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Pressure-induced enhancement of polar distortions in a metal
and implications for the Rashba spin splitting
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Polar metals are an intriguing class of materials that feature a polar crystal structure while also exhibiting
metallic conductivity. The unique properties of polar metals challenge expectations, making way for the
exploration of exotic phenomena such as unconventional magnetism, hyperferroelectric multiferroicity, and the
development of multifunctional devices that can leverage both the material’s polar structure and its asymmetry
in the spin conductivity, that arises due to the Rashba effect. Here, via a high-pressure single-crystal diffraction
study, we report the pressure-induced enhancement of polar distortions in such a metal, CazRu,0;. Our density
functional theory calculations highlight that naive assumptions about the linear dependency between polar
distortion amplitudes and the magnitude of the Rashba spin splitting may not be generally valid.
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I. INTRODUCTION

Polar metals are an intriguing class of materials that feature
a polar crystal structure while also exhibiting metallic conduc-
tivity. The concept of a ferroelectriclike transition in a metal
was first predicted in 1965 [1] but not experimentally realized
until such a transition was identified in metallic LiOsO3 [2].
Several polar metals have been identified since then [3-5],
with ferroelectric switching first being demonstrated in WTe,
[6,7], defying assumptions that ferroelectricity and metallicity
are mutually exclusive. The unique properties of polar met-
als do not only challenge expectations, making way for the
exploration of exotic phenomena such as unconventional mag-
netism [8], hyperferroelectric multiferroicity [9], and unique
topologies [10], but also open up the possibility for developing
multifunctional devices [4,11-13].

The absence of an inversion center in combination with the
spin-orbit interaction can facilitate the Rashba interaction. As
polar metals can satisfy both requirements, they provide an
obvious platform to explore this effect. Although the Rashba
interaction has most commonly been studied at surfaces and
interfaces [14,15], where inversion symmetry is necessarily
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broken, the effect has also been demonstrated in bulk systems
[16—18]. This has implications to the field of spintronics [19],
where electron spins, rather than just the charge, may be
manipulated by an electric field.

In many polar metals, the polar mode arises through a “ge-
ometric mechanism” as conventional chemical mechanisms
for ferroelectricity are broadly incompatible with metallicity
[3,4,20,21]. Typically, free electrons would screen the long-
range interactions responsible for ferroelectricity, inhibiting
the formation of a permanent electric dipole. However, ma-
terials in which a polar mode arises due to a structural
instability may circumvent this. One mechanism is via a
“hybrid improper” mechanism [22], prototypical to n = 2
Ruddlesden-Popper (RP) phase CazMn,07, where polariza-
tion arises due to the trilinear coupling between two nonpolar
structural distortions, the tilting and rotation of the MnOg
octahedra in the case of CazMn,0O7, with a polar distortion
mode, as shown in Fig. 1.

CazRu,07 is a member of the n = 2 RP family, crystal-
lizing in the polar Bb2;m space group (nonstandard setting
of Cmc2;), however, it has a metallic ground state [23,24].
Although ferroelectric switching cannot be achieved by appli-
cation of an external electric field, a recent study has revealed
a polar domain structure consisting of 90° and 180° domain
walls with ferroelastic domains that can be switched by ap-
plied uniaxial strain [24]. CazRu,O7 also undergoes a spin
reorientation transition where, upon cooling from 60 to 48 K,
the spins reorient from aligning along the crystallographic a
axis, aligning ferromagnetically within each perovskite layer
and antiferromagnetically between them, to be parallel to b
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FIG. 1. Ann = 2 Ruddlesden-Popper structure consisting of two
perovskite layers separated by a rocksaltlike layer with representa-
tion of the distortion of the theoretical high-symmetry /4/mmm to the
orthorhombic Bb2,m phase through octahedral rotations (X;r ) and
tilts (X3'). Arrows indicate the polar distortions, primarily consisting
of Ca displacements.

[23,25,26]. The coupling between the spin ordering direction
and the polar crystallographic axis via a strong spin-orbit
interaction induces the Rashba-like spin splitting in momen-
tum space [27]. Very recently, it has been shown that this
transition can be induced by application of uniaxial strain
which emphasizes how the structural, magnetic, and elec-
tronic degrees of freedom are intricately coupled [28].

Similarly, pressure can be used to directly probe the in-
terplay between the structural, octahedral rotations, and tilts
[29], and polar distortions with a view to understanding how
the Rashba spin splitting might be tuned in polar metals.
Although it is generally understood that the initial applica-
tion of hydrostatic pressure suppresses the polar distortion in
conventional proper ferroelectrics, such as BaTiO3 [30,31], as
they tend to undergo a phase transition to a nonpolar state,
this does not necessarily hold true for all ferroelectrics. For
example, in the case of the hybrid improper mechanism, we
have recently shown, by powder x-ray diffraction in combi-
nation with density functional theory calculations (DFT), that
the polar distortion can be enhanced in the insulator Ca;Ti, O
by pressure [32].

The prospect of coupling spin transport properties to ex-
ternal stimuli such as pressure via internal structural degrees
of freedom, such as octahedral rotations, and their coupling
to polar modes, is intriguing. Naively, we might assume
that the amplitude of the Rashba effect has a linear depen-
dence on the polar mode, as shown for surfaces, interfaces,
and bulk systems [33-37], however, there are indications
in the literature that this situation may be somewhat more
complex [38].

Here, we report the results of our high-pressure single-
crystal diffraction studies on CazRu,0O; that show that the
structural ingredients, necessary for enhancing the amplitude
of the polar mode in a metal, are systematically enhanced
up to 15 GPa. Our first-principles calculations within density
functional theory (DFT) reveal that, contrary to expectations,
the enhancement of the polar mode manifests itself in a de-
crease in spin splitting in momentum space.

II. EXPERIMENTAL DETAILS

Single-crystal samples were selected from the same growth
batch as those which demonstrated incommensurate mag-
netism at 50 K [39]. All samples were confirmed as single
phase and good quality via magnetization, resistivity, and
scanning electron microscopy/energy-dispersive x-ray spec-
troscopy (SEM/EDX) measurements.

A single crystal of dimensions 50 x 30 x 15 um was
loaded into a Le Toullec diamond anvil cell (DAC) equipped
with Boehler-Almax anvils with 400-um culets and a rhenium
gasket which was preindented to 50 um with a 250-um-
diameter sample chamber eroded into the indent. Helium was
used as a pressure transmitting medium to ensure the sample
was compressed under hydrostatic pressure. A ruby sphere
was used as a pressure indicator [40]. Single-crystal x-ray
diffraction measurements were performed using a four-axis
Newport diffractometer equipped with a Dectris Eiger CdTe
detector, operating at a wavelength of A = 0.4859 A (corre-
sponding to a beam energy of approximately 25.5 keV), in
Experimental Hutch 2 (EH2) at Beamline 119 of the Diamond
Light Source.

Indexing, integration, and refinalization were performed
using CRYSALISPRO with a spherical absorption correction.
The structure was initially solved for the ambient pressure
collection using SHELXT [41] and subsequent pressures by
isomorphous replacement, and then refined to convergence
using SHELXL [42] implemented through OLEX2 [43]. The
presence of inversion twinning was accounted for via the
([-100], [0—10], [001]) twin law for which the batch scale
factor (BASF) was fixed to 0.50.

III. HIGH-PRESSURE X-RAY DIFFRACTION RESULTS

High-pressure single-crystal x-ray diffraction data were
collected between 0 and 14.5(2) GPa. Figure 2 shows how the
experimentally refined lattice parameters and volume evolve
with pressure compared to those calculated from DFT. Full
computational details can be found in the Supplemental Ma-
terial (SM) [44]. In both cases, the lattice parameters and
volume decrease smoothly with pressure. Experimentally, we
find that the compressibility of the ¢ axis is smaller than that
of the a and b axes. Additionally, the compressibility of ¢
is slightly greater and a is smaller compared to that calcu-
lated by DFT. There is a more significant difference in the
compressibility of b, which, as we show later, is linked to a
small proper contribution to the polar mode instability in our
DFT calculations. However, all of these discrepancies could
arise as the DFT calculations were performed at 0 K while
experimental measurements were carried out at room tem-
perature. Compressibility parameters and Birch-Murnaghan
coefficients were calculated using PASCAL [45] and are tab-
ulated in the Supplemental Material (Tables S2 and S3 [44]).

To explore the evolution of the atomic level structure,
the experimental and DFT-relaxed structures were then de-
composed in terms of symmetry-adapted displacements using
ISODISTORT [46,47]. The Bb2m phase is related to the the-
oretical I4/mmm aristotype by an in-phase rotation and
an out-of-phase tilt of the TiOg octahedra which trans-
form as irreducible representations X3 and X;, respectively.
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FIG. 2. (a) a, b and (b) c lattice parameters, and (c) unit cell
volume extracted from variable-pressure single-crystal diffraction
data and DFT calculations.

These couple to the polar displacement, which transforms as
irreducible representation I';, via the trilinear coupling mech-
anism. The resulting pressure-dependent symmetry distortion
mode amplitudes are shown in Fig. 3.

The experimentally determined mode amplitudes show an
overall steady increase in the amplitude of the rotation, X;r ,
while the amplitude of the tilt, X3, remains relatively constant
as the pressure increases. This aligns with the trends observed
in compressibility, where a greater change in the a and b
axes is associated with a larger change in the amplitude of
rotation within the ab plane. Similarly, the smaller change
in the ¢ axis can be associated more to the stability of the
tilt across the pressure range. Generally, extracting symmetry
mode amplitudes from single-crystal data at high pressures
is challenging due to restrictions concerning the experimental
setup, such as the narrow opening angle of the DACs, meaning
subtle structural changes become harder to resolve reliably as
the pressure increases. However, despite some fluctuations in
the experimentally determined mode amplitudes, these results
show a good level of agreement with the DFT calculated mode
amplitudes.
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FIG. 3. Distortion mode amplitudes as a function of pressure for
experimental (circles) and DFT calculated (diamonds) results. For
the experimental results, a weighted linear regression was performed
based on the R, statistics of the refined structures, with darker colors
indicating a lower R; value. Refinement statistics are tabulated in
the Supplemental Material (Table S1). The inset shows a plot of the
product of the amplitude of the rotation (X7) and tilt (X;) modes,
from these fits, against the polar mode (I"y’) amplitude.

In accordance with the trilinear coupling mechanism, the
amplitude of the polar distortion, I'y’, should be linearly pro-
portional to the product of the amplitudes of the driving order
parameters, X2+ and X [22]. Since the individual values asso-
ciated with the driving order parameters have some scatter, in
the inset of Fig. 3, we instead show the relationship between
the weighted linear regression fits to these order parameters.
This illustrates that a zero intercept would be predicted on
extrapolation. This confirms that, for the experimental data,
the polar distortion is driven solely by the hybrid improper
mechanism. However, for the DFT calculated results, the I'y
amplitude is in excess of that expected by the trilinear mecha-
nism. This suggests that there is a small proper contribution to
the polar distortion, which, as shown in Fig. S3 [44], vanishes
as the pressure increases above 10 GPa. This could be for
a variety of reasons such as the difference in volume of the
DFT unit cell, dependence on the pseudopotentials or ex-
change correlation functional, or it could be a real discrepancy
between 0 K DFT and our room-temperature diffraction ex-
periments. This also helps to clarify the discrepancy between
the experimental and DFT calculated compressibility along
b, as this is the polar axis. However, in general, the level
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FIG. 4. Electronic band structure calculated at ambient pressure (a) without and (b) with SOC. E is the Fermi energy. (c) Schematic
diagram illustrating the definition of Rashba parameter, where kg is the distance between the crossing point of the Rashba spin-split bands and
VBM, and Ey is the corresponding energy difference. Red and blue arrows indicate the up- and down-spin character of the bands, respectively.
(d) Evolution of the Rashba parameter og in CazRu, 07 as a function of pressure.

of agreement, especially considering both the complexity of
the electronic structure of these materials and the challenges
of performing high-resolution x-ray diffraction at these pres-
sures, is very good. The key point from both the experimental
and DFT work is that that octahedral rotations are enhanced
at a greater rate than the octahedral tilts are suppressed, re-
sulting in an increase in the polar distortion via the trilinear
mechanism. While this pressure-induced enhancement would
be unexpected for a proper ferroelectric, we have recently
predicted, via DFT calculations, a similar effect in insulating
hybrid improper ferroelectric Ca3Ti,O7 [32], and thus our
experimental and DFT results are suggestive that this phenom-
ena may be much more widespread.

IV. IMPLICATIONS TO RASHBA SPIN-SPLITTING

Motivated by our ability to enhance the polar distortion
in this material as a function of pressure, we now turn our
attention to the effect such enhancements might have on the
band structure of these materials.

Figures 4(a) and 4(b) present the band structures calcu-
lated for the ambient-pressure Bb2;m structure of CazRu,0;
along the —M,—I'-M, direction with and without spin-orbit
coupling (SOC). We observe a sizable Rashba splitting of the
bands around the I' point near the valence band maximum
(VBM) when SOC is turned on. Partial density of states cal-
culations in Fig. S7 [44] reveal that the band splitting region
is mostly contributed by Ru-d;», and O-p states.

To quantify the magnitude of the momentum-dependent
Rashba splitting, we compute the Rashba parameter defined as

ag = 2ER kg, where kg is the distance between the crossing
point of the Rashba-split bands and VBM, and Ey is the
corresponding energy splitting [33,34], as shown in Fig. 4(c).
Surprisingly, the Rashba parameter calculated for the fully
relaxed structures at different pressures reveals a monotonic
decrease in ag with increasing pressure [Fig. 4(d)]. Since the
polar mode amplitude in CazRu,07 increases with pressure
(Fig. 3), this observation contradicts the conventional expec-
tation that the Rashba parameter should scale with the polar
mode amplitude [33-37]. In fact, the increase in the amplitude
of the polar mode appears to be the primary cause of the
reduction in the Rashba parameter.

To understand the decrease in the Rashba splitting
with pressure, depicted in Fig. S6 [44], we compute the
ambient-pressure band structure by setting the displacive
components of the Ca, Ru, and O sites that transform as I'5
to zero, as shown in Fig. 5. Note that even in the absence
of the polar mode, the two tilt modes collectively polarize
the electron clouds, leading to inversion symmetry breaking
and thus preserving the Bb2;m structure. We find that the
absence of the polar mode leads to a substantial enhancement
of the Rashba parameter to ~172 meV A, which is approxi-
mately 1.8 times greater than its value in the relaxed Bb2,m
structure containing the polar mode as well as the two tilt
modes (at zero pressure). Here, all other structural degrees
of freedom, including unit cell parameters and hence volume
are maintained at the values of the relaxed structure in which
the polar distortions were present. Since all other structural
modes, aside from the polar distortions, are equivalent for
the band structures shown in Figs. 4(b) and 5, this appears
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FIG. 5. (a) Band structure at ambient pressure calculated by setting the polar mode amplitude to zero (tilts only). (b)—(d) Corresponding
spin-resolved band structures confirming the pure Rashba character of the bands at the VBM. SOC is included in these calculations.

to be indicative that the increasing polar mode amplitude as
a function of pressure is predominantly responsible for the
reduction in the Rashba spin splitting observed in Fig. 4(d).
Additionally, the spin-projected band structures in Figs. 5(b)—
5(d) reveal the splitting between spin-up and spin-down bands
for the x- and y-spin components, confirming the pure Rashba
character of the bands at the VBM [438].

Unpicking the multiple complexities of the pressure-
dependent structure, and band structure, represents substantial
further work. For example, we find that isovalent substitution
of Ca for Hg in the isostructural Bb2m phase results in a
negligible change in the Rashba splitting with and without
the polar mode. On the other hand, substitution of Ca for
Cd leads to a drastic change in the band structure, reducing
the magnitude of the Rashba spin splitting in the absence of
the polar mode, despite a very small contribution from the
A-site cations near the Fermi level in all cases. Our results are,
therefore, strongly suggestive that the magnitude of the struc-
tural polar distortion is an insufficient proxy for the k-space
spin-polarization dependence in this class of polar metals.

In conclusion, we have performed a detailed high-pressure
investigation into the pressure dependence of the hybrid im-
proper ordering parameters in polar metal, CazRu,O;. Our
results show that, contrary to the situation predominantly ob-
served for proper ferroelectrics, hydrostatic pressure actually

acts to enhance the polar distortions in this materials. This
comes about due to the increase in the magnitude of RuOg
octahedral rotations, which form one of the primary order
parameters of the hybrid improper mechanism. Curiously,
despite the enhanced magnitude of the polar mode at high
pressures, our theoretical calculations show that, counterin-
tuitively, this would lead to a decrease in the Rashba spin
splitting. Thus, our results highlight the Rashba effect in
polar metals as a distinctive phenomenon worthy of further
investigation.
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