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Auxetic materials are characterized by a negative Poisson’s ratio that they expand laterally in the
directions perpendicular to the applied stretching stress and vice versa. Piezoelectrics will change their
dimensions when exposed to an external electric field. Here we introduce the concept of the “electric
auxetic effect”: electric auxetic materials will contract or expand in all dimensions in response to an electric
field. Such unusual piezoelectric response driven by an electric field is a close analogy to the auxetic effect
driven by a stress field. A key feature of electric auxetic materials is that their longitudinal and transverse
piezoelectric coefficients are of the same sign. We demonstrate using first-principles calculations that the
Pca?2, orthorhombic phase of ferroelectric HfO, exhibits both the negative longitudinal piezoelectric effect
and the electric auxetic effect. The unusual negative longitudinal piezoelectric effect arises unexpectedly
from the domination of the negative internal-strain contribution over the positive clamped-ion contribution,
a character often found in van der Waals solids. We confirm a few more electric auxetic materials with finite
electric field calculations by screening through a first-principles-based database of piezoelectrics.
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Auxetic materials [1,2] with a negative Poisson’s ratio
exhibit a counterintuitive structural response; i.e., they
expand in the lateral direction when stretched longitudi-
nally. Considerable efforts [3-5] have been made to
discover and design auxetic materials for their potential
applications, such as impact absorbers. Piezoelectrics is a
class of functional materials that can change their dimen-
sions in response to an electric field E. Piezoelectricity is
described by the change of spontaneous polarization Pg in
response to an applied strain e (OPg/Oe, piezoelectric stress
coefficient e) or stress o (OPg/0o, piezoelectric strain
coefficient d) [6]. The two coefficients are related through
d;; = eSSy, where § is the elastic compliance constant.
In experiments, the piezoelectric response is often
characterized by d;; through the direct piezoelectric effect
(OP;/0o;)|p or the converse piezoelectric effect
(Og;/OE;)|,. In first-principles calculations, it is often
more convenient to discuss e¢;; since its decomposition
may provide fundamental physical insights. The piezo-
electric effect is important in various applications, such as
actuators [7] and nanogenerators [8,9].

Most piezoelectric materials exhibit positive (normal)
longitudinal piezoelectricity (d3; > 0). To the best of our
knowledge, the first discovered material possessing a
negative ds3 is the ferroelectric poly(vinylidene fluoride)
(PVDF). It was observed in experiments that ferro-
electric PVDF film becomes thinner upon the application
of E along the poling direction [10,11]. This counter-
intuitive phenomenon, termed as the negative longitudinal

0031-9007,/20/125(19)/197601(7)

197601-1

piezoelectric effect (NLPE), was considered to be rare for a
long time. The origin of the NLPE in ferroelectric PVDF is
still a subject of debate, possibly due to the semicrystalline
nature of this polymer [12-15]. Recent in situ dynamic
x-ray diffraction measurements suggested that the negative
ds; arises from the dynamics of the composite micro-
structure consisting of both crystalline and amorphous
phases [16]. On the theory side, the NLPE was demon-
strated for crystalline f-PVDF by various computational
methods ranging from molecular dynamics simulations to
first-principles calculations [17-19], suggesting its intrinsic
origin. Single-phase materials exhibiting the NLPE have
received revived attention in recent years. Following
scattered first-principles predictions of negative e3; in
some zinc blende (e.g., GaAs [20]) and wurtzite
(e.g., BN [21,22]) piezoelectrics over the years, Liu and
Cohen demonstrated the NLPE in several hexa-
gonal ABC ferroelectrics and revealed that such negative
response is a general phenomenon by screening through a
computational database of piezoelectrics [23]. More
recently, the NLPE was also discovered in van der
Waals (vdW) layered solids such as CulnP,Sq [24] and
bismuth tellurohalides BiTeX [25].

Here we introduce the concept of electric auxetic effect
(analogous to the known auxetic effect): electric auxetic
materials will contract or expand in all dimensions in
response to an electric field. Here the deformation is driven
by an electric field rather than a stress. In conventional
piezoelectrics, the transverse (in the basal plane) and
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longitudinal (along the polar axis z) piezoelectric coeffi-
cients are generally of the opposite sign. For example,
PbTiO; [26] has (e3; < 0, e33 > 0), whereas wurtzite BN
[21] has (e3; > 0, e33 < 0). Consequently, with E in the
direction of Pg, materials exhibiting positive (negative)
longitudinal piezoelectricity would expand (contract) along
the polar axis while they would contract (expand) in the
lateral dimensions. We propose that there is no fundamental
physics preventing the longitudinal and transverse piezo-
electric coefficients having the same sign in a single-phase
material. A piezoelectric with both negative (positive) es;
and e33 will contract (expand) in all dimensions in response
to E applied in the direction of Pg. To the best of our
knowledge, the electric auxetic effect has not been explored
and this counterintuitive electric-field-driven structural
response may offer novel avenues for the design of
electromechanical devices.

Unexpected ferroelectricity (and hence piezoelectricity)
was recently discovered in doped [27], undoped [28], and
Z1rO,-alloyed [29] HfO, thin films. The origin of ferro-
electricity in this conventional high-x dielectric is com-
monly attributed to the Pca2, orthorhombic phase of HfO,
(referred to as ferroelectric HfO, hereafter) that is stabilized
by many extrinsic factors, such as dopants and residual
stresses [27,30-36]. Because of its silicon compatibility,
HfO,-based piezoelectric thin film is a promising candidate
for future piezoelectric devices at the nanoscale. Very
recently, it was demonstrated by some of us, using first-
principles calculations, that ferroelectric HfO, exhibits the
NLPE [37], for which the underlying mechanism remains
elusive.

In this Letter, using first-principles calculations, we
demonstrate a significant NLPE in ferroelectric HfO,
which persists upon ZrO, alloying and Si doping. The
NLPE in HfO,-based materials arises from the domination
of the negative internal-strain contribution over the
positive clamped-ion contribution. In addition to the
NLPE, ferroelectric HfO, is an electric auxetic material
exhibiting an overall contraction (expansion) with the
application of E in (against) the direction of Pg. We
further carried out data mining using a first-principles-
based database of piezoelectrics and confirmed the
electric auxetic effect in a few more vdW solids with
finite electric field calculations. Notably, quasi-2D ternary
compounds ASnX (A = Na, K and X = N, P) crystallizing
in the space group P6;mc are identified to be electric
auxetic. The present Letter unravels and highlights the
NLPE in the newly discovered ferroelectric HfO,, which
may have important implications for energy harvesting
and sensor applications utilizing HfO,-based piezo-
electrics. Moreover, the electric auxetic effect is expected
to open up new opportunities to control structural defor-
mations using electric fields.

Density-functional theory calculations were carried
out using the Quantum ESPRESSO (QE) package [38]. The

spontaneous polarization is calculated using the modern
theory of polarization (Berry-phase method) [20,39-41].
We use the Perdew-Zunger parametrization of the local
density approximation (LDA) [42,43] and the Perdew-
Burke-Ernzerhof (PBE) parametrization of the generalized
gradient approximation [44] to describe the exchange-
correlation functional for ferroelectric HfO, and PbTiO;s,
respectively. Ultrasoft pseudopotentials are taken from the
PSLibrary [45]. Maximally localized Wannier functions
[46-48] are constructed using the Wanniero0 [49,50] code
interfaced with the QE package to obtain the locations of
Wannier centers. Finite electric field calculations are
performed using the method developed in Refs. [51-53],
as implemented in the ABINIT package [54,55].
Piezoelectric stress and strain coefficients are calculated
by density-functional perturbation theory [56]. All the
structure figures are produced using VESTA [57]. More
computational details can be found in the Supplemental
Material [58].

We first study the piezoelectric properties of ferroelec-
tric HfO,. The es3 calculated using LDA is —1.53 C/m?.
In order to assess the performance of different functionals,
PBE [44] and PBEsol [59] exchange-correlation func-
tionals are employed, predicting the NLPE of similar
magnitudes (—1.35 and —1.44 C/m?, respectively). Such
NLPE is even more significant than the most negative e33
found in NaZnSb (—1.04 C/m?) among hexagonal ABC
ferroelectrics [23]. Moreover, we find that the NLPE is
robust upon ZrO, alloying and Si doping, since Hf, Zr,
and Si ions carry similar Born effective charges (Z3;) of
4.98, 5.14, and 4.31 e, respectively, as shown in Fig. 1(a).
Ferroelectric ZrO, possesses even larger NLPE than
ferroelectric HfO,, while their alloy (Hf,Zr;_,0,)
exhibits a linear dependence of the NLPE on the
composition x. The incorporation of Si dopants perturbs
the local coordination environment of the host HfO,
structure but has little impact on the lattice (and hence
piezoelectricity).

It is of fundamental interest to understand the underlying
mechanism responsible for the NLPE in ferroelectric HfO,.
Piezoelectricity is commonly decomposed into “clamped-
ion” (egg) ) and ““internal-strain” (eég)) contributions [20,60].
The former describes the change of Py due to a uniform
distortion of the lattice, while the latter measures the
piezoelectric response to atomic relaxations that release
the internal strain. The decompositions are summarized in
Table I for several NLPE materials, including f-PVDF,
BiTel, and NaZnSb (representative of 1D ferroelectric
polymers, vdW layered BiTeX, and bulk hexagonal
ABC ferroelectrics, respectively). In vdW layered materials
such as CulnP,S¢ [24] and BiTeX [25], due to the strong
intralayer chemical bonds and the weak interlayer
vdW interaction, the internal-strain contribution dominates
as a result of large interlayer deformation. In ionic
solids such as wurtzite BN [21,22] and hexagonal ABC
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(a) Spontaneous polarization Pg for HfO,-based materials as a function of longitudinal strain ¢.. The slope corresponds to es3.

The inset shows the composition dependence of es; for Hf|_,Zr,O,. (b) Schematic illustration of the mechanism responsible for the
NLPE in ferroelectric HfO,, in comparison with conventional PbTiO;. The unit cell (black box) is chosen such that the dipole formed by
O, and Hf (Ti,) aligns with the bulk polarization, thus selecting the right polarization branch (quanta). The clamped-ion polarization
scales with the dipole moment formed by the positive O, core (red circle) and the associated negative Wannier center (green circle). The
“relaxed-ion” polarization scales with the dipole moment of O, —Hf, (Ti;). It is noted that in both ferroelectric HfO, and PbTiOs, the
Wannier center is in the “stiff” bond and O; atom moves into the “soft” region at the relaxed-strain state (see discussions in main text).

ferroelectrics [23], the clamped-ion contribution dominates
because atomic relaxations are small due to the rigid
potential energy surfaces.

In ferroelectric HfO,-based materials, we find that the
negative internal-strain contribution dominates over the
positive clamped-ion contribution (see also Fig. S1 [58]).
This is somewhat surprising since such tendency is often
found in solids that condense through vdW interactions
(such as f-PVDF and BiTel, see Table I), whereas the large
deviation of Z3; of Hf and O atoms from their nominal
ionic charges suggests a mixed ionic-covalent character in
ferroelectric HfO,. Moreover, a direct comparison between
HfO, and PbTiO; shows that their total, as well as
individual decomposed longitudinal piezoelectricity, are
all of the opposite sign, as shown in Table L.

We now offer a simple dipole model to explain the signs
of eg? and e§’3> based on Wannier representations and Born
effective charges, respectively, as schematically illustrated
in Fig. 1(b) (see also the insets of Fig. 2 for structural
models). The choice of the ferroelectric unit cell ensures the

TABLE 1. Calculated total, internal-strain, and clamped-ion
piezoelectric stress coefficients (in units of C/m?), compared
with theoretical results from literatures (shown in parentheses) for
PbTiO5 [26], f-PVDF [19], BiTel [25], and NaZnSb [23].

€33 523) egg)
HfO, —1.53 -2.16 0.63
PbTiO; 2.55 (3.23) 349 4.11) —0.94 (—0.88)
S-PVDF  —0.34 (—0.33) —-0.49 0.15
BiTel —0.41 (-0.53) —0.60 (—0.63) 0.19 (0.10)
NaZnSb  —1.23 (—1.04) —0.25 (-0.09) —0.98 (—0.95)

dipole moment aligning with the bulk polarization, thus
selecting the correct polarization branch (quanta). The total
polarization can be gauged by the dipole moment formed
by the oppositely charged atoms carrying Born effective
charges in the unit cell, while the effect of charge transfer is
captured by the shift of Wannier centers. For simplicity,
here we only focus on the displacement of O; atoms.
The pioneering work of Cohen [61] revealed that the
ferroelectricity in perovskites such as PbTiO; arises from a
delicate balance between the long-range Coulomb inter-
action (in favor of the ferroelectric phase) and the short-
range repulsion (in favor of the paraelectric phase), while
the latter is further weakened by the hybridization between
Ti-d and O-p orbitals. As a result of the hybridization, the
O, atom is associated with a Wannier center located at the
shorter Ti,—O; bond but closer to O; [see Fig. 1(b)].
Within the Wannier representation, the dipole formed by
the positive O; core and the associated negative Wannier
center is parallel to Pg. At the clamped-ion state, the
Ti,—O; bond becomes shorter as the lattice is compressed
along the polar axis. A smaller distance between Ti, and O,
strengthens both the repulsion and hybridization, but the
repulsion becomes stronger than the hybridization [62].
This has two consequences. First, according to Harrison’s
bond-orbital model [63], the enhanced hybridization causes
an effective charge transfer from the anion O, to the cation
Ti,, characterized by a downward shift of the Wannier
center against the direction of Pg. This increases the
distance between the O; core and the Wannier center,
and hence the associated dipole moment as well as the
polarization, resulting in the negative e(;;) (enhanced
polarization due to a compressive loading). Following that,
the stronger repulsion will drive the elongation of the
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FIG. 2. Potential energy surfaces with the O; sublattice displaced along the polar axis (in fraction of lattice constant c) at the strain-free
state (dashed lines) and the clamped-ion state with a compressive longitudinal strain of 5% (solid lines) for (a) ferroelectric HfO,,
(b) PbTiO;. The bonds associated with the ferroelectric distortion are circled by dashed blue lines, with their Wannier centers
schematically represented by green dots. The corresponding clamped-ion (CI) and internal-strain (IS) contributions are marked by blue
arrows. For ferroelectric HfO,, the ball-and-spring model is schematically illustrated. From anion to cation, “intralayer” (“interlayer”)
balls are linked by stiff (soft) springs in (against) the direction of Pg.

Ti,—O; bond to the relaxed-ion state. This causes an
upshift of the O; atom and a reduced dipole moment of

Ti;—0Oy, and is hence responsible for the positive egg).

From the above discussions, we are then ready to
identify the structural origin of the NLPE in ferroelectric
HfO,. The ferroelectric distortion (from the nonpolar
P4, /nmc tetragonal phase) involves not only longitudinal
but also transverse displacement of the anion O; sublattice,
with its coordination number varying from four to three.
The total Py is against the ferroelectric displacement of the
O; sublattice. Although there are three Hf—O; bonds
almost equal in length, the competition between hybridi-
zation and repulsion occurs mainly in one Hf;—O; bond
with the smallest zenith angle [circled by a dashed blue line
in the inset of Fig. 2(a)]. More importantly, here
the Wannier center associated with O; locates at the
Hf,—O, bond, and hence the corresponding dipole moment
points against Pg. Consequently, at the clamped-ion state,
the enhanced hybridization causes the Wannier center to
shift toward the Hf; site; this reduces the total polarization
and is hence responsible for the positive eg(;). Similar to the
case of PbTiOs, in the relaxed-ion state, the repulsion will
elongate the Hf{—O; bond. The difference is that here O,
moves downward, which naturally leads to the increased
dipole moment of Hf;—O, (enhanced polarization) and the
negative egg. As a result, the clamped-ion and internal-
strain components are both of the opposite sign to that
of PbTiO;. Overall, the negative e3; dominates over the
positive eyy, giving rise to the NLPE in ferroelectric
HfO,.

First-principles calculations support our model dis-
cussed above. We calculate the potential energy surfaces
(PESs) and the associated polarization by displacing
the O, sublattice along the polar axis (Az) in both
strain-free (¢, = 0) and compressed (¢, = —0.05) states.

The polarization at Az =0 for e. = —0.05 reflects the
clamped-ion state polarization. As shown in Fig. 2 [see
also Figs. S2(c) and S2(d) [58] for the displacements of
the Wannier centers], it is evident that the strained
ferroelectric HfO, (PbTiOs) has a smaller (larger) polari-
zation due to the upshift (downshift) of the O; Wannier
center than that in the strain-free state at Az = 0, indicat-
ing a positive (negative) egg). The minimum of PES (Az),
corresponds to the equilibrium relaxed-ion state for a
given strain. We find that ferroelectric HfO, (PbTiO3) has
(Az)eq < 0 (> 0) ate. = —0.05, corresponding to a down-
ward (upward) shift of O; and increased Hf;—O,
(Ti;—O;) bond length, and the polarization is larger
(smaller) than that at (Az),, = 0 in the strain-free state,
indicating a negative (positive) 63'3 and e33. Simply put,
the key structural difference between PbTiO5 and ferro-
electric HfO, is that the “stiffer” bond (long Hf;—O; bond
and short Ti,—O; bond, see the slopes of PESs in Fig. 2)
have opposite cation-anion orientations with respect to the
bulk polarization. Following the ball-and-spring model
[24] (the cation and anion sublattices are treated as atomic
planes of effective charges alternating in the polar direc-
tion), the PES of ferroelectric HfO, exhibits a remarkable
similarity to those of vdW solids [see Fig. 2(a) for
schematic illustrations], and hence the negative
internal-strain contribution dominates over the positive
clamped-ion contribution.

In most conventional ferroelectrics such as PbTiO; [26]
and nonferroelectrics such as wurtzite semiconductors [20],
the transverse and longitudinal piezoelectric coefficients
are negative and positive respectively (e3; < 0, es3 > 0);
i.e., these materials exhibit “normal” piezoelectric effect.
Materials exhibiting the NLPE, however, are not neces-
sarily electric auxetic materials (e.g., wurtzite BN [21,22]
has e3; > 0, e33 < 0). One exception is the case of f-
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Spontaneous polarization Pg and strain in response to an applied electric field E for (a) ferroelectric HfO,, (b) PbTiO;. The

slope of the Pg¢-E curve gives the electric susceptibility y. The insets show schematically the converse piezoelectric response.

PVDEF, whose ¢;; are all negative [19]. Interestingly, we

find that ferroelectric HfO, is also an electric auxetic
material. The calculated proper d3;, dz,, and dj; are
—1.25, —1.84, and —2.59 pm/V, respectively. To further
demonstrate the electric auxetic effect, we perform first-
principles calculations at finite £ where the lattice and the
atomic positions are fully relaxed. As expected, within the
experimentally relevant E values (|E| < 5 MV/cm), ferro-
electric HfO, indeed exhibits electric auxeticity, as shown
in Fig. 3(a). For comparison, we also demonstrate the

normal converse piezoelectric response in PbTiO;
(d3; <0, d33 > 0), as shown in Fig. 3(b).

We then search for electric auxetic materials among other
materials exhibiting the NLPE, as shown in Fig. 4 and
Table SI [58]. We find that vdW solids such as f-PVDF and
BiTel are generally electric auxetic. The ionic solid
NaZnSb, on the other hand, exhibits the NLPE but is
not electric auxetic (dz; > 0, dz3 < 0). We further carried
out data mining using a first-principles-based database of
piezoelectrics [64] and identified over 100 compounds with
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FIG. 4. Strain in response to an applied electric field E for (a) f-PVDF, (b) BiTel, (c) NaZnSb, and (d) NaSnN. The ball-and-spring
model for f-PVDF resembles its similarity to ferroelectric HfO, in their structures.
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either all positive or all negative e3; (see Supplemental
Material [58]). Notably, quasi-2D ternary compounds
ASnX (A = Na, K and X = N, P) crystallizing in the space
group P6;mc have all negative e3; (d3;) and e33 (d33), as
shown in Table SII [58]. The mechanism of the NLPE in
these materials is similar to other vdW solids; i.e., the
negative internal-strain contribution dominates. Their
electric auxetic behaviors are confirmed with finite electric
field calculations for the case of NaSnN [see Fig. 4(d)]. All
in all, our preliminary results suggest that electric auxeticity
might be a general feature for vdW solids exhibiting
the NLPE.

In summary, we have demonstrated a significant NLPE
in ferroelectric HfO,-based materials with first-principles
calculations. An unexpected similarity between ferro-
electric HfO, and vdW solids is found in the underlying
mechanism responsible for the unusual NLPE: the negative
internal-strain contribution dominates over the positive
clamped-ion contribution. Applying an electric field along
(against) the spontaneous polarization of ferroelectric HfO,
and several other vdW solids results in an overall con-
traction (expansion) of the lattice, confirming the electric
auxetic effect. The results of data mining reveal over 100
compounds with significant electric auxetic effect. We hope
that this Letter will stimulate future theoretical and experi-
mental studies of the NLPE and the electric auxetic effect,
which may have important implications for energy harvest-
ing and sensor applications.
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