First, let us consider the case of As,Os. The reported low-
symmetry chiral phase corresponds to a P412,2 or P432,2
space group [64], and we found a parent phase of symme-
try P4,/mnm following a pseudosymmetry search approach.
From symmetry considerations, we found that the irrep that
can connect with the chiral phase should be observed at the
Z point. However, unlike previous cases, no unstable mode
is found when we compute the phonons at the Z point as it
is shown in Fig. 6. This suggests that displacive chiral phase

transitions in this system are not physically present, at least at
the bulk level.

Another reason a material may not exhibit a displacive chi-
ral phase transition is because it is impossible to identify any
achiral parent structures through a pseudosymmetry search.
We found that this is the case for the Rb,Be;,O; compound
that presents P4,2,2 or P432;2 low-symmetry chiral phases
[65] or CaTeO;5 that shows P4, or P4; chiral space groups
[66]. In this second situation, we have a clear symmetry
demonstration that no achiral phase can be built from the
chiral one.

II1. DISCUSSION

In this work, we have proposed a method combining
pseudosymmetry search and first-principles calculations to
identify achiral parent structures from known chiral phases
connected through a soft phonon mode as present in displacive
phase transitions. Our methodology, schematized in Fig. 1,
helps discover new candidates for such phase transitions and
disregards those where such a transition is impossible. In
Table I, we summarize the different cases where we have
applied our methodology collecting the most important results
of the study. The methodology helps to identify whether a
soft phonon mode with the right symmetry can connect the
achiral and chiral phases through continuous and relatively
small displacements, e.g., TeO,, SryAs; 07, or Na,SeOy. It
also helps to disregard the cases where the pseudosymmetry
would predict a possible achiral-to-chiral connection accord-
ing to the symmetry. Still, no unstable mode is observed in
the achiral phase from the DFT calculation, so it is physically
improbable that a displacive phase transition exists, e.g., in
the case of As;Os. Although, other mechanisms not captured
by the present workflow, such as electronic instabilities like
the Jahn-Teller one, could also potentially lead to chiral phase
transitions [31]. Finally, it also helps to quickly show that no
achiral phase can be constructed from the pseudosymmetry
approach, which guarantees the absence of any smooth achiral
to chiral transition as no high-symmetry phase can be con-
structed, e.g., the cases of CaTeO3; and Rb,Be,03. We could
identify three new possible candidates (TeO,, Sr,As,O7, or
Na,SeQy) that can have a soft phonon mode connecting the
achiral and the chiral phase. This suggests that many more
materials may display this behavior beyond the few exam-
ples reported in the literature so far. Interestingly, Sr, As,O;
appears to belong to a new class of systems where different
irreps govern the chiral transitions to each of the enantiomor-
phic space groups. This discovery underscores the potential
of our algorithm to reveal novel and intriguing chiral transi-
tions. Further theoretical investigations would be valuable to
determine whether similar behavior exists in other compounds
and to explore the possibility of additional new mechanisms
for chiral transitions, thus opening exciting avenues for future
research.

Our methodology provides a systematic and accurate way
to screen various materials to search for new candidates for
displacive chiral phase transitions. As only one soft-mode
driven chiral transition has been reported within the 22 enan-
tiomorphic space groups, this methodology is well suited to be
implemented on a high-throughput scheme and check whether
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TABLE I. Summary table collecting chiral space groups, achiral parent structures found with pseudosymmetry, irreps, and corresponding
domains driving the phase transition, frequency of the instabilities, energy gains, and helicity. The X sign indicates that either no parent phase
was found or no soft phonon modes driving the transition were identified. Energy differences between high-symmetry and chiral phases after

relaxation of the eigendisplacements are given per atom.

Compound Chiral group Achiral Ref. Irrep v (cm™) E (eV/atom) H

TeO, P4,2,2 P4, /mnm Zi(a, a) —370 —0.13 7.38 x 1073
P43212 Z4(a, —a)

Sry,As, 07 P4, P4, Z5 (a) Z4(a) —5030 —0.18 0.81 x 1073

P4, —-501

Na,SeOq P4,22 P4, /mmc Z5 (a, 0) —217 —0.45 2.70 x 1072
P4522 Z3(0, a)

As,05 P4,2,2 P4, /mnm Zs(a, a) X X X
P432,2 Z3(a,a)

Rb2B6203 P41212 X X X X X
P432,2

CaTe203 P41212 X X X X X
P432,2

the lack of reported structures is due to an overlooked problem
or if it is related to some chemical or physical reason [3].
We hope this work will inspire the community to explore
new soft-mode-driven chiral phase transitions together with
the nonlinear phononics ones [16] and to motivate experimen-
talists to check our predictions.

IV. METHODS

Computational details

For all the calculations we converged the structural data of
the parent structure with the ABINIT code [67] (version 9.10.5)
with a PBEsol exchange-correlation functional, following a
plane wave-pseudopotential approach with optimized norm-
conserving pseudopotentials as taken from the PseudoDojo
server v4 [68,69] and an energy cutoff of 40 hartrees. Details
about the k-mesh sampling employed specifically for each
compound will be given for each case in respective sections.
A value of 10~® hartree/bohr was employed on the forces to
stop the structural relaxations and a value of 10~7 Ha was used
for the electronic residual self-consistent cycle stop. Phonon
instabilities and Born effective charges were computed within
the density functional perturbation theory framework as im-
plemented in ABINIT [67,70].
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DATA AVAILABILITY

All data regarding the structural properties of the high sym-
metry and low symmetry phases is provided in the Appendix.
Some of the data that support the findings of this article are
openly available [71].

APPENDIX: STRUCTURAL DATA

In this Appendix we report the structural data of the
high-symmetry phases encountered for the TeO, Table II,
Na,SeQy Table III, and SryAs,O; Table IV crystals together
with their associated displacements towards their respective
chiral phases as reported in the main text.
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TABLE II. Structural data in reduced coordinates for the high-symmetry parent phase of TeO, found with the pseudosymmetry search
algorithm and after DFT relaxation. Unit cell parameters for the tetragonal structure are a = b = 5.060 A, ¢ = 3.401 A. Forces and stresses
where converged up to 10~® hartree/bohr (5.14 x 10~% eV/A). The last three columns represent the unrelaxed eigenvector displacements
following the Z; mode towards space group number 92 (P4,2,2) in the home unit cell.

Atom X y Z Sy dy 3,

Te 0.0000 0.0000 0.0000 —0.0204 —0.0204 0.0000
Te 0.5000 0.5000 0.5000 0.0204 —0.0204 0.0000
(¢} 0.6976 0.3024 0.0000 —0.0417 —0.0372 0.0419
(¢} 0.3024 0.6976 0.0000 —0.0372 —0.0417 —0.0419
o 0.8024 0.8024 0.5000 0.0417 —0.0372 —0.0419
6] 0.1976 0.1976 0.50000 0.0372 —0.0417 0.0419

TABLE III. Structural data in reduced coordinates for the high-symmetry parent phase of Na,SeOy found with the pseudosymmetry search
algorithm after relaxation in the low-symmetry basis. Unit cell parameters for the tetragonal structure are a = b = 7.755 A, ¢ = 16.079 A.
Forces and stresses where converged up to 1076 hartree/bohr (5.14 x 1075 eV /A). The last three columns represent the displacement following
the chiral mode towards space group 95 (P4;22).

Atom Wyckoff X y z Sy dy 3,

Na 4b 0.5000 0.5000 0.0000 0.0000 0.1447 0.0000
Na 4a 0.0000 0.5000 0.5000 0.0000 —0.0322 0.0000
Se 4b 0.5000 0.0000 0.0000 0.0000 0.0474 0.0000
(¢} 4c 0.5000 0.5000 0.6250 0.0749 0.0749 0.0000
o 8d 0.0000 0.1753 0.2500 —0.1075 0.0597 0.0109
¢} 8d 0.0000 0.5000 0.1471 —0.0814 —0.0164 —0.0206
(¢} 8d 0.2808 0.1448 0.5000 —0.0416 —0.2538 —0.0589
o 8d 0.2808 0.1448 0.0000 0.1342 —0.1193 —0.0131

TABLE IV. Structural data in reduced coordinates for the high-symmetry parent phase of Sr,As,O; found with the pseudosymmetry search
algorithm after relaxation expressed in the low-symmetry basis. Unit cell parameters are « = b = 7.098 A, ¢ = 24.805 A. Forces and stresses
where converged up to 1075 hartree/bohr (5.14 x 1075 eV/A). The last three columns represent the unrelaxed eigenvector displacements
following the Z, mode towards space group number 78 (P4;).

Atom Wyckoff X y z Sy dy 3,

Sr 4a 0.2366 0.8626 0.1870 —0.0154 0.0674 —0.0019
Sr 4a 0.7634 0.1374 0.1870 0.0331 0.0558 —0.0008
Sr 4a 0.5000 0.0000 0.3327 0.1017 0.0745 —0.0057
Sr 4a 0.5000 0.5000 0.3388 —0.0698 0.0536 0.0008
As 4a 0.4096 0.7431 0.4679 0.0366 0.0222 —0.0139
As 4a 0.5904 0.2570 0.4679 0.0314 —0.0023 0.0135
As 4a 0.2259 0.9672 0.0595 0.0081 0.0184 0.0029
As 4a 0.7741 0.0328 0.0595 —0.0250 —0.0025 0.0027
(0] 4a 0.3209 0.5886 0.2583 —0.0001 0.0068 —0.0073
(0] 4a 0.6791 04114 0.2583 0.0281 0.0238 0.0144
(0] 4a 0.5084 0.7665 0.4052 0.0566 0.0528 —0.0101
(0] 4a 0.4916 0.2335 0.4052 0.0424 0.0477 0.0076
(0] 4a 0.3123 0.9583 0.4840 0.0032 —0.0029 —0.0029
(0] 4a 0.6877 0.0418 0.4840 —0.0029 —0.0357 0.0019
(0] 4a 0.5000 0.0000 0.2297 0.0529 —0.0040 —0.0130
(0] 4a 0.0000 0.5000 0.3343 0.0823 0.1301 —0.0057
(0] 4a 0.0000 0.0000 0.0187 0.0106 0.0772 —0.0015
(0] 4a 0.2355 0.7281 0.0678 —0.0006 0.0011 —0.0172
(0] 4a 0.7645 0.2720 0.0678 0.0083 —-0.0117 0.0154
(0] 4a 0.2224 0.5993 0.4499 0.0806 —0.0185 —0.0046
(0] 4a 0.7776 0.4007 0.4499 0.0528 —0.0082 0.0181
(0] 4a 0.0000 0.0000 0.1182 0.0343 —0.0665 0.0073
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