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The temperature-dependent phase transitions in Ruddlesden-Popper oxides with perovskite bilayers have
been under increased scrutiny in recent years due to the so-called hybrid improper ferroelectricity that some
chemical compositions exhibit. However, little is currently understood about the hydrostatic pressure dependence
of these phase transitions. Herein we present the results of a combined high-pressure powder synchrotron x-ray
diffraction experiment and ab initio study on the bilayered Ruddlesden-Popper phases Caz;Mn,0; and Ca;Ti,O;.
In both compounds we observe a first-order phase transition, that in combination with our density functional
theory calculations, we can confidently assign as being between polar A2,am and nonpolar Acaa structures.
Interestingly, we show that while the application of pressure ultimately favors a nonpolar phase, as is commonly
observed for proper ferroelectrics, regions of response exist where pressure actually acts to increase the polar
mode amplitudes. The reason for this can be untangled by considering the varied response of octahedral tilts and
rotations to hydrostatic pressure and their trilinear coupling with the polar instability.
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I. INTRODUCTION

Ferroelectric (FE) materials have been widely studied
for their technological applications in sensing, memory de-
vices, and beyond [1]. Understanding structural distortions in
functional properties under different conditions is crucial in
determining the usability of a given material for a particular
device. FE phase transitions are generally well understood
as functions of temperature or chemical doping, with the
Pb(Ti/Zr)O; [2-4] and BaTiOj3 [5-10] perovskites (and solid
solutions related to them) enjoying a great deal of attention.
These materials fall under the class of “proper” FEs, as the
induction of a spontaneous, switchable polarization is a pri-
mary order parameter (OP) of the FE phase transition. Upon
the application of pressure, proper FEs tend to undergo phase
transitions to nonpolar structures. For example, BaTiO; tran-
sitions from a tetragonal FE phase to a cubic paraelectric (PE)
phase at 2 GPa at 300 K [11].

However, structural types that exhibit proper FEs comprise
only a fraction of all polar materials. Improper FE occurs
when the polarization is a secondary OP of the FE phase
transition [12,13]. In the specific case of hybrid improper
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ferroelectricity (HIF), the primary order parameter is a pair
of nonpolar octahedral distortions. These couple to a polar
mode in a trilinear coupling mechanism; the polarization is
inhibited if the amplitudes of either of the nonpolar distor-
tions or the polar mode are reduced [14]. HIF is of particular
interest in multiferroic research due to its breaking of the “d°
rule,” broadening the library of potential materials to those
which include magnetic d" cations [15,16]. High-pressure
studies of HIF materials are sparser than investigations into
proper FE materials, with the n = 2 Ruddlesden-Popper (RP)
Ca3Mn;,0; and CasTi;O7, which are otherwise among the
most-studied materials at ambient pressure [14,17-22], re-
ceiving relatively little attention. CazMn,0O7 has been shown
to be sensitive to pressure [23-25], with several experiments
evidencing a phase transition from the polar A2;am phase to
a nonpolar phase at around 1-1.3 GPa. We are not aware of
any experimental work investigating the high-pressure phase
transitions of Ca3Ti,O7, and the mechanism by which pres-
sure couples to polarization in these materials is not well
understood.

We have previously shown [19] that CazMn,0O7 exhibits
a phase coexistence between the polar A2,am structure and
the nonpolar Acaa structure over a wide temperature range.
The structural differences between these two phases can be
visualized as distortions acting on the aristotype tetragonal
I4/mmm phase: the A2 am phase has undergone both an
in-phase rotation of the oxide octahedra and an out-of-phase
tilt (with irreps X," and X;, respectively) which are coupled
to a polar displacement with irrep I'y, whereas the Acaa
phase only exhibits an out-of-phase rotation of the octahedra
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(the X;” mode). A visualization of these modes is shown in
the Supplemental Material (Fig. S1) [26]. By contrast, we
have recently shown [27] that Ca3Ti,O7 exhibits a first-order
phase transition between A2;am and Acaa. With doping by
Sr, this switches to a continuous second-order transition at
Cay. 1551985 Ti;O7 [27]. This is made possible by a continuous
decrease in the magnitude of the rotation mode associated
with the TiOg octahedra, followed by a rotation in the order-
parameter direction and decrease in magnitude of the tilt
mode. We have recently attempted to probe the behavior of
the distortion modes observed in Caj 15Sr( g5TioO7 under the
effect of an applied electric field, finding a subtle preference
for the X, rotation mode to unwind rather than the X, tilt
mode [28]. These results, coupled with the results of the
temperature-based investigations, strongly imply that the X;r
mode is the softer of the two for this phase.

In this work, we perform synchrotron powder x-ray diffrac-
tion experiments on CazMn,0O; and Ca;Ti,O;, using a
diamond anvil cell to achieve pressures in excess of 30 GPa.
Our results show that, in conjunction with density functional
theory (DFT) calculations, in both phases, at high pressures a
centrosymmetric phase with a single condensed out-of-phase
rotation (X;") is recovered. However, our calculations show
that, contrary to what is expected for proper FEs, the initial
application of pressure actually enhances the polar mode in
Ca3Ti,O5. This result can be understood due to the fact that
the octahedral rotations are enhanced at a greater rate than the
octahedral tilts are suppressed, leading to an enhancement in
the trilinear coupling term with the polarization.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

For high-pressure powder diffraction experiments, the
samples used in our previous variable temperature study [19]
were loaded into LeToullec-style membrane diamond anvil
cells (DACs) equipped with Boehler-Almax anvils with
400-um culets. The gasket material was Re, preindented to
about 50 um, with a 200-um EDM “drilled” hole to form
the sample chamber. The pressure-transmitting medium was
Ne, small ruby chips and some Cu were added as pressure
gauges. The x-ray beam size was 70-um round diameter.
Powder x-ray diffraction measurements were performed at
Beamline I15 at Diamond Light Source. The beam energy
was approximately 29 keV, corresponding to a wavelength of
0.424 48(1) A refined using a LaBy standard. Diffraction pat-
terns were recorded at intervals as the pressure was increased
up to a maximum of 39.86 GPa for CazMn,07 and 38.48 GPa
for Ca3Ti,O;. Pawley refinements were performed against the
data using TOPAS ACADEMIC v6 [29], in which we fit rather
than subtract the background, as is the norm when performing
such analysis. Due to extreme preferred orientation it was un-
fortunately not possible to perform Rietveld refinements. It is
important to note also that the diamond anvils themselves en-
ter reflection condition under certain pressures which are not
easily avoidable in the limited 26 accessible due the masking
imposed by the DAC, across the large pressure range studied.
Compressibility calculations for both phases were performed
using the principal axis strain calculator PASCAL [30].

The DFT calculations on Ca3Ti,O; were performed us-
ing the Vienna ab initio simulation package (VASP), version
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FIG. 1. Selected diffraction patterns recorded for Ca;Mn,0O; at
a variety of pressures. Diffraction artifacts resulting from the DAC
are indicated by stars. The change from observing two (0 0 10)
reflections (one each for the A2,am and Acaa phases) to a single
reflection for the Acaa phase is indicated by the red dotted rectangle.

5.4.4 [31-34]. We employed the PBEsol exchange correlation
potential and projector augmented-wave (PAW) pseudopo-
tentials, as supplied within the VASP package [32,35,36]. A
plane-wave basis set with a 700-eV energy cutoff and a
6 x 6 x 1 Monkhorst-Pack k-point mesh with respect to the
parent tetragonal primitive cell (scaled accordingly for other
supercells) were found to be appropriate.

III. RESULTS AND DISCUSSION

We collected high-pressure powder diffraction patterns of
Ca3;Mn,05 and Ca;Ti,O; between 0 and 39.86 GPa. While it
is difficult to differentiate the HIF phase A2;am and uniaxial
negative thermal expansion (NTE) Acaa phase using Pawley
refinements alone, previous work [37] has shown that the
Acaa phase has a consistently longer ¢ axis than the A2,am
phase. Assuming that this holds true at the pressures over
which we perform our experiment, we may assign the con-
tributions of each phase to the diffraction patterns in Figs. 1
and 2. These assumptions are also consistent with the results
of our DFT calculations presented later on. The occurrence
of a phase transition can most easily be appreciated by con-
sidering the (0 O 10) reflection associated with the A2 am
structure, which disappears around 1 GPa, although the small
tail at the high-angle side of the (0 0 10) peak for the Acaa
phase indicates that a small amount of highly strained A2,am
phase may persist above this pressure. This result is consistent
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FIG. 2. Pawley refinement against data gathered for CazMn,0;
at (a) 0.2 GPa and (d) 2.3 GPa showing observed (black), calculated
(red), and difference (gray) lines. Upper blue ticks indicate reflec-
tions for the A2,am phase, lower green ticks indicate reflections for
the Acaa phase. Insets (b) and (e) show the result of a two-phase
refinement, showing an improved fit for the (0 0 10) peaks against
insets (c) and (f), which show the result of a refinement including
only an Acaa phase.

with the phase coexistence reported in CazMn,0; at room
temperature and ambient pressure [37].

The lattice parameters extracted from Pawley refinements
are plotted in Fig. 3, with an inset showing in detail how
the two-phase system evolves up to 2 GPa. In contrast to
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FIG. 3. Lattice parameters for Ca;Mn,07. Blue symbols indicate
the a parameter, green symbols indicate the b parameter, and red
symbols indicate the ¢ parameter. Insets (a) and (b) show the 0-2 GPa
regions of each part of the plot, showing detail of the two-phase
system.
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FIG. 4. Selected diffraction patterns recorded for Ca;Ti,O7 at a
variety of pressures. Diffraction artifacts resulting from the DAC are
indicated by stars and the appearance of the (0 2 0) reflection for the
Acaa phase is indicated by the red dotted rectangle.

previous work [23], we do not find evidence for a
tetragonal-orthorhombic phase transition at 1.3 GPa, nor an
orthorhombic-tetragonal phase transition around 9.5 GPa. In-
stead, the behavior of the ¢ parameter lends additional support
to the dual-phase system at low pressure: single-phase refine-
ments result in a deviation from linearity which is not apparent
when the data are refined using the two-phase model described
above.

In contrast to CazMn, 07, Ca3TipO7 is well fit by a Pawley
refinement with only a single A2;am phase between ambient
pressure and the penultimate pressure point in this experi-
ment (30.65 GPa). Above this pressure, additional reflections
appear in the diffraction pattern which we fit by including
an Acaa phase. The reflection best suited to observing this
secondary phase is (0 2 0), for this particular data set, as
highlighted in Figs. 4 and 5. The (0 0 10) reflection is not
consistently usable in this case as it becomes contaminated
by a reflection from the DAC (Fig. 6). The experimental
and calculated lattice parameters for Ca3;Ti,O; are shown in
Fig. 7; they follow a generally linear trend through the afore-
mentioned pressure regime before changing at 38.48 GPa.
When extracted from a single-phase A2;am refinement, the
a parameter exhibits an upturn at the maximum pressure,
while the b and ¢ parameters begin to show signs of plateau-
ing in their otherwise linear decrease. The DFT-calculated
A21am lattice parameters agree qualitatively with the exper-
imental results, with the a and b parameters only deviating
at the maximum pressure point where there is a phase co-
existence. The calculated ¢ parameter is qualitatively similar
to its experimental counterpart, though consistently shorter
by approximately 0.1 A, suggesting that ground-state DFT
calculations overestimate the magnitude of the X;  octahe-
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FIG. 5. Pawley refinement against data gathered for Ca;Ti,O; at
near-ambient pressure, showing observed (black), calculated (red),
and difference (gray) lines. Blue ticks indicate reflections for the
A2,am phase. The small feature at 260 = 12° is a result of the dia-
mond anvil cell fulfilling the diffraction condition.

dral tilt observed experimentally at ambient temperature. The
calculated Acaa lattice parameters clearly do not agree well
with the experiment between 0-30 GPa, indicating that this
is not the correct structural model in this pressure regime.
The a and b parameters are underestimated and the ¢ param-
eter is calculated to be longer than the experimental results.
However, a qualitative level of agreement across the A2;am
to Acaa transition (with ¢ becoming long and a and b shorter)
between the experimentally assigned Acaa phase at 38.48 GPa
and the DFT calculations is evident for the final pressure point
of our experiment. The lack of a greater quantitative level of
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FIG. 6. Pawley refinement against data gathered for Ca;Ti,O; at
38.48 GPa, showing observed (black), calculated (red), and differ-
ence (gray) lines. Blue ticks indicate reflections for the A2,am phase.
Inset (a) shows the result of a single-phase refinement in A2, am, inset
(b) shows the result of a two-phase refinement including an Acaa
phase (green ticks). The feature at 20 = 13° is a result of the DAC
fulfilling the diffraction condition.

Pressure (GPa)

FIG. 7. Lattice parameters for Ca;Ti,O;. Blue symbols indicate
the a parameter, green symbols indicate the b parameter, red symbols
indicate the ¢ parameter; dotted and dashed-dotted lines represent the
calculated results for the A2,am and Acaa phases, respectively.

agreement is most likely due to strong strain coupling arising
from the intergrowth of coexisting A2;am and Acaa phases.
A plot of the Lorentzian strain extracted from Pawley refine-
ments on Ca3Ti,O7 is shown in Fig. S2 [26], and shows how
the phase transition acts to reduce the microstrain at elevated
pressures. Unfortunately, due to experimental limits of the
DACs, we were unable to study this sample at higher pressures
where a single phase would most likely be realized. The exper-
imental unit-cell volumes for Ca;Mn,0O; and CazTi,O; and
calculated unit-cell volumes of the latter in A2,am, Acaa, and
14 /mmm are shown in the Supplemental Material (Figs. S3
and S4) [26].

Compressibility parameters and Birch-Murnaghan coeffi-
cients were calculated using PASCAL [30] using the single-
phase data for each composition: the data at pressures greater
than 2.3 GPa for CazMn,0; (Acaa structure) and all data
below 30.65 GPa for Ca3Ti,O; (A2;am structure). These
data are tabulated in the Supplemental Material (Tables S1
and S2) [26]. For both compositions, the principal axes are
mapped directly on to the crystallographic axes as the tetrag-
onal and orthorhombic structures both have orthogonal lattice
vectors by definition. CazMn,0; is less compressible along
all axes (with higher bulk modulus) than Ca3Ti, O, possibly
as a result of the structural differences between the Acca and
A2;am phases. However, any comparisons between the results
should be made with caution as the phase transition occur-
ring for Ca3;Mn, Oy likely influences the accuracy with which
the linear compressibility (extrapolated to zero pressure) is
determined.

Figure 8(a) shows the calculated ground-state energies
for the A2;am and Acaa phases of Ca3Ti,O relative to the
I14/mmm phase up to 50 GPa. DFT finds the polar A2;am
phase to be the ground state at 0 GPa, consistent with ex-
perimental observations. It can be seen that with increasing
pressure, both the polar A2;am and nonpolar Acaa phases
become increasingly stable with respect to the undistorted
14/mmm. However, the Acaa phase is stabilized with pres-
sure at a much greater rate than the A2,am phase, and at
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FIG. 8. (a) Calculated ground-state energies for Cas;Ti,O; in

A2,am and Acaa (relative to 14/mmm). (b), (c) Calculated mode

amplitudes (A, values as defined in ISODISTORT) for the A2;am and

Acaa structures of Cas;TiO;. (d) Shows the calculated degree of
rumpling for each phase as a function of pressure.

approximately 30 GPa it becomes more stable than the polar
structure. This is in good agreement with our experimen-
tal results wherein we observe the phase transition in the
30.65-38.48 GPa range. The trend in the ground-state en-
ergies we find for the A2jam (Cmc2, standard setting) and
Acaa (Ccce) phases here are also qualitatively similar to
those reported recently from a DFT study on Sr3Hf,07 [38],
further strengthening our assignments. On the other hand, a
recent synchrotron infrared spectroscopy experiment on HIF
Sr3Sn, 07 [39] has been interpreted based on more com-
plex sequence of pressure-induced phase transitions at 2,
15, and 18 GPa than we observe in Ca3TioO;. The first of
these is the FE transition, which is assigned as first order
as it resulted from a transition between two phases with-
out a group-subgroup relationship: A2;am and Pnab. The
Pnab structure has also been investigated computationally as
an important switching pathway in related HIFs [40]. The
Pnab structure still exhibits a trilinear coupling term, but
instead of an in-phase X2+ rotation there is an out-of-phase
X, rotation of the oxide octahedra which now couples to
antiferrodistortive M5+ mode in which the displacements of
Sr?* cations cancel one another within a perovskite block.
To test this possible alternative sequence of phase transition
we also relax Ca3Ti,O; within this Pnab symmetry. However,
over the pressure range 0 to 40 GPa, we find that our structures
always relax back to a structure that has Acaa symmetry
(see Supplemental Material [26]). Thus, we discount this sce-
nario for the specific composition we have studied here, and

note both the experimental and computational care that needs
to be taken in distinguishing between phases of these two
symmetries.

To understand the pressure-induced phase transitions in
CasTi,O7 in greater detail, we decompose its DFT-relaxed
A21am and Acaa structures in terms of symmetry-adapted
displacements using ISODISTORT [41] [Figs. 8(b) and 8(c)].
For the Acaa phases we observe a slow increase in the am-
plitude of the X;” modes up to 50 GPa, corresponding to the
magnitude of the out-of-phase octahedral rotations increasing
with pressure. The behaviors of the modes in the A2;am
structure were calculated up to 70 GPa and are somewhat
different; the X2+ in-phase rotation increases in amplitude with
increasing pressure up to 40 GPa, while the X5~ out-of-phase
tilt mode remains constant up to 30 GPa before beginning to
decrease in magnitude at 40 GPa. Surprisingly, contrary to
what is normally found in proper FEs, the I'y polar mode
that couples to both of these via a trilinear term in the free-
energy expansion actually increases gradually in this regime.
Above 40 GPa, the X; begins to decrease in amplitude more
rapidly, disappearing at 70 GPa, whereas the X2+ mode starts
to increase more rapidly at this point. We show in Fig. S5 [26]
that an uncoupled X distortion (with the space group Acam)
increases in amplitude with applied pressure. The polar I'y
mode starts to decreases in magnitude and then disappears
finally at 70 GPa, as is to be expected since the trilinear term
must necessarily vanish as the tilt magnitude (X;7) goes to
zero. We emphasize here, although these results on the evolu-
tion of the octahedral tilting, rotation, and polar distortions are
derived from our DFT calculations only, the good agreement
between experiment and theory for lattice parameter trends
and phase transition pressures are strongly indicative of the
fact that our DFT calculations provide an adequate description
of Ca3Ti,O;7 within the pressure ranges we report.

Figure 8(d) shows the degree of rumpling [42] of the Ca-O
rocksalt-like layer in the 74/mmm, Acaa (containing only a
rotation distortion with irrep X, ), Acam (containing only a
tilt distortion with irrep X;"), and A2 am phases of Ca3Ti,O;.
The term rumpling refers to the loss of coplanarity between
the Ca and O atoms in these layers and its magnitude is
described by the T'f" distortion mode (that is already active
in the /4 /mmm parent phase). The rumpling is greatest in the
I4/mmm phase and increases with pressure. A similar trend
is borne out in the tilt-only Acam phase, while the rumpling
is reduced by the inclusion of octahedral rotations (as in the
A21am structure). These results are in line with a recent study
by Zhang et al. [43] showing that, in n = 2 RPs, phases
with only tilting distortions are observed for larger rumpling
amplitudes. Inclusion of an octahedral rotation (or indeed
considering the Acaa phase with only octahedral rotations)
leads to a dramatic suppression of the rumpling mode that is
exaggerated with increasing pressure. The microscopic origin
of this can be understood via the corkscrew mechanism that
we have proposed previously [44—46] to explain the coupling
between in-plane lattice parameter contraction, octahedral
rotation, rocksalt layer rumpling, and out-of-plane lattice pa-
rameter extension, which provides an explanation of the NTE
observed in the Acaa phase of these materials [19,47].

To investigate the unexpected trend with pressure that leads
to an increase in the polar I'y mode, we plot its amplitude
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FIG. 9. Product of the calculated rotation and tilt mode am-
plitudes plotted against the calculated polar mode amplitude for
Ca;3Ti,O;. The black and red dotted lines indicate the trends in
the data below and above 45 GPa, respectively, showing how the
calculated mode amplitudes deviate from the expected results due
to the trilinear coupling mechanism below 30 GPa.

against that of (|X2+| x |1X57|) (Fig. 9) in order to reveal to
what extent this behavior is driven by the trilinear term [14].
Individual mode amplitudes are also included in the Supple-
mental Material (Figs. S7 and S8) [26]. This trend indicates
that at low pressures the I'; amplitude is in excess of that
expected from the trilinear mechanism, suggesting that there
is a small, proper component in addition to that driven by
the trilinear coupling. Only at much higher pressures above
45 GPa is a polarization magnitude consistent with that ex-
pected from the trilinear coupling (red line in Fig. 9) observed.
This additional proper component to the polarization is con-
firmed via DFT calculations on an F2mm phase that shows a
I’ mode which has vanished by a pressure of 40 GPa (see
Fig. S6 [26]).

Comparing our results with the temperature-dependent
phase diagrams [19,27] from the literature we observe our
results do not follow the usual trend that the application of
high pressure serves to mimic the sequence of phase tran-
sitions observed on cooling. To the contrary, we find that
both for CazMn,0; and Ca;Ti O, elevating the temperature
and pressure induces the phase transition from polar A2;am
to the centrosymmetric Acaa. The fact that both the A2;am
and Acaa phases of Ca3Ti,O; are stabilized simultaneously
opposes also the normal paradigm observed for proper FE
perovskites, where the initial application of hydrostatic pres-
sure favors the more “ordered” and higher-symmetry ground
state and hence behaves analogously to lowering of tempera-
ture [48-53]. However, it is important to note that in proper
ferroelectrics, it has been predicted, and experimentally veri-
fied in PbTiO3 [49,54], that at pressure above 45 GPa there is
a reentrant-type phase transition from the initially pressure-
induced centrosymmetric phase to another polar structure.
The origin of these phenomena in proper ferroelectrics at
much higher pressures is likely distinct from the initial in-
crease in polarization we report here in improper ferroelectric
Ca3Ti207.

Until recently, relatively little work has been published
on the high-pressure behaviors of improper FE materi-
als [55-60], though with the advent of HIF materials in the last
decade, a greater interest has been developing. Recently, ab
initio high-pressure calculations by Ramkumar and Nowad-
nick [61] up to 20 GPa has been published on the Ca;Ti,O7,
Sr3Zr,07, and Zr3Sn,O7 phases. All three phases adopt a HIF
ground state with the same A2;am symmetry, but with varia-
tions in the details of their responses to increasing pressure. As
with our findings, in Ca3Ti,O7 a competition between the X;~
tilt and the X" rotation is observed that can be rationalized
as being due to the opposite signs of the coupling of these
modes with strain. Although the majority of their study is
restricted to the HIF phase only, they do find that the enthalpy
of the Acaa phase decreases at a faster rate with respect to the
A21am phase. However, as their calculations were limited to
20 GPa they stop short of the experimental and computational
observation of a first-order phase transition that we report
here which provides crucial insight as to how the evolution of
hybrid order parameters can actually result in a enhancement
of polarization at intermediate pressure regimes.

Recently, there has been a significant interest in using
uniaxial pressure and strain to tune the electronic properties
of Ruddlesden-Popper oxides, including superconductivity in
the hole-doped La,CuO4 [62] and SrpRuQ4 [63,64]. It is
clear here that understanding the interplay between strains
and structural degrees of freedom is crucial. Of particu-
lar relevance to this work is isostructural and isosymmetric
Ca3Ru, 07 which is believed to exhibit the Rashbar effect [65]
on account of its A2;am polar and metallic ground state.
It has very recently been shown that uniaxial pressure has
a pronounced interplay with its spin transitions [66], and it
will therefore be of utmost interest to investigate the interplay
between octahedral tilting, polar distortions, and the Rashbar
effect in this and other polar metallic Ruddlesden-Popper
oxides.

IV. CONCLUSION

The application of hydrostatic pressure to the n =2 RP
phases CazMn,0; and Ca3;TiO; has been shown to result in
a phase transition from the polar A2;am structure to the non-
polar Acaa structure via a first-order phase transition. These
transitions occur at approximately 1 GPa for CazMn,0; and
above 30 GPa for Ca;TiyO7. Ab initio calculations performed
for CasTi,O7 indicate that the effect of increasing pressure
is not to destabilize the polar structure with respect to the
undistorted paraelectric phase, as would be expected for a
proper FE material. Instead, the rate at which the Acaa phase
is stabilized exceeds the rate for the A2;am phase, leading
to a crossover in the ground-state energies at a pressure that
is consistent with the experimentally observed transitions.
Crucially, in the A2;am phase of Ca3Ti,O; we predict a
regime where pressure actually acts to increase the overall
magnitude of the polar mode. Our results highlight that the
response of improper FEs to pressure can be quite different to
the conventionally observed suppression of polarization ob-
served in proper FEs. Consequently, unexplored possibilities
exist for using hydrostatic pressure to control the polarization
states and the Rashba effect in improper FEs.
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Diffraction data and DFT-optimized structures are avail-
able as supporting information and may be accessed in [67].
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