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Antiferroelectricity in pure ferroelastics
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In pure ferroelastics, the coupling existing under applied electric field between spontaneous strain and electric
polarization is shown theoretically to transform the paraelastic and ferroelastic phases into polarized phases.
This effect is rooted in the existence in the zero-field crystal structure of most ferroelastics of polarizable
crystallographic sites forming an antiferroelectric array of dipoles. Under high fields the polar ferroelastic phase
can become ferroelectric across a first-order isostructural transition, which exhibits a double hysteresis loop.
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Ferroelastic transitions are those reversible structural
phase transitions that give rise to a spontaneous strain,
preserving a group-subgroup relationship between the space-
groups of the parent-paraelastic and daughter-ferroelastic
phases [1-4]. They can occur in conjunction with ferro-
electricity or as pure ferroelastic transitions, which form
the largest class of structural ferroic transitions [3,4].
Two different situations are found in pure ferroelastics
depending on whether the spontaneous strain has the sym-
metry of the primary transition order-parameter (proper
ferroelastic) or constitutes a secondary order-parameter
(improper ferroelastic) [5-7]. In the framework of the
Landau theory, this latter situation is taken into ac-
count by the coupling en/ between the primary order-
parameter n and the spontaneous strain e where the integer
f > 1 is the faintness index of the spontaneous strain
[8].

The elastic features of pure ferroelastic transitions are as-
sumed to constitute their most specific properties [4,9], and
their current theoretical description usually omits the coupling
e;jP;P; between the strain tensor components ¢;; and the prod-
uct of electric polarization components P;P;. Using a Landau
theoretical approach, we show that the activation of this cou-
pling by an applied electric field substitutes the paraelastic
and ferroelastic phases by polar phases. This effect is rooted
in the set of polarizable crystallographic sites forming an
antiferroelectric array of dipoles, which exists at zero fields in
many ferroelastic and paraelastic structures. Under high fields,
the polar ferroelastic phase can become ferroelectric across
a first-order isostructural transition associated with a double
hysteresis loop, conferring an antiferroelectric character to the
ferroelastic transition.

Let us consider as an illustrative example the proper fer-
roelastic second-order transition taking place at 420 K in
NdPsOy4 [10], with the orthorhombic-to-monoclinic space-
group change Pmna — P2,/b, giving rise to a spontaneous
shear strain ey,. Taking into account the strain-polarization
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coupling e, P, P, which implies a two-dimensional character
for the corresponding electric-field-induced effects, the free
energy associated with the transition under applied field E
along the (x, y plane) reads

o B P2 P?
F=-+>e"+ — + -2 +8eP.P,— E.P, — E,P,
YT TR T Ty 7
(1)

where e = e,, is the spontaneous strain, Py, P, are field-
induced polarization components, § is a coupling constant,
a =a(T —1T;), and a, B, xox, Xoy are positive constants. The
equations of state obtained by minimizing F; with respect to
e, P, and P, are

e(a + Be*) + 8PP, =0, )
Xy Px + 8ePy = Ey, 3)
Xoy Py + 8eP. = E,. “4)

At zero field the paraelastic (e = 0, « > 0) and ferroelastic
[eo = +(—a/B)'/?, a < 0] phases are stable. Under applied
field, the second-order transition between the zero-field
phases is replaced by a first-order isostructural transition be-
tween polarized phases having the same monoclinic symmetry
Pb and displaying the following polarization components:
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where e is a real root of Eq. (2) depending on P; and P,.
From Egs. (5) and (6) one deduces the susceptibility tensor
components y;; = Limg, o1t
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FIG. 1. Temperature dependence of the diagonal (a) and off-
diagonal (b) components of the dielectric susceptibility x from
Eq. (7). In (b), e = +[§(T. — )1'2. (c),(d) Electric field de-
pendence of (c) the field- mduced polarization P(E) and (d) the
ferroelastic shear strain e(E) below 7. in the polarized ferroe-
lastic phase. Assuming E along the diagonal of the (x, y) plane
and xo: & xoy = Xo yields P =P, = P, ~ ; jgfw which, when in-
serted in Eq. (2), allows us to approximate e(£), and subsequently
P(E). At low fields e ~ ey — §x3a'E?, and at large fields e ~

3X3  N1/3p2/3
(7 ,3+62(;(ga ) E7°.
where eg = £[5(T. — T)]'/? is the spontaneous strain at zero

field. Below 7, the diagonal components increase [Fig. 1(a)],
whereas the off-diagonal components increase for 6 < 0 or
decrease for § > 0 [Fig. 1(b)].

Therefore, an electric field substitutes the zero-field
paraelastic-ferroelastic transition of NdPsO4 by an isostruc-
tural transition between polar phases. This effect can be linked
to the local changes occurring in NdPsO,4 at zero fields: In its
ferroelastic phase, all crystallographic sites are at the Wyckoff
positions (4e) with a triclinic polar site symmetry 1 [11], and
these polar sites carry dipoles forming an antiferroelectric
array consistent with the nonpolar overall symmetry P2;/b
of the phase [Fig. 2(a)]. An electric field transforms the an-
tiferroelectric structure into a polar configuration [Fig. 2(b)]
with a macroscopic switchable polarization P [12,13]. The
paraelastic phase of NdPsO14 has also crystallographic sites
with polar symmetries m (4h), 2 (de, 4f), and 1 (8i) [11],
forming an antiferroelectric arrangement which acquires a
nonzero polarization under applied field.

Above and below T, the shear-strain e and polarization
P of the field-induced phases have a different origin and
dependence on the applied field. Above T, e is due to the low-
ering of symmetry of the paraelastic phase from orthorhombic
Pmna to monoclinic Pb, and P corresponds to an orientational
polarization of existing dipoles. Below T, e is a spontaneous
ferroelastic strain and P results from the emergence of new
dipoles. Figures 1(c) and 1(d) show the dependence of e and
P in the ferroelastic phase below T.
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FIG. 2. Dipole configurations in the ferroelastic unit-cell of
NdPs0O,4 with atoms in Wyckoff positions (4e) and site symmetry
1. (a) Antiferroelectric zero-field configuration compatible with the
macroscopic symmetry P2,/b. (b) Field-induced configuration of
symmetry Pb with E parallel to the (a, b) plane. A single dipole pair
is represented for each type of atom.

Similar results are obtained for improper ferroelastic tran-
sitions. Consider, for example, the second-order transition
occurring at 185 K in Hg,Cl, [14] with the tetragonal-to-
orthorhombic space-group change [4/mmm — Cmcm and
the strain-polarization coupling e,, P, P,. It is associated with
a two-component order-parameter fulfilling the equilibrium
conditions (n; = n, n, = 0) [3], which yield the effective
transition free-energy under applied field:

F B 4 P2 P2
=2+ St — e+c—
2 4 2 2x0c  2Xoy
_ExPx_EyPy» (8)

with u > 0, ¢ > 0, and § < 0. The equations of state
n(e + pr* —2pue) =0, )

ce — ;Lr)z + 8PP, =0, (10)

and Egs. (3) and (4) yield the equilibrium values at zero
field for the paraelastic (n = 0, e = 0, « > 0) and ferroelastic
phase [n = :I:(ﬂc_"‘z‘ﬂz)l/z, e= %, a <0, Bc > 2u?]. Un-
der applied field, both phases become monoclinic Cm, with
the polarization components (P, P;) given by Eqgs. (5) and
(6) The paraelastic phase exhibits a field-induced strain e =
——P P, due to the symmetry lowering /4/mmm-to-Cm. In the
ferroelastlc phase, 1, e and Py, P, are mutually correlated with

(—a;CZ;ZMSfP )1/2 and e = un —CBPP ]

Thus, under applied field the paraelastic and ferroelastic
zero-field phases of Hg,Cl, become polarized phases hav-
ing different values of the strain and polarization. As for
NdP50,4, the polar character of the phases in Hg,Cl, is
related to an orientational polarization of dipoles located at
the Wyckoff positions (4e) in the paraelastic phase and (8g)
in the ferroelastic phase, having, respectively, the polar site
symmetries 4mm and m [15,16]. They form an antiferroelec-
tric array of dipoles at zero fields [Fig. 3(a)], and a polarized
structure with a macroscopic polarization oriented along the
field [Fig. 3(b)].

L220101-2



ANTIFERROELECTRICITY IN PURE FERROELASTICS

PHYSICAL REVIEW B 103, L220101 (2021)

FIG. 3. Dipole configurations in the ferroelastic unit-cell of
Hg,Cl, with atoms in Wyckoff positions (8¢) and site symmetry
m. (a) Antiferroelectric zero-field configuration compatible with the
macroscopic Cmcem symmetry. (b) Field-induced configuration of
symmetry Cm, with E parallel to the (a,b) plane. A single dipole
pair is represented for each type of atom.

The properties found for the two considered examples
of ferroelastic transitions shed light on the role played by
the local dipolar order existing at zero fields in this ferroic
class of compounds. Column (e) of Table I indicates for the
ferroelastic materials listed in column (a) the crystallographic
site symmetries in the ferroelastic and paraelastic phases of
about 30 pure ferroelastic transitions. It shows that except
for AuCu and InTl, all transitions exhibit emerging polar
crystallographic sites in the ferroelastic phase. Moreover, with
the exception of SrTiO3, LaAlO3;, CdSnAs;, AuCu, and InTl,
the paraelastic phases possess polar site symmetries as well.
The emergence of polar sites at the local scale is connected to
the macroscopic symmetry-breaking mechanism. It suggests
that for a large number of pure ferroelastic transitions, the
spontaneous deformation of the crystal may originate in the
dipolar order emerging below T...

The conceptual image of electric dipoles localized at polar
crystallographic sites must be specified for the zero-field fer-
roelastic structures. For proper ferroelastic transitions where
the number of atoms in the elementary crystal unit-cell is
preserved, one can separate in each ferroelastic unit-cell two
regions corresponding to antiparallel local polarizations. The
dipoles are localized at sites consistent with the symmetry
operations of the ferroelastic structure and representing the
polarization of the entire regions. For improper ferroelas-
tic transitions, which display a breaking of the translational
periodicity, the zero-field antiferroelectric structure can be
considered as formed by an alternation of unit-cells having
antiparallel local polarizations.

Thus, for a majority of pure ferroelastics, the activation
of the strain-polarization couplings under applied field, given
in column (d) of Table I, results from the antiferroelectric
order existing at zero field. This property provides a clue for
understanding why notable antiferroelectric materials, such as
PbZrO3, NaNbO3, NH4H,PO,, or C404H, belong to this class
of ferroics [17,18]. Indeed, for most of the materials listed
in column (a) the symmetry properties of the local crystallo-
graphic sites reported in columns (e) and (f) of Table I verify
the conditions proposed in Ref. [19] for a structural transi-
tion between nonpolar phases to qualify as antiferroelectric.
These conditions assume that a set of crystallographic sites
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FIG. 4. Theoretical temperature—electric-field (TE) phase dia-
grams associated with the free energies given by (a) Eq. (1) and (b)
Eq. (8). They contain regions of stability of the polarized (FI) and
ferroelectric (FE) phases and hatched regions of coexistence between
two phases. Solid and hatched curves are the first-order transition
and the limit of stability curves, respectively. The E., and E,, curves
correspond to the coercive fields of the ferroelectric double hysteresis
loop. In part (a), K; and K, are critical end points of the liquid-vapor
type located at Ty = T, — £8?BPZP}. In part (b), Trl and Tr2 are
triple points joining at high fields the isostructural ferroelectric tran-
sition curve and the isostructural paraelastic-ferroelastic transition
curve.

undergoes a symmetry lowering resulting in the emergence of
new polar sites, and that the space group of the ferroelastic
phase has a symmorphic polar subgroup coinciding with the
symmetry of the emerging polar sites.

However, only a small number of real ferroelastic materials
fulfilling the preceding conditions exhibit the most distinctive
dielectric property typifying antiferroelectrics, which consists
of a double hysteresis loop associated with a first-order transi-
tion to a high-field ferroelectric phase from the low-field polar
phase [19,20]. In our theoretical description, a transition from
a polarized ferrielectric-like phase, with dipoles paired in the
opposite sense, to a ferroelectric phase, with all dipoles in
the same sense, has an isostructural character, as both phases
display the same macroscopic symmetry. In NdPsOy4 the two
phases have the space group Pb, with distinct equilibrium
values of e verifying Eq. (2). In Hg,Cl, two distinct values of
n deduced from Egs. (9) and (10) are associated with isostruc-
tural phases of symmetry Cm. But other prerequisites have
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to be taken into account in real ferroelastic materials for the
stabilization of a ferroelectric phase. In particular, the energy
barrier corresponding to the isostructural transition should be
overcome.

Figures 4(a) and 4(b) show theoretical temperature—
electric-field phase diagrams associated, respectively, with
the free energies F; and F;, assuming the stabilization of
a high field ferroelectric transition below 7. In both phase
diagrams, the paraelastic-ferroelastic second-order transition
at zero field becomes a first-order isostructural transition
under applied fields. In the phase diagram of Fig. 4(a) the
isostructural transition to the ferroelectric phase has a critical
end point of the liquid-vapor type around which the dipoles
reorient continuously from a ferrielectric-like configuration to
the ferroelectric configuration and vice versa. In the phase
diagram of Fig. 4(b), the ferroelectric transition curve joins
the ferroelastic transition curve at triple points.

In summary, the existence of field-induced polarized
phases appears as an intrinsic property of most pure ferroelas-
tics. At the macroscopic level, this property derives from the
specific strain-polarization coupling distinguishing this class
of structural ferroics. At the microscopic level, the property
is rooted in the local dipolar antiferroelectric configurations
of the phases at zero fields. The realization of a ferroelectric
transition at high fields and the related double hysteresis loop,
which is a benchmark for antiferroelectricity, requires suitable
symmetry and energy conditions.

A recently proposed theory of antiferroelectric phase tran-
sitions [19] considers the bi-quadratic coupling *>P? between
the primary transition order-parameter and the field-induced
polarization, which exists for all structural transitions be-
tween nonpolar phases. The influence of such coupling on
pure ferroelastic transitions depends on its relative magni-
tude with respect to the specific ferroelastic strain-polarization
coupling. Note that for improper ferroelastics with a faintness
index f = 2, one has e ~ n? and the n*>P? coupling is equiv-
alent to eP?. The results obtained in Ref. [19] differ from the
results of the present work because of the symmetry of the
high field ferroelectric phase, which is exclusively determined
by the orientation of the applied electric field, whereas in the
present work it also depends on the spontaneous strain which
couples to the polarization. Nevertheless, both descriptions
have in common the essential role played by the underly-
ing antiferroelectric dipolar order existing in the absence of
applied field. It suggests that in parallel to the traditional
ferroic classification based on tensorial properties, one may
classify structural ferroic phase transitions in terms of their
ferroelectric or antiferroelectric dipolar order at zero fields,
analogous to the ferromagnetic and antiferromagnetic classes
of magnetic phase transitions.

The authors are grateful to Bruno Mettout, Steve Lange,
Dmitry Khalyavin, and Jean-Claude Tolédano for helpful dis-
cussions.
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