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Over the past decade, materials that combine broken inversion symmetry with metallic conductivity have
gone from a thought experiment to one of the fastest growing research topics. In 2013, the observation of the
first uncontested polar transition in a metal, LiOsOs, inspired a surge of theoretical and experimental work on the
subject, uncovering a host of materials which combine properties previously thought to be contraindicated [Shi
et al., Nat. Mater. 12, 1024 (2013)]. As is often the case in a nascent field, the sudden rise in interest has been
accompanied by diverse (and sometimes conflicting) terminology. Although “ferroelectriclike” metals are well
defined in theory, i.e., materials that undergo a symmetry-lowering transition to a polar phase while exhibiting
metallic electron transport, real materials find a myriad of ways to push the boundaries of this definition. Here,
we review and explore the burgeoning polar metal frontier from the perspectives of theory, simulation, and
experiment while introducing a unified taxonomy. The framework allows one to describe, identify, and classify
polar metals; we also use it to discuss some of the fundamental tensions between theory and models of reality
inherent in the terms “ferroelectric” and “metals.” In addition, we highlight shortcomings of electrostatic doping
simulations in modeling different subclasses of polar metals, noting how the assumptions of this approach
depart from experiment. We include a survey of known materials that combine polar symmetry with metallic
conductivity, classified according to the mechanisms used to harmonize those two orders and their resulting
properties. We conclude by describing opportunities for the discovery of novel polar metals by utilizing our

taxonomy.
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I. INTRODUCTION

The concept of crystalline metals without inversion sym-
metry, specifically those that lift parity symmetry to support
a polar crystal structure, has been frequently attributed to a
concise 1965 paper by Blount and Anderson [1]. What is
less well appreciated is that Blount and Anderson’s paper
focuses on how a nominally first-order ferroelastic transition,
observed at the time in the metallic silicide V3Si, could exhibit
second-order character, presumably attributed to a displacive
component akin to the paraelectric-to-ferroelectric transition
found in insulating compounds, which exhibit a well-defined
polarization below the critical temperature. At the time, nearly
all martensitic (ferroelastic) transformations in metals ex-
hibited strong first-order character [2]; yet, V3Si exhibited
second-order behavior. The continuous response was ratio-
nalized by inferring that the symmetry break should be like
that found in second-order displacive ferroelectrics, hence the
quotes around “ferroelectric” in the title of their paper. Blount
and Anderson did not suppose that “ferroelectric” metals
would possess a switchable polarization. Gauss’s law dictates
that no electric field may exist within a homogeneous metal

“Present address: Department of Mathematics, Computer Sci-
ence and Physics, Roanoke College, Salem, Virginia 24153, USA;
hickoxyoung @roanoke.edu

Tdanilo.puggioni @northwestern.edu

#jrondinelli@northwestern.edu

2475-9953/2023/7(1)/010301(21)

010301-1

[3,4], so the atomic structure of an ideal polar metal should be
immune to perturbation via an external applied electric field.
Ironically, for years this same physical law seemed to
imply that polar metals should not exist at all. In prototyp-
ical ferroelectrics like BaTiO; it was shown that the polar
displacement was stabilized by long-range dipole-dipole in-
teractions [5,6]. In the presence of free charge carriers, such
interactions would be completely screened, favoring the cen-
trosymmetric structure. In the decades following Anderson
and Blount’s work, it appeared that Gauss’s law would prevail
over the synthesis of a polar metal. There were several candi-
dates in the 2000s which combined polar order and metallicity
via compositional ordering, but it was not until 2013 that
Shi et al. showed the metal LiOsO; exhibited a displacive
transition [7]. Their work demonstrated that a “ferroelectri-
clike” transition need not rely on long-range interactions, but
may derive from local structural effects (geometrically driven
Li displacements in the case of LiOsO3). The discovery of
LiOsO; quickly led to work on a theoretical framework for
predicting the existence of other metals with a displacive
phase transition. Puggioni and Rondinelli outlined several
mechanisms through which one might stabilize a polar metal
and formulated the weak-coupling hypothesis, which states
that the coexistence of polar displacements and metallic con-
ductivity is predicated upon the decoupling of the two orders
[8]. The years following the discovery of LiOsO3; have seen
significantly increased interest in polar metals (Fig. 1), further
accelerated by the discovery of nontrivial topological metals
and their ensuing phenomena and properties [9-11]. During
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FIG. 1. Citations per year of Anderson and Blount’s 1965 paper
on second-order martensitic phase transitions [1]. Data collected
from Google Scholar on December 19th, 2022.

the rapid increase in scholarship, diverse methods of com-
bining these previously contraindicated properties have been
proposed and executed, ranging from degenerately doped
ferroelectrics [12—15] to metals with hybrid improper polar
distortions [16,17] to two-dimensional thin films and inter-
faces [18-20]. Reviews of the classification of different design
strategies and detailed microscopic descriptions for some po-
lar metals can be found in Refs. [21-23].

Accompanying these materials are a variety of terms. Polar,
ferroelectric, “ferroelectric,” ferroelectriclike, and native fer-
roelectric are all qualifiers used to describe metallic systems
with broken inversion symmetry and unique directions in the
crystal. Unique directions are distinct from polar directions
in crystals, which are defined such that the two ends are
not related via a symmetry operation of the point group.
Hence, all unique directions are polar, but not vice versa
[24]. Furthermore, many so-called “ferroelectric metals” ei-
ther push the boundaries of what may be called “metallic” or
do not exhibit a switchable polarization. Given the advances
in dielectric, modern polarization, and soft-mode theories
[25-29], we find that the ferroelectriclike designation and its
derivatives [18,30-33] are cumbersome and nonessential de-
scriptions, obfuscating the physics displayed by very different
(and yet, equally interesting) classes of materials. In addition,
we note that both experimental and computational approaches
to studying these materials have at times been abused. Com-
putationally, the background-charge approach to electrostatic
doping simulations fails to model reality in multiple un-
derappreciated ways [34,35]. Meanwhile, in experiment, the
application of ferroelectric characterization techniques to ma-
terials that are not formally ferroelectrics both erode the key
differences separating metals from dielectrics and can lead to
misinterpretations of measured dielectric polarizations, e.g.,
electric polarization hysteresis [30,36].

In this work, we propose using meaningful atomic and
electronic structure descriptions to distinguish materials based
on conductivity and symmetry considerations. We begin by
discussing the tensions between theory and experiment, as
exemplified by both the various methods for combining polar
order and metallicity and the shortcomings of our current
terminology. These issues are further amplified in computa-
tional studies using electronic structure methods, e.g., with the
popular background-charge approach to electrostatic doping

simulations, which can lead to model results inconsistent with
experiment. We then present a survey of polar metals clas-
sified using our taxonomy that combines conductivity with
broken inversion using terminology based on clearly defined
class descriptors.

II. TENSIONS IN TERMINOLOGY:
“FERROELECTRIC” “METALS”

Between the realms of theory and experiment, communi-
cation is critical in order to foster a productive relationship.
Since communication is built on having a common vocabu-
lary, this makes the terminology we use of utmost importance
in seeking to advance the current understanding of our field
and not just a pedantic dilemma. In the field of polar metals,
however, some classifiers that seem obvious in theory are less
well defined in experiment and the result has been confusing
and at times unintentionally misleading. We present a few
examples of the two most common sources of dissonance
between theoretical and experimental labels, namely, “metal-
lic” and “ferroelectric,” and suggest methods for relieving the
tension.

A. Ferroelectric “metals”

How to define metallicity? The question of how one defines
a “metal” carries significance for many disciplines, but the
distinction bears considerable weight when evaluating doped
ferroelectrics (FEs), especially as several reports describe
doping known FEs as a route to achieve polar or “ferroelec-
tric” metals. At what point does a doped ferroelectric become
a polar metal? Is there an important fundamental difference
between a polar structure with intrinsic charge carriers or
extrinsic charge carriers? To answer these questions, let us
consider fundamental definitions of metallicity.

According to Kohn’s theory, while the wave function of the
electrons in a metal in its ground state is delocalized, that of an
insulator is localized [37]. This distinction strictly defines the
difference between metals and insulators. Electron transport
considerations can, in principle, be used to quite clearly sep-
arate metals from insulators (dielectrics). According to Mott,
“...a metal conducts, and a nonmetal doesn’t” [38,39]. This
statement is strictly true at 7 = 0 K and is often used as the
discriminating factor between a metal and an insulator (or
semiconductor) such that

oo insulator,
po  metal,

lim p(T) = { (N
where p corresponds to the electric resistivity of the material
and pp is the residual resistivity due to electron collisions
with crystal impurities and imperfections at 7 = 0 K. Impor-
tantly, the value of p at room temperature does not matter;
thus, although the definition is mathematically well defined,
experimental conditions (7 # 0 K) can make the differen-
tiation challenging, especially when the carrier density of a
semiconductor is sufficiently high at room temperature. These
may be intrinsic charge carriers or the result of degenerate
doping, such that the material is conductive through extrinsic
doping [15,40-42]. These compounds are polar, and for rea-
sonably large temperature ranges there is a positive correlation
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between resistivity and temperature, even though (strictly
speaking) the correlation between resistivity and temperature
becomes negative at low temperature. This fact may be why
the boundary between doped polar semiconductors and polar
metals is frequently blurred by experiment, despite the clear
theoretical distinction [37,43,44].

Band theory. The distinction between a trivial insulator and
a metal can be understood using band theory. For an insulator,
such as an intrinsic semiconductor, the Fermi level resides in
the middle of an energy gap, such that thermal excitations
produce equal numbers of electrons and holes as described
by Fermi-Dirac statistics. Therefore, at 0 K, there are no
free charge carriers available and p — oo. With increasing
temperature, the electrons thermally populate the conduction
band and become available for conduction such that the re-
sistivity decreases (dp/dT < 0). In metals, the Fermi level
is located within a band, giving rise to free charge carriers.
As temperature increases, so does resistivity (dp/dT > 0). At
high temperatures (T > ®p, where ®p, is the Debye temper-
ature), p ~ T. At low temperatures T < ®p and p has four
contributions [45]

h 'min
o(T) = po +AT? + BT + CT/ exp <— ;”T )
B

The T2 contribution originates from electron-electron scat-
tering. The T° contribution was evaluated by Bloch and
Griiniessen [46,47] and is due to electron-phonon scattering.
The exponential term describes the contribution of electron-
phonon umklapp scattering, where wp;, is the minimum
phonon frequency below which umklapp processes are for-
bidden and f is an empirical parameter. To be considered
genuinely metallic, polar metals should exhibit a positive cor-
relation between resistivity and temperature for all 7 > 0 K.
This is exactly what happens for LiOsO3, which shows Fermi-
liquid-like behavior (p ~ T?) in its polar phase [7]. With this
in mind we can answer the following question: At what point
does a doped semiconductor become metallic? The threshold
to achieve metallic conductivity is determined by the carrier
concentration required to make dp/dT > 0.

The ratio dp/dT is useful for differentiating metals from
insulators. However, we note that metallic and insulating
phases are limiting situations. In transition metal oxides and
other strongly correlated systems, po(7) exhibits complex
behavior. For instance, the polar oxide Ca3Ru,0O; exhibits
metallic conductivity above 48 K, insulating behavior from 48
to 30 K, and shows again metallic transport below 30 K [48].
Even doped ferroelectrics exhibit complex transport proper-
ties. In La-doped BaTiO3, p(T) shows insulating behavior
from 350 to 260 K, metallic transport between 260 and 70 K,
and again insulating behavior with localization below 70 K
[41]. Therefore, the assessment of metal and nonmetal status
using dp/dT alone is not an easy task and should be per-
formed in conjunction with other descriptors.

Drude definition. Although the dc conductivity would ap-
pear to be the natural way to separate metals from insulators,
in practice assessing the frequency-dependent free-carrier
response of a material allows one to treat metals, doped semi-
conductors, and insulators on more equal footing [50]. For a
perfect crystalline material with noninteracting electrons, the
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FIG. 2. (Top) Schematic illustration of the difference in optical
conductivity responses across materials classes. (Bottom) Experi-
mental data from Ref. [49] illustrating the evolution of the optical
conductivity of BaTiO;_s; under oxygen vacancy doping at T ~
30 K.

optical conductivity o relates the electrical current density due
to a spatially uniform transverse electric field as

ne*t

@) = A i)

where m is the mass of the carrier (free-electron mass or band
renormalized mass) and # is the density of carriers (electrons
or holes). Figure 2(a) shows that for an ideal metal the dc
conductivity oo = ne*t/m appears as a local maximum of
o(w) at zero frequency (Drude peak) and then decays with
a Lorentzian form due to finite relaxation time 7. In contrast,
o(w) =0for0 < w < Egininsulators with an optical gap E,.
This Drude definition would categorize some doped FEs with
very modest room-temperature conductivity as fundamentally
closer to insulators, providing some clarity. In addition, the
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nature of the optical conductivity may vary with tempera-
ture [S1], allowing the metal-insulator classification to change
with temperature, thereby accounting for metal-insulator tran-
sitions. However, sufficient doping of a ferroelectric can still
lead to optical conductivities that remain nonzero as w — 0,
but do not reach a local maximum at w = 0 [Fig. 2(b)], which
presents a somewhat ambiguous case.

For first-principles comparisons of metals and insulators,
the nonadiabatic Born effective charge (naBEC) is another
useful low-frequency dynamical property [52]. Whereas Born
effective charges are typically only well defined in insulators
(as measurements of the changes in dielectric polarization as a
function of atomic displacement), naBECs are made relevant
in metals by considering the current generated in response to
atomic motion. Atomic motion in this case is produced opti-
cally in a regime such that @ is much greater than the inverse
carrier lifetime (1/7) while still being much smaller than inter-
band resonances. If one considers a fictitious limit where T —
oo and w — 0, the naBEC:s stabilize as the “Drude weight” or
the density of free charge carriers available for conduction.
As with optical conductivity, @ — 0 in insulators but reaches
anonzero value in metals. The naBECs, as an analog to BECs,
are also advantageous as they allow for characterization of
polarizability in metals despite polarization itself not being
well defined.

Order of magnitude. Although for low frequencies the
optical properties of (doped) semiconductors are qualitatively
similar (o # 0), they are quantitatively different because of
the difference in carrier masses and densities. At high fre-
quencies, semiconductors and metals both absorb, as expected
for an insulator with available conduction band states, ow-
ing to interband processes that give rise to finite o (w). The
frequency crossover at which the behaviors change is given
by the plasma frequency w,, corresponding to a zero in the
real part of the dielectric function. Neglecting any damp-
ing effects, the plasma frequency can be expressed as a)lz, =

ne?/eeom, where & = €, for a metal in that it includes only
electronic contributions from (high-energy) interband transi-
tions while an insulator includes both electronic and ionic
(static) polarization contributions, i.e., &€ = €5 + €jonic and
€ionic > €co- As the carrier density increases, the plasma fre-
quency increases. In conventional metals, w, is in the UV
region which gives rise to the UV reflectivity edge (light of
frequency w < w, is reflected). (In practice, this edge can be
difficult to assess experimentally due to interband transitions
and in some cases can be found just below visible frequen-
cies.) By contrast, the carrier density in doped semiconductors
places w,, in the 100s of meV (5-30 um range) as in n-InSb
(Table I) and is highly tunable [53].

Table I also illustrates the order of magnitude gap in
resistivity between doped semiconductors and band metals
(as does Fig. 3). The order of magnitude is a meaningful
descriptor to aid classification as it similarly is useful for ma-
terials selection when deploying materials under application
constraints. This distinction should be used when comparing
polar metals and doped FEs. However, it is worth noting that
some materials would be mislabeled if one uses the order
of magnitude of the plasma frequency or resistivity alone.
Doped SrTiO; exhibits extremely low resistivity (including a

TABLE I. Plasma frequency and resistivity magnitudes as mea-
sured at room temperature for band metals (top) and doped
semiconductors (bottom).

Material w, (cm™") Resistivity (10 ~% Q m)
Al 1.19 x10° 2.82 x 1072

Cu 6.38 x10* 1.70 x 1072

Au 7.25 x10* 2.44 x 1072

Pb 6.20 x10* 2.20 x 107!

Ag 7.25 x10* 1.59 x 1072
n-GaAs 4.94 x10? ~10°

n-Si 1.76 x10° 10.7

p-Si 228 x10° 6.4

n-InSb ~2.1 x 107 103-10%

superconducting transition) but the plasma frequency, even at
low temperature, is comparable to other doped semiconduc-
tors (~1.5 x 10° cm™!) [54]. Meanwhile, many polar metals
exhibit relatively poor conductivity (Fig. 3), belonging to the
so-called class of “bad metals.” LiOsOj3, for example, has a
room-temperature resistivity of 15 x 107® © m and a plasma
frequency on the order of ~10?> cm™! [7,55]. Therefore, as
with all other descriptors discussed thus far, order of mag-
nitude is best used in combination with other criteria when
assessing conductivity.

Doping sensitivity analysis. Although the descriptors above
are generally sufficient to clearly differentiate between polar
metals and doped FEs, greater clarity may be achieved by
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FIG. 3. Temperature-dependent resistivities of a variety of met-
als, polar metals, and doped semiconductors. Although the polar
metals exhibit electron transport roughly one to two orders of mag-
nitude more resistive than typical elemental metals, they are still
easily identifiable as significantly more conductive than the doped
semiconductors (despite a positive slope in resistivity for La:BaTiO;
throughout the temperature range).
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considering doping as a perturbation to the initial state of a
material and evaluating whether that perturbation has been
sufficient to change the material’s classification. We consider
the sensitivity of the electronic and crystallographic structure
with respect to the perturbation. The effect of doping on
electronic structure is direct and immediately distinguishes
intrinsic conductivity from extrinsic conductivity. Doping
shifts the Fermi level, which in most metals (i.e., excluding
semimetals) has little effect on the effective mass or concen-
tration of the free charge carriers. In a true (multiband) metal,
where the Fermi level falls within one or more bands, the
electron transport should be effectively unaltered for all but
the most extreme changes to the electron chemical potential.
This is because the intrinsic carrier density of a metal is high
relative to changes induced by the dopants, including changes
to scattering and mobility. However, because many of these
materials also have other spin and orbital degrees of freedom
as discussed later, it is important to understand whether the
dopant alters those interactions and not just the carrier density.
In some polar metals, the dopant alters the magnetism, which
then may produce a metal-insulator transition (even for dilute
dopant concentrations). Such scenarios are described later.

In FE insulators, on the other hand, doping has an imme-
diate impact, shifting the Fermi level toward a band edge and
often inducing defect states, thereby altering the conduction
mechanism. This distinction has practical considerations; the
transport properties of doped FEs will be more sensitive to
changes in the electron chemical potential than those of polar
metals. At sufficiently high concentrations, dopant atoms form
a partially occupied impurity band which may exhibit metallic
conductivity, so-called degenerately doped semiconductors.
In this regime, the conductivity of the material is less sensitive
to small variations in the concentration of impurity atoms
than a traditional doped semiconductor. However, the system
should still be considered a perturbation from the pristine state
of the semiconductor and can be distinguished from a band
metal by both the relatively smaller carrier concentration and
the proximity of the Fermi level within the band gap. These
distinctions should be clear from electron transport and optical
measurements, respectively.

Predicting the effect of doping on crystal structure is less
direct and requires an understanding of the structural driving
forces. In the case of polar metals or doped FEs, the primary
structural concern is the impact of doping on the inversion-
lifting mechanism. Once again, different classes of materials
will respond differently to doping as a perturbation. In doped
proper FEs, the asymmetric structure is stabilized by a combi-
nation of dipole-dipole interactions and covalent bonds which
compete with short-range repulsive forces (which favor a
higher-symmetry structure) [56-58]. Although the addition
of charge carriers is not necessarily incompatible with the
persistence of broken symmetry, it cannot help but reduce and
eventually eliminate the influence of long-range dipole-dipole
interactions (due to the reduction of the screening length)
that cooperatively align the off-centering displacements and
may also interfere with bonding, depending on the electronic
structure of the material. By contrast, long-range interactions
in polar metals are always screened and the atoms providing
states at the Fermi level typically display weak coupling with
the atoms active in the soft phonon(s) driving the symmetry
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FIG. 4. (a) Adding correlation to LiOsO; via increasing the Hub-
bard U (applied to Os d states) enhances the amplitude of the polar
distortion. (Inset) Schematic showing how the polar distortion ampli-
tude is defined by the relative long (£) and short (s) distances between
Li and Os along the polar axis. (b) Crystal structure of polar (R3c)
LiOsOs. (c) Increasing the degree of correlation in cubic BaTiO; (by
applying the Hubbard U to the Ti d states) reduces the critical doping
concentration to stabilize the soft I'-point phonon mode of the cubic
phase. (Inset) The crystal structure of cubic (Pm3m) BaTiOs.
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break [8]. Nonetheless, for sufficient carrier densities local
polar displacements can persist. Therefore, beyond how one
simulates doping in these materials, as discussed in the Ap-
pendix A, it is also imperative to recognize that how we
understand the manner in which the atomic structure responds
to doping relies intimately on whether the experimental probe
interrogates local or average structure [59,60]. In any case,
changes in the Fermi level of doped proper FEs will almost
always eventually affect the ground-state crystal, local and
average, structure whereas similar changes in the Fermi level
of polar metals are more likely to leave the crystal structure
unaltered, independent of the experimental probe volume.

Electron correlation and magnetism. Correlation also plays
a significant role, both in the realization of polar metals gen-
erally and in the potential to drive metal-insulator transitions,
often in concert with magnetic ordering. Evidence of the
former is found in the number of polar metals which exhibit
“bad” metallic transport from electron-electron interactions
(Fig. 3). Although it is now well established that short-range
interactions play a dominant role in driving local off cen-
tering in polar metals, reduction of the screening length via
correlation may enable longer-range interactions to further
enhance the displacement magnitude, or at least allow for
long-range coordination of local displacements. It was shown
in Ref. [61] that the polar displacements in the predicted
polar metal SrEuMo,Og are enhanced by introduction of addi-
tional correlation via a Hubbard U interaction within density
functional theory (DFT). A similar effect is observed when
plotting the effective polar amplitude in LiOsO3 as a func-
tion of the static U [Fig. 4(a)]. However, just as correlation
may help to stabilize or enhance polar displacements, when
coupled with magnetic ordering it may also drive Mott-type
metal-insulator transitions, as found in simulations of LiOsO3
and LiNbOs; superlattices [62].

The effect of correlation on a system is also highly de-
pendent on the distortion mechanism. In the absence of
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magnetism, correlation was shown to reduce the critical free-
carrier concentration in doped BaTiO; [Fig. 4(c)]. The more
highly correlated Ti d states exhibited weaker covalent bond-
ing with the O p states, favoring the high-symmetry structure.
Previous studies of correlation in polar metals implied that
correlation should assist in decoupling free charges from the
symmetry-lowering transition, but the result of BaTiOj3 illus-
trates that the impact of correlation is highly dependent on the
driving force behind the local off centering.

B. “Ferroelectric”” metals

In this section, we consider existing terminology used to
denote polar structures in metallic compounds. Most of these
labels were developed to describe insulating polar materials
and require reevaluation in a metallic context. We discuss
the fundamental contradiction inherent to some labels and
highlight others which transfer more easily. Note that we are
restricting our discussion to polar metals, rather than noncen-
trosymmtric metals more broadly. Noncentrosymmetric space
groups may be polar (more than one point invariant under
all symmetry operations), chiral (symmetry elements contain
only proper rotations), polar chiral, or nonpolar achiral. Chiral
metals in particular (e.g., ferromagnetic MnSi and other B20
transition metal compounds) are of great interest for realizing
skyrmions and other emergent physics [63—-65], but are not
explicitly considered herein. A recent perspective on chiral
magnets can be found in Ref. [66], and they are discussed
further in the Outlook section.

Contraindicated properties. Whereas long-range coordi-
nated off centering and metallic conductivity were merely
thought to be fundamentally incompatible (only to be shown
otherwise in the last decade), the switchable polarization of
a ferroelectric is, in principle, incapable of coexisting with
free charge carriers. A ferroelectric phase is defined as “one in
which the spontaneous electric polarization can be reoriented
between possible equilibrium directions (determined by the
crystallography of the system) by a realizable, appropriately
oriented electric field” [67]. Unlike some of the conductivity
definitions above, ferroelectricity is an engineering definition;
whether a material is ferroelectric can only be confirmed via
experimental verification of two criteria: (1) that the polar
order occurs at zero electric field (i.e., spontaneous ordering)
and (2) the polarization may be switched via external electric
field according to the symmetry of the crystal structure. These
two criteria lead to the appearance of domain microstructures,
a well-known feature of ferroic properties which separates
ferroelectrics from other noncentrosymmetric materials [68].
Gauss’s law prevents the generation of an internal electric
field in a metal, thereby screening any attempt to switch the
polarization of a polar metal via external electric field and ren-
dering the possibility of criterion (2) null for any reasonably
conducting materials.

“Ferroelectriclike.” Nevertheless, “ferroelectriclike” or
“ferroelectric” (in quotes) terminology has been used to de-
scribe structural phase transitions in polar metals since the first
report of its kind in 2013 [7], with many other studies since
following suit with this naming convention, either in reference
to the material itself or to the inversion-lifting transition (e.g.,
[21,31,41,69]). Despite the recent history of this convention,

describing something as “ferroelectriclike” is inherently am-
biguous, as it leaves unclear which aspect(s) of ferroelectricity
are being replicated. The comparison to FEs implies that the
polarization is switchable, which, as noted above, is only true
in very specific cases. The intended FE attribute being referred
to is the presence of a second-order, structural phase transition
that removes the spatial parity operation of inversion. Given
the possibility for confusion, we recommend using more pre-
cise terminology.

Ferroelectric bananas. Electrical hysteresis measurements
assess the change in charge Q on a pair of electrodes in contact
with a dielectric material upon reversal of the applied bias,
such that

Q =2P.A + oEAt, 2)

where P, A, t, and E are the remnant electric polarization,
area of the electrode contact, thickness of the dielectric, and
the applied field, respectively, and o is the conductivity. For
either a degenerately doped ferroelectric or a polar metal,
o # 0 and thus the charge that switches is not due to an
electric polarization but the finite conductivity of the material,
which is well understood to be dielectric loss as P — 0 [36].
Nonetheless, some reports from the literature have claimed
both to have synthesized a polar metal and to have measured a
polarization [30,70]. However, we find these hysteresis loops
reported in Ref. [30] to be consistent with examples from
Ref. [36], demonstrating that even definitively nonpolarizable
materials (e.g., bananas) can still exhibit electrical hysteresis.
Indeed, the classification of a material as a metal is funda-
mentally incompatible with a bulk polarization within the
adiabatic regime [44]. For these reasons, in principle one
should not on the one hand call a material a polar metal and
then on the other hand report an electric polarization for it.

It is still possible, nonetheless, to experimentally quantify
the displacements in polar metals. To this purpose, appro-
priate techniques such as scanning transmission electron
microscopy, near-edge x-ray absorption fine structure, x-ray
diffraction, coherent Bragg rod analysis, Raman scattering,
and second harmonic generation measurements could be used
[16,32,71-74]. The optical conductivity of noncentrosymmet-
ric metals has been used to evaluate the effect and magnitude
of correlation effects [16,55]. Analysis of the spectral weights
produced in those measurements could be used to derive non-
adiabatic Born effective charges (naBECs) and provide insight
into the role of various ions with regard to the inversion-
breaking mechanism [52].

Ferroelasticity. A ferroelastic material exhibits two or
more domains exhibiting a spontaneous strain, the direction
of which may switched by an applied external stress [67,75].
It is the mechanical analog of ferroelectricity. While ferro-
electric and ferroelastic transitions are often accompanied
by one another (as is the case in BaTiO3), they may also
occur independently since all that is required for a ferroe-
lastic transition is a change in unit cell shape, which may
occur either with or without loss of inversion symmetry (e.g.,
sodium trihydrogen selenite [76] and lithium niobate [77,78]
both exhibit nonferroelastic ferroelectric phase transitions).
Since ferroelasticity is defined without regard to electric fields
or charge carriers, there is no fundamental incompatibility
between metallicity and ferroelasticity; therefore, ferroelastic

010301-6



REVIEW ARTICLES

PHYSICAL REVIEW MATERIALS 7, 010301 (2023)

correlation/defects doping
(@)  conductor - > < —— insulator (b)

LAR METAL

noncentrosymmetric

centrosymmetric

OLAR METAL "-FERROEI
i | Extrinsic Degener
s Distortive Polar Metal |  Doped
Polar Metal " Ferroelect
nisotropic .
electric Metal .
Interfacial .
Metal 3

FIG. 5. (a) Using crystal symmetry and electron transport as descriptors, the relationship between polar metals, ferroelectrics, metals, and
dielectrics is illustrated. The gradient along the conductivity axis (abscissa) is meant to indicate that the line between metals and insulators is
somewhat ambiguous in experiment, whereas the solid colors along the crystal symmetry axis (ordinate) indicate that the presence or lack of
an inversion center is precisely defined. (b) A more detailed classification portraying the relationship between the various subclasses defined
in the text. Transparency of overlapping categories indicates that a material may belong to multiple subclasses.

metals are a well-defined materials class. However, since they
do not necessarily break inversion, we henceforth restrict our
discussion of ferroelastic metals to the scenario where the
ferroelastic order is coupled with polar displacements.

Switchable polar metals. Recently, a number of materi-
als have emerged which use low dimensionality, anisotropy,
or ferroelasticity to demonstrate switchable polar metals
[16,18,33]. Although it is still difficult to formally define
a polarization (P # 0) for these compounds, it is possible
to reverse the direction of the atomic displacements into
an opposite orientation. Perhaps the most widely applicable
switching mechanism is ferroelasticity. Although free charges
screen external electric fields, strain fields experience no such
screening. Although not all polar metals exhibit ferroelastic
domains, a change in lattice parameters often accompanies po-
lar distortions, making ferroelastic switching perhaps a viable
switching strategy as demonstrated by Lei et al. [16].

Switching the polar displacement via electric fields was
only achieved recently within two-dimensional polar metals
that exhibit anisotropic conductivity [18,33]. With the polar
axis oriented perpendicular to the plane, the minimal thick-
ness of the conducting layer limits the number of free charges
available to screen an applied electric field. This approach
skirts the fundamental contraindication between metallicity
and switchable polarization by compromising the conductiv-
ity of the polar metal along the polar axis, such that switching
is enabled along the more insulating direction. We might
argue that the ferroelectric properties associated with these
compounds are not intrinsic to the materials themselves but
rather a product of the architecture and dimensionality of their
synthesis.

We should note that although it has yet to be realized
in experiment, there is a third proposed mechanism toward
switching a polar metal. Namely, a thin polar metal film is
deposited on a FE with low lattice mismatch. An external
electric field switches the FE substrate and the resulting strain
switches the polar metal [31,79]. This approach might be con-
sidered a variation of the ferroelastic switching mechanism,
as both approaches use the unscreened strain field to switch
polarization.

Piezoelectric metals. Piezoelectricity is defined as a change
in polarization in response to a mechanical stress, the only

prerequisite for which is a lack of an inversion center in a
dielectric. The cubic enantiomorphic group 432 is the only
noncentrosymmetric class that is not piezoactive. However,
as was observed when discussing “ferroelectric” metals, po-
larization in a metal is ill defined. Nonetheless, the Berry
curvature effects observed in noncentrosymmetric insulators
give rise to analogous properties in metals. Although a static
polarization has no meaning in a conductive material, changes
in electric polarization are instead measurable as a bulk
current, making piezoelectric metals a meaningful designa-
tion. Varjas et al. also demonstrated that noncentrosymmetric
metals with broken time-reversal symmetry should exhibit
a magnetopiezoelectric effect (MPE) [9], as was observed
recently in antiferromagnetic EuMnBi, [80]. It is noteworthy
that while all ferroelectrics by definition must exhibit piezo-
electricity, not all piezoelectrics will be ferroelectric. This
distinction is especially significant in metallic systems as the
vast majority of polar metallic systems are not switchable,
making “piezoelectric metal” a more accurate and more fre-
quently applicable label than “ferroelectric metal”.

III. CLASSIFYING METALLIC AND POLAR MATERIALS

A. New terminology

Summarizing the above considerations and descriptors
concerning symmetry and conductivity class [Fig. 5(a)], we
have identified four unique subclasses classes of polar metals
(Table II), which we describe in detail next and differenti-
ate from degenerately doped ferroelectrics. In some cases, a
material may be classified by more than one designation as
indicated by the overlapping intersections in Fig. 5(b). We
then use this schema to survey known metallic and acentric
compounds in the literature (Table III), which is current as
of December 2022. Figure 6 shows the distribution of these
compounds by polar metal subclass and crystal class. A dy-
namic version of Table III is maintained at [81]. We invite
researchers to submit entries as new materials are discovered
by contacting the corresponding author.

Polar metal. A polar metal (PM) exhibits a polar crystal
structure, identifiable via structural characterization tech-
niques, such as x-ray diffraction, neutron diffraction, or the
observation of properties associated with broken inversion
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TABLE II. Minimal requirements for various classes of polar metals (PM) by subclass according to the number of phases, crystallography,
electrical conductivity, and sensitivity to boundary conditions, e.g., geometry and doping. The two-phase designation is inclusive of hetero-
junctions and related nanoscale composite materials. Polar atomic structures in single-phase compounds should adopt one of the 10 polar
crystal classes: 1,2, 3,4, 6, m, mm2, 3m, 4mm, 6mm. Check marks (v') and crosses (x) indicate strict positive or negative requirements for
that class, respectively, whereas a center dot (-) indicates the presence or absence of the feature does not determine the class assignment for the

material.
Polar atomic Local maximum Phase Conduction Switchable Doping
Phases Class/Subclass structure o(w) transition 3D 2D polarization sensitive
1 Polar metal v v . v X
1 Distortive (DPM) v v v v X
1 Anisotropic (AFM) v v X v v X
1 Extrinsic (EPM) v v v X
2 Interfacial (IPM) v v v X
1,2 Degenerately doped v v v

ferroelectric (DDF)

symmetry (i.e., second harmonic generation). A polar metal
should also conduct electricity, as determined via a local
maximum in its optical conductivity as w — 0. Finally, the
inversion-lifting mechanism and electron transport should be
more or less unaffected by small changes in electron concen-
tration, i.e., perturbations to the electron chemical potential.
Restated, for a material to be considered a polar metal, the
polar distortion and metallicity should not be contraindi-
cated. Examples include LiOsOs [7], CazRu,O7 [16,17], and
CePt3Si [82].

Distortive polar metal. A distortive polar metal (DPM)
is a subclass of polar metals, meeting all of the above
criteria while also exhibiting an inversion-symmetry-lifting
phase transition from a centrosymmetric to polar crystal class.
This eliminates the need for misleading ferroelectriclike ter-
minology and its derivatives by highlighting the intended
comparison to a ferroelectric phase transition and not a
polarization-field hysteresis measurement.

The distortive polar metal subclass also separates polar
metals exhibiting phase transitions from polar metals in which
inversion is lifted via compositional order and nominally
absent for a broad temperature range. This is a meaningful
distinction, both from a fundamental physics perspective as
well as an application-driven perspective, as the presence
of a phase transition implies opportunities to tune physical
properties in ways that would not be possible in polar metals
that do not undergo a phase transition. Structural phase transi-
tions in polar metals have been experimentally observed via
second-order changes in electronic transport, heat capacity,
magnetic susceptibility, dielectric response, second harmonic
generation, and with scattering and diffraction techniques
[7,41,49,73,83-85]. Within distortive polar metals, as is true
with ferroelectrics, the phase transition may be displacive,
order-disorder, or exhibit characteristics of both. Exam-
ples of distortive polar metals include LiOsO; (primarily
order-disorder) [7,32,73,74] and Pb,CoOsOg (primarily dis-
placive) [83]. Examples of nondistortive or compositional
polar metals include intermetallics such as CePt;Si [82] and
ErPdBi [86].

In differentiating between polar metals that exhibit a struc-
tural phase transition and those that do not, a key feature

of potential technological use in distortive polar metals is
their domain structure. Metallic domain walls in ferroelectrics
like BiFeOs [87] and YMnO; [88] are actively investigated
for use as nondestructive resistance-based memory devices
[89,90]. Similarly, in Ca3;Ru,07, both charged and uncharged
domain walls were shown to exist, each exhibiting differ-
ent electrical conductivity, implying potential application in
charge-mediated memory devices as well [71]. However, un-
der the current classification scheme, CazRu,O; would not be
classified as a distortive polar metal because the temperature
at which it would undergo a structural phase transition to
recover centrosymmetry exceeds the melting temperature of
the compound.

A number of polar metals both exhibit a local or-
dering mechanism and fail to exhibit an inversion-lifting
structural phase transition. CazRu,0O; is one such exam-
ple, in which the polar order is derived from trilinear
coupling between octahedral rotations and a polar mode
but the thermal energy required to overcome this coupling
and achieve a centrosymmetric structure is greater than the
melting temperature of the compound [16,17]. Therefore,
materials which exhibit local-ordering mechanisms similar
to those observed in distortive polar metals may be called
“pseudodistortive polar metals.” This terminology acknowl-
edges that such materials share important characteristics with
distortive metals while remaining distinct due to their lack of
an ordering transition.

Anisotropic ferroelectric metal. An anisotropic ferroelec-
tric metal (AFM) meets the structural criteria for a distortive
polar metal but exhibits limited conductivity along the polar
axis, allowing for observable switching of the polar displace-
ment direction via an external electric field. “Anisotropic” is
meant to call attention to the fact that the largest conductivity
tensor element and direction of the polar distortions are in
transverse orientations. As a consequence, these materials
can be deployed in suitable device geometries to sidestep
the fundamentally contraindicated relationship between field-
switchable polarization and conductivity. Ferroelectricity is
not, and by definition cannot be, an intrinsic property of
a metal, but low-dimensional conductors provide a design
strategy to achieve high electrically anisotropy such that the
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TABLE III. Published polar compounds exhibiting metallic conductivity. Columns denote space group (SG), presence of a polar structural
phase transition (7.), presence of a superconducting transition (7}.), and presence of a magnetic ordering transition (7)), respectively. Under
SG: * = only the point group is known; “unknown” = the specific symmetry elements are unknown but there is evidence of broken inversion
symmetry. Under 7.: P = compound is predicted but has not yet been synthesized. Under Class, the following abbreviations are used: polar
metal (PM), distortive polar metal (DPM), anisotropic ferroelectric metal (AFM), extrinsic polar metal (EPM), interfacial polar metal (IPM),
and degenerately doped ferroelectric (DDF).

Composition SG T. T Ty Class Digital object identifier (DOI)
BaTiO; P4mm yes DDF 10.1038/s41598-017-04635-3
BaTiOs_; P4dmm yes DDF 10.1103/PhysRevLett.104.147602
PbTiO;_; P4dmm P EPM 10.1103/PhysRevB.94.224107
PbTi;_,Nb,O3 P4mm EPM 10.1103/PhysRevB.96.165206
BiFeO;_; R3c P yes EPM 10.1103/PhysRevB.93.174110
Sri_,Ca,TiO;_s P4mm yes yes DPM 10.1038/NPHY S4085

BaMnO; Amm?2 P EPM 10.1103/PhysRevB.97.054107
BiAlO; P4mm P EPM 10.1103/PhysRevB.97.054107
BaTiO3/SrTiO;/LaTiOs mméx IPM 10.1038/s41467-018-03964-9
LaAlO;/BaSr( gTiO3/SrTiO; unknown IPM 10.1038/s42005-019-0227-4
LaFeO;/YFeO; Pmc2, P IPM 10.1103/PhysRevB.97.054107
NdNiO; Pc PM 10.1038 /nature17628

LaNiO; Pc PM 10.1038 /nature17628

LiOsO; R3c yes DPM 10.1038/NMAT3754

LiNbO; R3c P DDF 10.1103/PhysRevMaterials.3.054405
MgReO, R3c P PM 10.1103/PhysRevB.90.094108
TiGaO; R3c P PM 10.1103/PhysRevB.90.094108
CazRu,04 Bb2\m yes PM 10.1021/acs.nanolett.8b00633
(Sr,Ca)Ru, 04 Pmc2, P yes PM 10.1088/0953-8984/26/26/265501
BisTisOy7 Pm2n P AFM 10.1038 /ncomms11211

BiPbTi,0¢ Pmm?2 P PM 10.1038/s43246-019-0005-6
La,Ti, O P2, P EPM 10.1103/PhysRevB.97.054107
Sr,Nb, 07 Cmc2, P EPM 10.1103/PhysRevB.97.054107
MgCNi, P4mm P PM 10.1103 /PhysRevMaterials.2.125004
ZnCNi; P4mm P PM 10.1103/PhysRevMaterials.2.125004
CdCNi; P4mm P PM 10.1103 /PhysRevMaterials.2.125004
CeSiPt; P4mm yes yes PM 10.1103/PhysRevLett.92.027003
LiGaGe P63mc PM 10.1103/PhysRevB.99.195154
SrHgPb P63mc P PM 10.1103/PhysRevLett.121.106404
SrHgSn P63mce P PM 10.1103/PhysRevLett.121.106404
CaHgSn P63mc P PM 10.1103/PhysRevLett.121.106404
KMgSb, ,Big s P63mc P PM 10.1103/PhysRevLett.117.076401
CaAgBi P63mce P PM 10.1103 /PhysRevMaterials.1.044201
LiZnBi P63mc P PM 10.1103/PhysRevB.96.115203
LaAuGe P63mc PM 10.1063/1.5132339

LaPtSb P63mc PM 10.1063/1.5132339

WTe, Pnm2, yes yes AFM 10.1038/s41586-018-0336-3
MoTe, Pnm?2, yes PM 10.1126/sciadv.1601378

CrN 6mm yes AFM 10.1103/PhysRevB.96.235415
CrB, 6mms P yes AFM 10.1103/PhysRevB.96.235415
FeB, 6mms AFM 10.1021/acs.nanolett.6b02335

P P6smc P PM 10.1088/1361-648X /aadeaa

As P63mc P PM 10.1088/1361-648X /aadeaa

Sb P63mc P PM 10.1088/1361-648X /aadeaa

Bi P63mc P PM 10.1088/1361-648X /aadeaa

SnP 14mm yes yes DPM 10.1103/PhysRevLett.119.207001
PdBi P2, yes PM 10.1016/j.phpro.2013.04.062

Ulr P2, yes yes PM 10.1007/978-3-642-24624-1_2
LaNiC, Amm?2 yes yes PM 10.1016/j.physc.2014.01.008
NdRhC, Amm?2 yes PM 10.1021/cm00006a007

PrRhC, Amm?2 yes PM 10.1021/cm00006a007
LaSr,Cu,Ga0; Ima?2 yes yes PM 10.1021/cm00017a032
CeSr,Cu,Ga04 Ima? yes yes PM 10.1021/cm00017a032
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TABLE IIl. (Continued.)

Composition SG T. T Ty Class Digital object identifier (DOI)
PrSr,Cu, GaO4 Ima?2 yes yes PM 10.1021/cm00017a032
NdSr,Cu,Ga0, Ima2 yes yes PM 10.1021/cm00017a032
PmSr,Cu,GaO, Ima?2 yes yes PM 10.1021/cm00017a032
SmSr,Cu,Ga0O; Ima?2 yes yes PM 10.1021/cm00017a032
EuSr,Cu,Ga04 Ima2 yes yes PM 10.1021/cm00017a032
GdSr,Cu,Ga0O, Ima?2 yes yes PM 10.1021/cm00017a032
TbSr,Cu,GaO4 Ima?2 yes yes PM 10.1021/cm00017a032
DySr,Cu,Ga0O, Ima? yes yes PM 10.1021/cm00017a032
HoSr,Cu,Ga0O, Ima?2 yes yes PM 10.1021/cm00017a032
ErSr,Cu,GaO; Ima?2 yes yes PM 10.1021/cm00017a032
TmSr,Cu,Ga0O; Ima? yes yes PM 10.1021/cm00017a032
YbSr,Cu,GaO; Ima?2 yes yes PM 10.1021/cm00017a032

Y Sr,Cu,GaO, Ima?2 yes yes PM 10.1021/cm00017a032

V,Hf Imm?2 yes yes DPM 10.1103/PhysRevB.17.1136
Li,IrSis P3ic yes PM 10.7566/JPSJ.83.093706

Mg, Al; R3m yes yes DPM 10.1103/PhysRevB.76.014528
LasB,Cq P4 yes PM 10.1016/0022-5088(83)90520-9
BaPtSis I4mm yes PM 10.1103/PhysRevB.80.064504
CelrSi; I4mm yes yes PM 10.1143/JPSIS.77SA.37

CeRhSi; 14mm yes yes PM 10.1143/JPSJ.76.051010

LaPtSi; I4mm yes PM 10.1103/PhysRevB.89.094509
LaPdSi; I4mm yes PM 10.1103/PhysRevB.89.094509
CelrGe; 14mm yes yes PM 10.1016/j.jmmm.2006.10.151
EuNiGe; I4mm yes PM 10.1103 /PhysRevB.87.064406
LaRhGe; I4mm PM 10.1063/5.0042924

IrRhGe; 14mm PM 10.1063/5.0042924

PdRhGe; I4mm PM 10.1063/5.0042924

SrPdGe; I4mm yes PM 10.1088/1742-6596/273/1/012078
SrPtGe; 14mm yes PM 10.1088/1742-6596/273/1/012078
PrPdIn, I4mm yes PM 10.1021/cm031139m

CePt;Si I4mm yes yes PM 10.1103 /PhysRevLett.92.027003
Li,(Pd,_,Pt,);B 14mm yes yes PM 10.1088/1742-6596,/400/2/022096
KCu,P3 P31m PM 10.1021/acs.inorgchem.9b01336
Bi,FeCrOg R3 P yes PM 10.1103/PhysRevLett.123.107201
CeAuGe P63mc yes PM 10.1016/0304-8853(95)00430-0
LuAuGe P6smc PM 10.1016/0925-8388(95)02069-1
ScAuGe P63mc PM 10.1016/0925-8388(95)02069-1
HoAuGe P63mc yes PM 10.1088/0953-8984/13/11/315
CeCuSn P6smc PM 10.1016/j.jallcom.2004.09.086
La;5GeyC P63mc PM 10.1016/j.jallcom.2011.03.092
La;sGegFe P63mc yes PM 10.1021/ic9515158

La;sGeyCo P6smc PM 10.1021/ic9515158

La;sGegNi P63mc PM 10.1021/ic9515158

Sr3CugSny P63mc PM 10.1016/j.intermet.2011.02.018
IrtMg, 3In.97 P63mc PM 10.1016/j.intermet.2003.12.001
IrMg, ,,In g0 P63mc PM 10.1016/j.intermet.2003.12.001
CaAlSi Po6; yes PM 10.1143/JPSJ.75.043713

T1VeSs P6; yes PM 10.1016/S50038-1098(01)00333-7
KVeSs P6; yes PM 10.1016/S0038-1098(01)00333-7
RbVSs Po6s yes PM 10.1016/S0038-1098(01)00333-7
CsVSs Po6s yes PM 10.1016/S50038-1098(01)00333-7
LaPt;B P4dmm yes PM 10.1016/50925-8388(03)00373-6
PrPt;B P4mm yes PM 10.1016/50925-8388(03)00373-6
NdPt;B P4mm yes PM 10.1016/50925-8388(03)00373-6
LaRhSi; I4mm yes PM 10.1016/0025-5408(84)90017-5
LalrSi; 14mm yes PM 10.1016/0025-5408(84)90017-5
CeCoGes I4mm yes yes PM 10.1016/j.jmmm.2006.10.717
LaCoGe; I4mm yes PM 10.1143/JPSJ.75.044711
CeRhGes 14mm yes yes PM 10.1143/JPSJ.77.064716
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TABLE IIl. (Continued.)

Composition SG T. T Ty Class Digital object identifier (DOI)
CeRuSij; I4mm PM 10.1143/JPSJ.77.064716
LalrGes 14mm PM 10.1143/JPSJ.77.064717
LaFeGe; I4mm PM 10.1143/JPS1.77.064717
PrCoGe; I4mm PM 10.1143/JPSJ.77.064717

CalrSis I4mm yes PM 10.1016/j.physc.2009.10.120
CaPtSi; 14mm yes PM 10.1134/50021364010170157
SrAuSi; I4mm yes PM 10.1021/cm500032u

EuPdGe; 14mm yes PM 10.1016/j.ss¢.2012.02.022
EuPtSi; 14mm yes PM 10.1103/PhysRevB.81.144414
NdPdIn, I4mm PM 10.1021/cm031139m

SmPdIn, 14mm PM 10.1021/cm031139m

GdPdIn, I4mm PM 10.1021/cm031139m

ErPdIn, I4mm PM 10.1021/cm031139m

TmPdIn, 14mm PM 10.1021/cm031139m

LuPdIn, 14mm PM 10.1021/cm031139m

La,NiAl, I4mm PM 10.1021/cm050513a

SnP 14mm PM 10.1021/ic50084a032

GeP I4mm yes PM 10.1016/0022-4596(70)90005-8
IrgAlyg P3¢ PM 10.1016/j.jallcom.2005.06.027
y-Bi, Pt P3im PM 10.1002/zaac.201400331
Au6_052n12_51 P31m PM 101021/1030]9333

Ba,; Aly P3im PM 10.1021/ic0400235

Li;Ag;Sne P3im PM 10.1021/ja038868n

CrsAlg R3m PM 10.1107/S0567740874004997
Mn;Alg R3m yes DPM 10.1007/BF02672582

Cu; gAls R3m PM 10.1107/S0108768191005694
Cu;Hg, R3m PM 10.3891 /acta.chem.scand.23-1181
NbS, R3m yes PM 10.1107/S0567740874003220
Pr,Fey; R3m yes PM 10.1103/PhysRevB.68.054424
Pr,Coyy R3m PM 10.1103 /PhysRevB.68.054424
SnyAss R3m yes PM 10.1002/zaac.19683630102
SnyP3 R3m yes PM 10.1002/zaac.19683630102
LiOsO3 R3c yes DPM 10.1038/NMAT3754 A
LasMgsGes Cmc2, PM 10.1021/ic2014732

La;Mg,Ges Cmc2, PM 10.1021/ic2014732

Yb,Ga,Geg Cmc2, PM 10.1002/chem.200305755
Ce,Rh;(Pb,Bi)s Cmc2, yes PM 10.1016/j.jssc.2007.06.012
Eu,Pt3Sns Cmc2, yes PM 10.1524/zkri.2009.1160
LuyZnsGeg Cmc2, PM 10.1016/j.intermet.2013.02.018
Hg,Te,Br, R3 yes PM 10.1038/s41467-021-21836-7
In,S; R3m P AFM 10.1039/D1IMHO01556G

In,Ses R3m P AFM 10.1039/DIMHO01556G

In, Te; R3m P AFM 10.1039/D1MHO01556G
NaYMnReO; P2, P yes PM 10.1021/acs.chemmater.0c02976
NaYFeReO; P2, P yes PM 10.1021 /acs.chemmater.0c02976
NaYCoReO3 P2, P yes PM 10.1021/acs.chemmater.0c02976
Na¥YNiReO; P2, P yes PM 10.1021/acs.chemmater.0c02976
NaYMnOsO; P2, P yes PM 10.1021/acs.chemmater.0c02976
NaYCoOsO3 P2, P yes PM 10.1021/acs.chemmater.0c02976
Na¥YNiOsO; P2, P yes PM 10.1021/acs.chemmater.0c02976
NaYFeWO; P2, P yes PM 10.1021/acs.chemmater.0c02976
YAl, P6mm P AFM 10.1021/acs.jpclett.0c03136
CaRh, P6omm P AFM 10.1021/acs.jpclett.0c03136
doped SiGe P3m1 P AFM 10.1088/1361-648X /abdce9 /pdf
doped SiSn P3ml1 P AFM 10.1088/1361-648X /abdce9/pdf
doped GeSn P3ml1 P AFM 10.1088/1361-648X /abdce9/pdf
KNbO;/BaTiO3 P4mm P yes AFM 10.1016/j.commatsci.2020.110235
(SrRu03),/(BaTiO3); mm2x yes AFM 10.1021/acs.nanolett.0c03417
strained EuTiO;_,H, Pmm?2 P yes EPM 10.1103/PhysRevB.102.224102
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TABLE IIl. (Continued.)

Composition SG T. T Ty Class Digital object identifier (DOI)
KTiO,H unknown P yes DDF 10.1103 /PhysRevMaterials.5.054802
RbTiO,H unknown P yes DDF 10.1103/PhysRevMaterials.5.054802
CsTiO,H unknown P yes DDF 10.1103/PhysRevMaterials.5.054802
doped PbZrO; unknown P DDF 10.1103/PhysRevB.102.134118
LaFeAsO,_.H, mm?2x yes yes PM 10.21203 /rs.3.rs-77544 /v1
Pb,Co0s0¢ Pc yes yes DPM 10.1103/PhysRevB.102.144418
PrAlGe I4ymd yes PM 10.1038/s41467-020-16879-1
doped PbTe monolayer P3m1 P EPM, AFM 10.1039/d0nh00188k
en-CoS Pca2, yes PM 10.1021/acs.chemmater.1c00540
Eu(Ti0'875Nb0‘125 )3 Pdmm P yes E EPM 1048550/arX1V2203 10646
BisMns0,7 Pmn2,/Pm2n P yes A AFM 10.1038/s41467-020-18664-6
2D In 3mx PM 10.1021/acsnano.1c05944
2D Ga 3mx PM 10.1021/acsnano.1c05944
2D In/Ga 3mx* PM 10.1021/acsnano.1c05944
(Fep5Cog 5);GeTe, P6s;mc yes PM 10.1126/sciadv.abm7103
GdCaMnNiOg P2, P yes PM 10.2139/ssrn.4147202
LaCaMnNiOg P2, P yes PM 10.2139/ssrn.4147202
SmCaMnNiQOg P2, P yes PM 10.2139/ssrn.4147202
TmCaMnNiOg P2, P yes PM 10.2139/ssrn.4147202
SrTiO5-based 2DEGs unknown Yes Yes Yes IPM, AFM, DPM 10.1002/adma.201200667

10.1103 /PhysRevMaterials.4.041002

10.1038/s41586-020-2197-9
Doped GeTe R3m Yes Yes Yes DPM, AFM 10.1038 /ncomms 15033

10.1103 /PhysRevLett.112.047202

polarization becomes switchable by external electric field.
Examples include WTe, [18] and BisTisO;7 [33]. Note that
polar metals whose polar order is switched via strain are not
classified as anisotropic ferroelectric metals, as this switching
mechanism does not require limiting the fundamental rela-
tionship between an external electric field and free charge
carriers.

Extrinsic polar metal. An extrinsic polar metal (EPM)
must meet each of the structural and electronic criteria of a
polar metal (i.e., polar structure, metallic optical conductivity,
robust polar distortion in the presence of perturbations to the
Fermi level). However, a polar metal is deemed extrinsic if
the metallic electron transport is a result of perturbations to
the pristine state of the material. The number of charge carri-
ers or conductivity of an extrinsic polar metal is determined
by the doping mechanisms, such as chemical substitution,
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FIG. 6. Distribution of 190 polar metals in Table III among the
21 noncentrosymmetric crystal classes. Most polar metals are found
in achiral-polar symmetries rather than chiral-polar symmetries. The
symmetry of compounds labeled “TBD” remains to be determined.

interstitials, vacancies, photodoping, and electrostatic gating.
This distinction has consequences for application contexts in
which sensitivity to small changes in chemical potential either
positively or detrimentally impact performance. In any case,
the broken inversion symmetry in an extrinsic polar metal
persists over the doping ranges explored. Examples include
Nb-doped PbTiO; [12] and doped SrTiO3 [13,14].

Interfacial polar metal. When the two fundamental criteria
for a polar metal exist only at the interface between two
compounds, we define the resulting composite material as an
interfacial polar metal (IPM). Interfacial polar metals exhibit
some similarity to both anisotropic ferroelectric metals and
extrinsic polar metals, but can be fundamentally distinguished
from both. Whereas anisotropic ferroelectric metals often ex-
hibit low-dimensional electronic structures distinct from bulk
polar metals, interfacial polar metals emerge out of the het-
erojunction created by interfacing two materials which in the
bulk are either nonmetallic, nonpolar, or both. In this sense,
either the conductivity, the broken inversion symmetry, or
both should be exclusively limited to the interface. In addition,
whereas anisotropic ferroelectric metals must be switchable,
interfacial polar metals may or may not be switchable.

When the interfacial polar metal forms at the inter-
face of two extrinsically or self-doped semiconductors, it
may be considered a subclass of extrinsic polar metals.
However, if no doping is required or if one of the two
materials is a bulk conductor, then the conductivity of
the interface is no longer considered to be extrinsically
derived. The most well-known buried interfacial polar met-
als belong to the family of SrTiOs-based two-dimensional
electron gases (2DEGs), of which LaAlO;/SrTiO; is
perhaps the most well studied [91]. The SrTiOsz-based
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2DEGs illustrate the incredible diversity and versatility of
interfacial polar metals, capable of hosting a switchable po-
larization, multiferroic order, and other emerging properties
[92-94]. Perovskite superlattices have been used to generate
many other well-known interfacial polar metals, including
BaTiO;/SrTiO3/LaTiOs [95], LaAlO3/BaSr( gTiO3/SrTiO;
[96], and doped LaFeO3;/YFeO; [97].

Degenerately doped ferroelectric. A degenerately doped
ferroelectric (DDF) meets the same structural criteria as the
other categories, but the structural transition is detrimentally
impacted by perturbations to the Fermi level from a pristine
insulating state. In such a material, the polar order and the
conduction mechanism are contraindicated, which both im-
plies a fundamentally different relationship between the polar
structure and the conduction mechanism than in the above cat-
egories. These differences will affect how degenerately doped
ferroelectrics are used in devices, e.g., some are proposed for
thermoelectric applications [98—101], whereas the higher car-
rier density in polar metals would make them less well suited
for these energy devices. Furthermore, the pristine undoped
material is a good dielectric that exhibits a spontaneous and
switchable polarization. Nonetheless, if degenerately doping
a ferroelectric is seen as a pathway to accessing the many
desirable properties of a polar metal, it should be performed
in a context where careful control of the chemical potential
is possible and practical. The conductivity threshold required
to be deemed ‘“degenerately doped” rather than “metallic”
is somewhat ambiguous, but a minimum criteria should be
o #0 as w — 0. The primary example of a degenerately
doped ferroelectric is doped BaTiO3 [15,49,57].

Noncentrosymmetric nonpolar metals. Whereas all polar
metals are necessarily noncentrosymmetric, not all noncen-
trosymmetric metals exhibit polar order. One category of
noncentrosymmetric metals absent from our discussion (and
therefore Table II and Fig. 5) are those metals which are both
noncentrosymmetric and nonpolar. Such compounds can be
obtained in two distinct crystal classes: (1) chiral-nonpolar
crystal classes or (2) achiral-nonpolar crystal classes.

How would the minimum requirements given in Table II
change for these classes? None of the structures in either class
would be polar, thus there is no switchable polarization, and
the sensitivity of the polarization to doping is not relevant.
With no polar order, the dimensionality of the conductivity
should not significantly change. Finally, as in the case of polar
metals, phase transitions may or may not occur in noncen-
trosymmetric nonpolar metals. We would also expect some
new materials physics in class (1) and class (2) not necessarily
accessible in polar metals. For class (1), chiral metals provide
anisotropic superexchange that can produce real-space mag-
netic spin textures, e.g., skyrmions, as in the case of MnSi
[102]. The microstructure of the noncentrosymmetric metals
in both classes differs from their polar counterparts, but there
is limited work on understanding domain structures and grain
boundaries in these materials. This would be an interesting
future research direction.

B. Classification caveats

Despite the consideration put into the above classifica-
tion scheme, there remain materials which prove difficult to

categorize into a single class. The majority of such cases
involve materials which undergo significant changes in con-
ductivity or displacive mode dynamics as a result of changes
in their environment. In most cases, it is simplest to describe
a material as moving between categories as a function of
some perturbation. For example, a polar material exhibiting a
metal-insulator transition would transition from a polar metal
to ferroelectric [62,103,104].

Another unique case is found in materials which exhibit a
polar displacement that is enhanced as a consequence of dop-
ing an initially insulating material, as predicted in Sr3Sn, O
and various binary metal oxides [105,106]. Strictly speaking,
assuming doping occurs at such level so as to pass the Drude
criterion for conductivity, it would be tempting to categorize
Sr3Sn; 07 as a degenerately doped ferroelectric since the polar
distortion is sensitive to changes in the Fermi level and the
pristine state is ferroelectric. However, since polar order and
conductivity are clearly not fundamentally contraindicated in
this compound, it may be better to reclassify it as an extrinsic
polar metal. Such a classification would be made easier if the
polar mode amplitude asymptotes under doping to a finite
value and becomes relatively insensitive to changes in the
Fermi level. It is also worth noting that the material has not
yet been synthesized and characterized in experiment, and we
may discover that the real material behaves differently than
anticipated.

Finally, although we referenced 2D polar metals in the
anisotropic ferroelectric metals subclass, it should be noted
that a low-dimensional polar metal may have applications be-
yond switchability under external electric field. For example,
2D polar metallic In and Ga thin films exhibit remarkable
second harmonic generation due to their unique bonding envi-
ronment and fine control of the crystal lattice [107,108]. These
materials cannot be described as ferroelectrics, and would be
considered simply polar metals under our current scheme, al-
though the strong coupling between the thin-film morphology
and crystal structure implies a similarity to interfacial polar
metals and may warrant a separate category entirely.

IV. OUTLOOK

The outlook for polar metals research has never held
more possibility. The number of publications in the research
space continues to climb and we have made great strides
in determining the necessary relationship between electronic
and crystallographic structure to enable their coexistence.
Although there remain some unanswered questions (e.g., is
“weak coupling” a necessary condition or merely a useful
design principle?), there are also opportunities to significantly
broaden the polar metallic design space:

(i) Polar metals requiring new subclass designations may
combine multiple orders or enhanced functions, e.g., mag-
netism and strong electron-electron interactions can enable
magnetochiral anisotropy with nonreciprocal electrical trans-
port.

(i) Polar metals violating the weak-coupling principle
would broaden the materials landscape and bring control
routes to physical properties using nonconjugate fields.

Beginning with magnetic polar metals, there are many
known acentric conductors with magnetic ordering tem-
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peratures (across all of the above categories), including
the following: en-CoS [19], Pb,CoOsOg¢ [83], PbyNiOsOg
[109], tricolor superlattices BaTiO3;/SrTiO3/LaTiO3 [95],
Ca3Ru,0 [17], and more. In general, the coexistence of any
magnetic order with the necessary characteristics of a polar
metal described above should be considered the minimal def-
inition of a multiferroic polar metal. These may be further
subcategorized based on the type of magnetic order, i.e., fer-
romagnetic, antiferromagnetic, or helical. Multiferroic polar
metals with a switchable polar distortion would constitute
an additional subclass, namely, magnetoelectric multiferroic
polar metals.

However, the relationship between magnetic ordering in
these materials and their designation as polar metals varies.
For example, Jiao et al. describe separating polar metals with
magnetic ordering temperatures into type-I and type-II cat-
egories depending on the strength of the coupling between
magnetic and polar orders, with Pb,CoOsO¢ being an ex-
ample of a type-II magnetic polar metal [83]. By contrast,
the magnetic ordering predicted in SrCaRu,;Og is not ex-
pected to couple to the inversion-lifting distortion [8], or one
might note the insensitivity of the polar transition in doped
SrTiO; to the presence of magnetic doping and isovalent
substitution as an example of type-I behavior [110]. Still, we
may describe other categories, including magnetically driven
metal-insulator transitions in Pb,CaOsOg¢ [111] and B-site
substituted CazRu,07 [112—114] (in which case the magnetic
and transport properties are highly sensitive to dilute dopant
concentrations and dependent on the substituting species, Mn,
Ti, or Fe, which alters the magnetic state). Note that indirect
perturbation of electronic transport via magnetic interactions
does not constitute a violation of the polar metal criterion that
electron transport be insensitive to changes in the electron
chemical potential. In the case of CazRu,0;, if the origi-
nal AFM-b magnetic ordering is preserved, CazRu,O; will
retain both a polar structure and metallic transport indepen-
dent of doping, as can be easily seen from its electronic
band structure [115]. Therefore, Ca;Ru,0O5 is classified as a
polar metal. Depending on the dopant and level of doping,
Ca3zRu;,07 undergoes an isostructural metal-to-insulator tran-
sition. This is due to the alteration of the delicate balance
between ferromagnetic and antiferromagnetic exchange inter-
actions [116]. Indeed, while undoped CaszRu,O; exhibits a
quasi-two-dimensional metallic state with AFM-b magnetic
ordering, Ti and Fe doping result in a Mott-insulating state
with G-type AFM order and a localized state with coexisting
incommensurate and AFM-b magnetic ordering, respectively,
as reported in Refs. [113,117]. Subcategorization according
to magnetic properties helps describe fundamentally different
physical phenomena, but may be well suited to more de-
tailed investigations which may coexist with the classification
scheme presented above.

The weak-coupling hypothesis states that in order for
broken inversion and metallic conductivity to coexist
there must be limited coupling between electrons at the
Fermi level and the phonon(s) responsible for driving the
symmetry-breaking transition [8]. If polar metals exhibiting
strong coupling between the Fermi level and the structural
distortion were to be discovered, they may deserve separate
classification as well. Although TiGaO3; has been predicted as

a compound that might violate the weak-coupling hypothesis
[31], it be would hasty to separately categorize such a
material prior to experimental synthesis and characterization.
We recently computed the decomposition enthalpy of TiGaO3
to be about —1 eV/f.u., making it unlikely to be realized in
experiment. Studying a series of related ABO3; compounds
(A =Ti, Zr; B = Al, Ga, In) revealed that while each exhibits
a dynamically stable polar phase driven by displacements of
the A-site cation (which also contributes to the Fermi level),
none have a decomposition enthalpy smaller in magnitude
than —0.8 eV /f.u.

As was the case with Sr3Sn,07, it seems prudent to pri-
marily concern ourselves with the classification of known
compounds, as the synthesis of exotic predicted compounds
may reveal features that aid in their classification. Al-
ternatively, we may yet discover factors that prevent the
synthesis of acentric conductors that challenge our classifica-
tion scheme. In the mean time, it is incumbent on theoretical
and computational materials scientists to examine the stabil-
ity of their predicted compounds before sharing their results
[118]. At the same time, the high number of superconducting
polar metals (Table III) implies that perhaps the description of
weak coupling between crystallographic and electronic orders
in polar metals is not entirely accurate. There is certainly
evidence of a coupled relationship in the degenerately doped
superconducting ferroelectrics SrTiO; [13,14] and BaTiO;
[119]. The apparent connection between superconductivity
and polar metals (and the associated implications for coupling
between the two orders) warrants further investigation.

Accompanying the advent of 2D materials has been a
recent interest in the emergent phenomena that occur when
two sheets of a material are stacked on top of one another;
moiré heterostructures like those in the famous magic an-
gle graphene are being explored in a variety of van der
Waals materials [95,120-123]. However, work thus far has
exclusively focused on small-band-gap semiconductors and
semimetals. In addition, “twisting” typically occurs mechani-
cally and continuously. Concurrently, in the past year we have
seen a significant increase in the number of predicted and
synthesized two-dimensional polar metals [18,33,124-127].
We see an opportunity to significantly broaden the phase space
of both topologically nontrivial materials and acentric con-
ductors by considering two-dimensional metals and scalable,
discrete stacking mechanisms.

Metallic correlated transition metal dichalcogenides and
halides are just beginning to be investigated in moiré het-
erostructures. Noting that interlayer twisting at most angles
breaks inversion symmetry, this presents a pathway for a
new class of noncentrosymmetric metals, which may facilitate
the generation of tunable charge density waves, solitons, and
phasons, as well as topological conduction mechanisms and
create exotic opportunities to support new physics. However,
the number of metallic 2D transition metal dichalcogenides
is limited, motivating investigations beyond van der Waals
stacking (which requires mechanical stacking amidst a contin-
uum of possible twist angles) toward hybrid organic-inorganic
materials that can be directly assembled [128,129] or in het-
eroanionic materials comprising multiple anions [130,131].

As evidenced by Table III, there are a great many predicted
compounds; experimental verification of predicted polar met-
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als and their properties is a pressing need. In addition, the
search for compounds that violate weak coupling continues
to be of interest and may require expanding the field into
new structure families. Finally, the properties and applications
of polar metals are not yet fully appreciated. Recent work
on topological phonons indicates that polar metals are ideal
candidates to host this recently described phenomenon [132],
while the potential for polar metals to impact the fields of pho-
tovoltaics [133], energy harvesting [134,135], catalysis [136],
microelectronic [137-139], optoelectronic, photonic and plas-
monic devices [107,108,140-146], and quantum information
systems [147] remains largely untapped.
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APPENDIX: ASSUMPTIONS OF THE
BACKGROUND-CHARGE APPROXIMATION

The background-charge approach has become the de facto
tool for use in studying the effects of electrostatic dop-
ing on solid-state materials with density functional theory
(DFT) total energy methods [34,57,97,148,149]. This method
works by changing the number of electrons present in an
electronic structure simulation, while providing an additional
homogeneous background charge to maintain charge balance.
The background-charge approximation has become popular
in doping simulations because it allows one to use smaller
unit cells than in substitutional or vacancy-doping simulations
and because it allows one to separate the effects of changes
in electronic structure from the distortions which accompany
real chemical dopants. This is an attractive combination of
attributes when studying the interplay between free charge
carriers and the polar distortion active in ferroelectrics.

The background-charge method is frequently used both to
investigate fundamental relationships and to design polar met-
als [12,97,148,149]. This approximation, however, has conse-
quences which do not always translate to physical systems.
These include, but are not limited to (i) changes in volume;
(ii) abrupt changes in conductivity; and (iii) homogeneous
changes to electronic and crystallographic structure. Some
of these problems are linked to the use of periodic density
functional theory (DFT) as a simulation method in general,
e.g., (3) can be challenging to avoid while using periodic
boundary conditions, and all have been previously observed,
but their shortcomings have been amplified by widespread
application of the background-charge technique to doped FEs.
Despite its limitations, the background-charge approximation
remains an extremely valuable method of exploring the effects
of doping on electronic and crystallographic structure. The
consequences of using this approximation instead of more
realistic substitution or vacancy-based doping simulations,
however, should be acknowledged to avoid arriving at inaccu-
rate conclusions about the effect of doping in semiconductors
and in doped ferroelectrics in particular.

1. Changes in volume

The homogeneous background charge introduced in elec-
trostatic doping simulations produces unintended conse-
quences for the volume of the semiconductor being studied.
The effective “pressure” resulting from the additional elec-
trons and associated background is ill defined, resulting
in inconsistent consequences depending on the DFT im-
plementation [34]. It follows naturally that this arbitrary
treatment of volume leads to results that deviate signifi-
cantly from experiment. For example, Iwazaki et al. showed
that volume increases due to electrostatic doping simulations
via the background-charge method in BaTiO; dramatically
overpredicted volume changes as compared to experimental
substitutional doping [35]. Volume discrepancies dramatically
impact properties, including the stability of the crystal struc-
ture, as volume is closely tied to the strength of interatomic
forces and hence phonon frequencies. Simulations of soft
phonon modes in BaTiO; under electrostatic doping with
and without volume relaxation produce significantly differ-
ent critical doping thresholds [57]. If the volume difference
between polar and nonpolar phases is substantial, then the
volume changes induced by this method will intrinsically
favor high- or low-symmetry structures depending on the
relative volume [35,97], obfuscating the changes induced by
doping. Therefore, it is recommended that electrostatic doping
via the compensating background-charge approximation be
performed with fixed volume. Volume relaxation may only be
used when simulating substitutional, interstitial, or vacancy-
based doping. Even in those cases, the dopant concentration
should be considered when performing volume relaxations.

2. Abrupt changes in conductivity

In the pristine case, ferroelectric insulators are easily dif-
ferentiated from metals, both computationally (i.e., gapped
band structure) and experimentally (optical conductivity ap-
proaches zero at low frequency). Next, the addition of charge
carriers can be achieved through chemical means (dopants) or
electrostatic gating. Upon chemical substitution, defect states
are introduced into the electronic structure of a semiconduc-
tor, allowing for modest conductivity due to thermally excited
charge carriers occupying the defect states. This may lead
to the material exhibiting metal-like temperature-dependent
resistivity (i.e., positive slope) away from O K, but as tem-
perature is reduced the thermally activated charge carriers
are eventually frozen out and resistivity increases. This is
reflected in the optical conductivity (o), which still heads to
0 at low frequency [Fig. 2(a)].

Upon additional doping, an impurity band may form, trans-
forming a degenerately doped semiconductor into a bad metal
with low mobility from impurity scattering [150,151], as
shown schematically in Fig. 7. In this case, the material will
exhibit exclusively metallic characteristics, as the impurity
band produces a finite oy as w — 0, which can lead to the
apparent closure of the gap with sufficient doping as low-
frequency spectra weight appears [Fig. 2(a)].

This gradual evolution in conductivity under doping, ac-
companied by the formation of an impurity band, is not well
described using the background-charge method to approxi-
mate doping. In real semiconductors, doping shifts the Fermi
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FIG. 7. Schematic illustration of the effect of doping on the
electronic structure under the (top) background-charge technique and
(bottom) more realistic substitutional doping mechanisms involving
the formation of an impurity band (IB).

level up or down within the band gap, but often not to a
degree sufficient to push the Fermi level into either the valence
or conduction band (Fig. 7). With the background-charge
method, even a highly dilute concentration of additional elec-
trons (or holes) is sufficient to place the Fermi level within a
band, making the system metallic far below even the electron
concentration given by the Mott criterion n!/?ag ~ 0.25 for
free electrons, where 7, is the critical carrier density for the
transition and ag is the effective Bohr radius. Furthermore,
the undoped band structure remains more or less intact, pre-
cluding the possibility of changes to the electronic structure
due to impurity bands or polaron formation (Fig. 7). This
simplification obscures the complex reality of changes to the
electronic structure that accompany chemical dopants [152].

These changes are highly dependent on choice of start-
ing material and doping method (substitution, vacancy,
electrostatic, etc.). The critical charge-carrier concentration
(n*) for conductivity in BaTiO;3 alone varies considerably
across several doping mechanisms [15,41,153], all of which
are significantly higher than »n* for SrTiO; [154]. The
background-charge method is not able to account for these
differences and therefore may lead to misleading conclusions
about the ease of altering the conductivity of a material. It
may come closest to approximating electrostatic gating, as this
field-driven method typically does not generate an impurity
band. However, it still ignores charge localization mechanisms
discussed next.

3. Homogeneous changes to crystallographic
and electronic structure

Below the impurity band formation limit, or under elec-
trostatic gating, the carriers will either be homogeneously
or inhomogeneously distributed at the nanoscale. At present,
nearly all DFT calculations make the assumption that carri-
ers are homogeneously distributed, and by construction the
simulations result in a metallic electronic structure. Whether
or not this model accurately captures the experimental situa-
tion requires attention, as recent extensions of semiconductor
doping principles to transition metal compounds show that
homogeneous distributions are often the exception rather than
the rule [155].

For the inhomogeneous case, we anticipate nanoscale
phase segregation to occur in close analogy to what happens
across metal-insulator phase transitions in complex oxides
such as VO, [156]. Here doping leads to domains that are
either metallic or insulating and local structures that are cen-
trosymmetric and noncentrosymmetric, respectively. In other
words, the regions that are metallic recover inversion while
inversion symmetry remains lifted in the insulating regions.
This electronic- and parity-symmetry phase separation is sup-
ported by recent studies on BaTiO; and SrTiO; [153,154].
Indeed, BaTiOj3 is much more difficult to make metallic than
SrTiO; [154] with the key difference being the lattice dy-
namical properties; BaTiO3 is a soft-mode semiconducting
ferroelectric whereas SrTiOs is an incipient ferroelectric with
a highly dilute superconducting transition. In practice this
means that long-range order quickly breaks down in doped
BaTiOs, as the driving force for local off centering per-
sists leading to a network of disordered insulating octahedra
separated by centrosymmetric metallic clusters hosting pseu-
dolocalized free charge carriers. By contrast, under similar
doping conditions, the more regular octahedra of SrTiO3 enter
a metallic, and subsequently superconducting, state. SrTiO3;
is not immune to nanodomain formation [157], but charge
does not localize as easily. This highlights the fact that the
experimental structure may exhibit electronic structure het-
erogeneities in real space with regard to either the electronic
structure and/or crystal structure.

Meanwhile, nearly all DFT calculations assume homo-
geneous doping. This is unavoidable to a certain extent,
due to the prohibitive cost of simulating the large super-
cells necessary to capture nanodomain structures on the
mesoscale. However, the background-charge method further
enforces uniformity, as the added charge carriers are dis-
tributed among the bands closest to the Fermi level while a
homogeneous compensating background charge is added for
charge balance. This makes it very challenging to simulate lo-
calization or polaron formation, let alone account for multiple
phases.
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