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We explore from first-principles calculations the ferroelectric material PbsGesO11 as a model for
controlling the spin-orbit interaction (SOC) in crystalline solids. The SOC has a surprisingly strong
effect on the structural energy landscape by deepening the ferroelectric double well. We observe that
this effect comes from a specific Pb Wyckoff site that lies on the verge of a natural cavity channel
of the crystal. We also find that a unique cavity state is formed by the empty 6p states of another
Pb site at the edge of the cavity channel. This cavity state exhibits a sizeable spin splitting with
a mixed Rashba-Weyl character and a topologically protected crossing of the related bands. We
also show that the ferroelectric properties and the significant SOC effects are exceptionally robust
against n-doping up to several electrons per unit cell. We trace the provenance of these original
effects to the unique combination of the structural cavity channel and the chemistry of the Pb atoms

with 6p orbitals localizing inside the channel.

Relativistic atomic spin-orbit coupling (ASOC) was first
introduced in the early 1930s during the development
of quantum mechanics. It refers to the interaction be-
tween the electronic spin (S) and its angular momentum
(L). Even though ASOC is weak compared with Coulomb
or kinetic interactions (one to two orders of magnitude)
and even weaker in molecules or crystals owing to the
quenching of L with chemical bonding, it appears to
be the fundamental interaction to describe, for exam-
ple, the atomic magnetic moment directions (magnetic
anisotropy), magnetostriction or spin canting, and weak
ferromagnetism [1]. Hence, SOC has been a centerpiece
of molecular and condensed matter physics, and a re-
cent revival of interest is now at play with the discovery
of new SOC-related phenomena like spin torques [2, 3],
skyrmions [4-6], the presence of a topological Zs or-
der [7, 8], quantum spin-Hall effect [9-12], the existence
of spin states with long lifetimes [13-17], linear [18-22]
and cubic [23-25] Rashba (R) and Dresselhaus (D) spin
splitting, and so on. These new phenomena are signifi-
cant for future spintronic applications. The term spin-
orbitronics was also foreseen when the SOC is the driving
ingredient [26].

Thus, controlling spin-orbital features is paramount for
realizing numerous phenomena with high technological
impact. On the other hand, finding a single material
that encompasses several useful and significant SOC fea-
tures and guarantees, as a matter of principle, a reason-
able degree of handling over the ”internal” parameters
is difficult. Furthermore, concerning the Rashba physics,
which requires doping to be harnessed in polar insula-
tors, a known problem is the preservation of the mirror
symmetry breaking in doping conditions since screening
by free charges tends to destabilize the electric polar-
isation [27]. In this letter, we address both issues at
once. We use the ferroelectric axial [28, 29] compound
lead germanate oxide PbsGezO1; (PGO) [30, 31] as a
single platform for the manipulation of spin-orbit inter-

action. We show from density functional theory (DFT)
calculations (see supplementary information [32] and the
references [33—40] therein included) that SOC has an un-
expectedly significant impact on both the structural en-
ergy landscape of PGO and its electronic structure with
a mixed Rashba-Weyl crossing between the spin bands,
which is topologically protected by a Zo invariant. More
specifically, we show that this significant SOC effect orig-
inates from two unique features: i) a vacuum channel in
the crystal structure that localizes and unquenches the
empty 6p orbitals of some specific lead cations, and ii)
the breaking of the mirror site symmetry at other Pb
sites. In addition, we show that, unlike common ferro-
electric materials, the ferroelectric energy is enhanced by
negative carrier doping, which we explain in terms of the
short-range nature of the polar instability and localiza-
tion of the aforementioned 6p states. From these results,
we discuss the design rules for controlling spin-orbital
features in solid materials.

PGO is a bandgap insulator that undergoes a ferroelec-
tric structural phase transition at 450 K [30]. Hence, it is
a room-temperature uniaxial ferroelectric (FE) and chiral
material (P3 space group 143) with a measured sponta-
neous polarization of ~5 uC/cm~2 along the ¢ axis. The
combination of chirality and ferroelectricity makes PGO
gyroelectric and electrogyroelectric and the natural op-
tical activity can be tuned and switched by an applied
electric field following a hysteresis process [41, 42]. We
provide a schematic view of the high-symmetry P6 phase
(space group 174) in Figure 1. The unit cell of PGO con-
tains 57 atoms, and the PE (FE) phase is described by
15 (23) asymmetric Wyckoff positions (WP). The crystal
structure can be described as follows. The germanium
atoms either form - along with the surrounding oxygens
- GeOy tetrahedra (z = 0.5, 6] WP) or GepO7 dimers
(z = 0, 3k WP) The lead atoms bridged the Ge;O7 and
GeQy4 units. Pb atoms can be separated into two groups.
The first group of Pb atoms was located in 6/ and 3k WP



(b)

FIG. 1. Top (a) and side (b) view of PGO (PE phase). Oxy-
gen atoms are shown in red, Ge atoms and germanate units in
purple, while the lead ions are distinguished by their Wyckoff
positions. Empty channels are evidenced in yellow.

(black and grey atoms in Figure 1) form empty hexagonal
channels that propagate along the [001] crystallographic
direction (highlighted in yellow in Figure 1). The second
group consists of Pb atoms found between these chan-
nels, that is, the le, 1c, 2i, and 2h WP (dark blue, dark
green, cyan, and lime atoms in Figure 1). Owing to the
loss of mirror symmetry in the FE phase, the Pb-6l po-
sitions split into two pairs of 3d WPs (top and bottom
unit cell) in the P3 phase.

We start by performing the optimisation of the lattice
parameters, which are also in good agreement (see the
supplementary file [32]) with their measured values ([30,
43, 44]). Defining AE = E(P6) - E(P3) as the energy gain
between the paraelectric and the ferroelectric phase, we
obtain AE(no SOC) = 68 meV in the absence of SOC and
AE(with SOC) = 89 meV when the SOC is included in
the calculation, i.e. an increase of 31%. This means that
the ferroelectric double-well depth of PGO is strongly
sensitive to the spin-orbit interaction. Furthermore, the
SOC enhancement of AE is typically not as prominent
in lead-based ferroelectrics such as PbTiOz [45]. Thus,
these preliminary results call for a deeper investigation
of the electronic properties to understand the significant
effect of SOC on the ferroelectric well depth.

In Figure 2 (a), right panel, we report the spd projected

DOS around the last occupied valence state and the first
unoccupied conduction state of the FE P3 phase. The
top of the valence bands (VB) is dominated by O-2p
states followed by contributions from the Pb-6s states
and a small amount of Pb-6p states, suggesting sizable
covalent hybridization between the oxygen and lead. The
contributions from the d orbitals are almost absent be-
cause, as expected, both Ge and Pb d orbitals are far
deeper in energy (approximately -10 eV). The conduc-
tion bands (CB) are dominated by the Pb-6p spectral
weight and show a large Pb-6p/O-2p hybridization (plus
the Pb-6s/O-2p in a smaller amount). In the left panel
of Figure 2 (a), we report the electronic band structure
of the P3 phase in the presence and absence of SOC. In
the P3 (P6) phase without SOC we obtain a band gap of
2.48 (2.35) eV, which is reduced to 2.25 (2.11) eV if the
SOC is included. It is shown in supplementary section
that AE is negatively correlated with the gap size, ex-
perimentally found to be 3 eV [46, 47]. While SOC has
only a small effect on the valence band maximum, which
has mostly oxygen character, its impact on the CB is
sizeable.

To better analyze and quantify the effect of spin-orbit
interaction, we performed an irreducible representation
(IR) analysis of the VB maximum (VBM) and CB min-
imum (CBM) states at the I' point [32]. A scheme of
SOC-induced splitting for P3 phase is highlighted in Fig-
ure 2(b). When the SOC is switched off, the top-VB is
populated by states belonging to the invariant represen-
tation of either the Cgj or C3 point groups, whereas the
bottom-CB is constituted by p,, p, orbitals (E’ and E
single representations of Cgj, and Cs respectively), with a
state belonging to the invariant representation IR (T'1) lo-
cated higher in energy. With reference to the conduction
bands in the P3 phase we define v = |E(T'y) — E(D1 )|,
with the split-off energy between the invariant and the
Pz, Py orbitals in the absence of SOC as its upper bound.
Clearly, the ferroelectric phase transition does not affect
the in-plane p-levels, and adding the spin-orbit results in
additional splitting, which in the FE case can be defined
as 0 = |[E(I's ® Tg) — E(T4)|. From our calculations, we
obtain § = 180 meV, whereas ~y is reduced from 270 meV
(no SOC) to 106 meV (with SOC). Such a large SOC ef-
fect on the electronic band structure is approximately of
the same order of magnitude as that of bulk Au [48], but
it is unexpected for ferroelectric insulators with Pb2*
cations such as PbTiO3 [45]. Contrarily to the case of
halide perovskites like CsPbBrs [49], the singlet-triplet
SOC-induced inversion does not occur.

In addition, the orbital angular momentum L over the
I-CBM states is unquenched [32], which means that the
SOC is a first-order correction ~ (L) - S of the electronic
energies as opposed to the case of the previously reported
BiTel [50]. We employed the k - p approximation near
the ' point to further understand the conduction band
states. The high-symmetry phase has been explored in
a previous study [51] therefore, we focus only on the fer-
roelectric phase. The details of our DFT-based results
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FIG. 2. (a) Band structure (left) and orbital-projected density of states (right) of the ferroelectric P3 phase. The SOC splitting
is clearly evident in the conduction bands bottom. (b) A schematics of the spin-orbit induced splitting (single to double
irreducible representation) of the CBM / VBM levels for the FE phase. The IR labels of the Cs; and Cs point groups are the
same as in the Bilbao Crystallographic Server, while D is the SO(3) x {1, —1} spin representation reduced to 3-fold rotations

and the z-mirror inversion.

(both PE and FE cases) are reported in the supplement
file [32] along with a discussion about the symmetry-
induced protection of the spin state (see also the ref-
erences [52-54] and [16, 55]). The spin-orbit part of the
P3 phase (['5s @ T's) can be described by:

Hl?’gc(k) = AR(kyUm - kay) + Z )\Wikigi,

i=x,y,z

(1)

where Ag (-0.10 eV-A) is the Rashba interaction strength
and where A\, = Aw, = Ay (0.11 eV-A) and Aw, (0.01
eV'A) represents a Weyl-type band spin splitting, where
o labels the spin. We define a = /A% + A2 (0.15 eV-A)
to easily quantify the SOC strength. The values of the
SOC parameters is comparable with those of BioWOg,
BiAlO3, GeTe or BiTel (Ref. [27]), and it is one order
of magnitude larger than the values reported in a recent
work on LaAlO3/LaFeO3/SrTiO3 [56]. Furthermore, ex-
ploiting the SOC in this material can be achieved with-
out the need to engineer the unit cell, as it may occur
with certain tungsten oxide compounds such as WOsg,
which requires confinement in the direction perpendic-
ular to the polarization [27]. The symmetries of the
P3 space group allow for an electric field switchable [17]
momentum-dependent [32, 57] spin texture and because
polar domains of PGO are optically active, this suggests
the possibility of controlling the handedness of the spin
texture with chiral light. It is likely that an electric
bias could also be used to tune Ag, whereas at the same
time a magnetic Zeeman interaction may be employed to
displace but not remove the crossing between the spin
bands. In particular, we realize [32] that this crossing is
protected [58, 59] by a Zs topological number because of
the presence of a Weyl point at I'; which means that the
degeneracy of the spin cannot be removed by a magnetic

field.

We are left with the need for a microscopic explanation
of the large SOC effects. We have seen that SOC mainly
affects the conduction bands owing to its predominant
Pb-6p character. To gain further insight, we show in
Figure 3 the band projected charge density correspond-
ing to the top-VB and bottom-CB isolated bands in the
P3 phase. We find that the top valence electrons are
mainly localized at the Pb-1c site and the oxygen 61 sites
(sp hybridization), the latter bonding with the GeoO7
units and Pb-1c and Pb-2h atoms. This localization near
the Ge;Or dimers is due to the Pb-6s states associated
with the steep DOS peak at the Fermi level, which cor-
responds to 1¢ WP. On the other hand, the bottom CB
charge (where SOC splitting is the most apparent with
Pb-6p character) is found to be mostly localized in the
vacuum channel and it comes from the Pb-6/ WP that
are around the cavity. It is striking to see in Figure 3
that this CB of the Pb-6! sites forms a unique and com-
plex cavity state that is quite different from the atomic
6p orbital shapes. It is also interesting to notice that this
cavity state exhibits large SOC features due to its cav-
ity localization and unquenched L. We further highlight
the presence of this phenomenon - independent from any
mirror operation - in the P6 phase as well [32].

To scrutinize the origin of the large SOC observed in
PGO, we performed computer experiments by switching
the SOC on and off on selected orbitals and at selected
atomic sites. For each case, we recalculated the ferro-
electric double-well depth AE and several SOC-related
parameters of interest (including the aforementioned §,
~v and «) and band gap. The results are reported in
tabs. IIT and IV of the supplementary materials [32].
This also indicates that the relatively small hybridiza-



FIG. 3. Ferroelectric partial charge density associated with the VBM (iso = 0.001) and CBM (iso = 0.0005) energy windows
states (PDOS peaks in Figure 2). Lead and oxygen atoms are shown in black and red respectively. GeOy tetrahedra are shown

in purple, and empty channels are evidenced in gold.

tion of the Pb-6p states with Pb-6s/0-2p is responsible
for the SOC renormalization of the energy landscape, as
the empty states (CB) do not contribute to the energy. It
also explains the aforementioned negative correlation of
AE with the gap size. Now, for the six different Pb WP
of the P6 phase, we observe that deactivating the SOC at
the 3k sites significantly affects the PE-FE energy barrier
(~ 17 % decrease) compared to the 61, lc, le, 2i and 2h
WPs (<~ 7% variation). A reason for this - along with
the aforementioned Pb-O interaction - can be attributed
to the fact that the site symmetry group associated with
the 3k WPs is m, which is broken by the phase transi-
tion, while the site symmetries induced by the other Pb
positions are preserved. On the other hand, the spin-
splitting and split-off CB parameters do not necessarily
follow this trend because deactivating the SOC at 1c, le,
2i sites can produce a 2 or 3 times increase in the « pa-
rameter (for example, AE = 87 meV and o = 2.9 eV-A
in the 2i-off case). Overall, the substitution (alloying) at
the selected WP could either affect the ferroelectric do-
main barrier and/or the CB parameters (spin and band
splitting) in a broad fashion, provided that further low-
ering of the symmetry (if present) and chemical changes
have a small impact on the electronic states.

Finally, we discuss the robustness of the phase transition
under doping. Exploiting the Rashba phenomenology re-
quires, on the one hand, the breaking of the inversion
symmetry and, on the other hand, the presence of free
carriers, which tend to screen long-range forces responsi-
ble for polar instability [27, 60] and thus reduce the mag-
nitude of the spin-splitting parameters. We have thus in-
troduced some charge in the unit cell and performed the
relaxation of the atomic positions, without relaxing the
cell parameters at the same time (as the internal pressure
is not well defined for charged systems in periodic bound-
ary conditions [61]). Then we have calculated AE as a
function of p and n carrier doping concentrations (see
Figure 4). Contrary to regular ferroelectrics [60], AE is
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FIG. 4. AE = E(FE) - E(PE) as a function of extra n and
p charge. While an increasing negative carrier concentration
lowers the P3 phase energy even further with respect to the
paraelectric case, the P6 phase can be stabilised instead with
a hole concentration above ~ 0.655 f.u..

surprisingly enhanced by n-doping of the CBM states.
The calculation [62-64] of the phonons reveals [32] that
the polar instability has a short-range origin. Hence, the
screening of the Coulomb interaction by charges does not
affect the instability, as in BaTiOs [62]. However, de-
populating the VBM (p doping) can stabilize the para-
electric phase above a concentration of ~ 0.66 holes f.u.,
which highlights the importance of the VBM Pb-6s or-
bitals for the stabilization of the P3 phase. Finally, we
find that the ferroelectric phase is further stabilised in
the n-doping (plus one electron) scenario when the spin
polarisation is included [32]. The extra electron localises
inside the Pb-6p cavity states (fig. 9 of [32]) and pos-
sesses a magnetic moment which could be analysed in
photoexcitation experiments. Moreover, the localisation
of these states could provide the necessary coherence for
qubit manipulation, also to be probed in future experi-
mental works.

In conclusion, we have shown that the ferroelectric mate-



rial PbsGe3011 can be used as a single platform for con-
trolling diverse spin-orbital properties. We find a large
SOC-induced renormalization of ferroelectric double well,
which originates from the O-2p/Pb-6p overlap along with
the breaking of the mirror site symmetry at the Pb-3k
positions. Symmetry analysis shows that the FE struc-
ture leads to mixed Rashba-Weyl spin-splitting with Zo
topological protection. We argue that the asymmetric lo-
calization of the 6p states inside the cavity channel, along
with the large Z-number of Pb and first-order nature of
the SOC energy correction, can produce large spin-orbital
effects. The deactivation of the SOC at selected WPs also
reveals a wide degree of control over the domain barrier
and conduction band parameters. This makes PGO an
interesting platform for tuning and designing different
SOC effects in a way that complements the approach
based on U-localisation and L-unquenching of half-filled
valence bands depicted in ref. [65]. The localization of
the bottom CB levels stems from the presence of natural
empty channels and, along with the short-range charac-
ter of the driving forces of the phase transition, supports
ferroelectricity under n-doping conditions. Hence, the
resulting design rule to obtain large SOC effects in crys-
tals containing Pb%t or Bi®**t cations would be to have
them placed at the edge of a cavity to form unquenched
6p cavity states. This condition could potentially be ex-
plored in other materials with a similar crystal struc-
ture where natural empty channels are present, e.g. in
Pb5(Si04)(VOy4)2 [66]. Exploiting the properties of the
cavity-confined Pb 6p conduction orbitals would require
photo-excitation techniques and/or doping, although al-
loying as well may be used as an exploratory method.

Being relatively confined, these wavefunctions may host
novel and unexplored optoelectronic and quantum prop-
erties. If we assume a possible dependence on geometrical
features, it would be interesting to further explore how
the aforementioned states are affected by the size and the
shape of the cavity enclosing them.
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