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Polar distortions in hydrogen-bonded organic ferroelectrics
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Although ferroelectric compounds containing hydrogen bonds were among the first to be discovered, organic

ferroelectrics are relatively rare. The discovery of high polarization at room temperature in croconic acid [Horiuchi
et al., Nature (London) 463, 789 (2010)] has led to a renewed interest in organic ferroelectrics. We present an
ab initio study of two ferroelectric organic molecular crystals, 1-cyclobutene-1,2-dicarboxylic acid (CBDC) and
2-phenylmalondialdehyde (PhMDA). By using a distortion-mode analysis we shed light on the microscopic
mechanisms contributing to the polarization, which we find to be as large as 14.3 and 7.0 uC/cm? for CBDC
and PhMDA, respectively. These results suggest that it may be fruitful to search among known but poorly
characterized organic compounds for organic ferroelectrics with enhanced polar properties suitable for device

applications.
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The property of polarization switchable by an applied
external electric field, i.e., ferroelectricity, is the basis of a
wide range of device applications.! The first known ferro-
electric material, discovered in 1920, was sodium potassium
tartrate tetrahydrate (NaKC4H4O¢-4H,0), better known as
Rochelle salt.> Unfortunately it is also one of the most
complicated ferroelectrics known to date, and research in
this field soon focused on simpler ferroelectrics, such as
phosphates and arsenates, discovered later.>* A prototypical
example is potassium dihydrogen phosphate, KH,PO,, better
known as KDP’ The latter contains hydrogen bonds for
which different possible arrangements of the hydrogens can
result in different orientations of the dipolar units. After the
discovery of ferroelectricity in BaTiO3, with polarizations
as large as 27 uC/cm? in the tetragonal phase,’® attention
switched to this new class of perovskite oxygen octahedral
ferroelectrics made up from basic BOg building blocks, of
which BaTiO; was the forerunner. These perovskite and
related materials are by far the most investigated class of
ferroelectrics, and the most important for current device
applications. Nevertheless, substantial efforts are now being
made in order to find ferroelectric materials that are potentially
cheaper, more soluble, less toxic, lighter, or more flexible.”:8
Proton ordering in hydrogen-bonded systems has long been
one of the central topics in condensed-matter physics.” Very
recently it was discovered that organic crystals of croconic
acid, H,CsOs, exhibit ferroelectricity with a large sponta-
neous polarization of 21 uC/cm?.!° Croconic acid consists
of polar stacks of sheets of hydrogen-bonded molecules.'!
Upon application of an electric field, protons associated
with one molecule cooperatively shift to a hydrogen-bonded
neighbor, switching the molecular dipole and giving rise
to a large polarization.'? It seems likely that this physical
mechanism may also occur in many other organic materials
whose ferroelectric properties have yet to be discovered and
characterized. Ab initio calculations are a suitable tool in
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this case, as they can not only identify materials with large
polarization, but also shed light on the mechanisms behind
the polarization itself. Organic materials show also promising
routes for multiferroicity, i.e., a combination of ferroelectric
and magnetic properties in the same compound and for mag-
netoelectricity, i.e., the intriguing possibility of controlling the
ferroelectric polarization by an applied magnetic field, and vice
versa, controlling the magnetization by applying an electric
field.!>1

In this paper, we focus on 1-cyclobutene-1,2-dicarboxylic
acid (CBDC, CgH¢O4) (Ref. 16) and 2-phenylmalondi-
aldehyde (PhMDA, CyHs05). 17 Tnitial x-ray diffraction studies
of CBDC (Ref. 16) and PhAMDA (Ref. 17) were performed only
at room temperature for CBDC and at 7 = 111 K for PhMDA.
It was only recently that unique measurements were extended
to low temperature for CBDC and to room temperature for
PhMDA,'® showing that both compounds are ferroelectric
with Curie temperatures above 400 and 363 K, respectively.
The observed spontaneous polarization (Py,P,,P;) is as large
as (0.4,0,2.8) and (0,0,9) ,uC/cm2 for CBDC and PhMDA,
respectively.!® The main purpose of the present study is to
describe the ferroelectricity in these compounds based on
ab initio calculations. We have found that for both materials,
the main contribution to the polarization is a collective proton
transfer between molecular units, hereafter denoted as an
“intermolecular” hydrogen shift. This is basically the same
main mechanism found in croconic acid. However, impor-
tantly, we have also introduced a partial mode analysis of the
contributions to the ferroelectricity, and found that correlated
intramolecular distortions also contribute significantly to the
polarization.

First-principles density-functional theory calculations were
performed using the Vienna ab initio simulation package
(VASP).'>20 The Kohn-Sham equations were solved using
the projector augmented-wave pseudopotentials and the
Perdew-Burke-Ernzerhof (PBE) generalized gradient density

©2011 American Physical Society


http://dx.doi.org/10.1038/nature08731
http://dx.doi.org/10.1103/PhysRevB.84.014101

ALESSANDRO STROPPA et al.

approximation to the exchange-correlation potential.>! We
used a plane-wave cutoff of 400 eV and k-point meshes of
(6,2,4) and (4,2,6) for CBDC and PhMDA, respectively. The
Berry-phase method was employed to evaluate the crystalline
polarization.”>?* All atomic positions were optimized until
the forces were below 0.01 eV/A. Test calculations were
performed to estimate effects beyond the local density ap-
proximation by using the Heyd-Scuseria-Ernzerhof hybrid
functional, which has shown to improve the description
of solid-state systems.’*> We also checked the van der
Waals corrections®®37 as proposed within a density-functional
framework. In both cases the changes in the magnitude
of polarization were found to be less than a few percent,
confirming the basic physics explained in the present work.
A more extended discussion about corrections beyond local
and semilocal functionals will be presented in a forthcoming
publication.*®

@20 9% ev0  ()le o8 oo ,
Ce0 2 Py G0 ‘,oﬂﬁo
E GP’Q ® ° ? o - ’.0 - ° Q'. -
Po R oeo Pe be oo
[ ] ™ 9 e‘ ‘ °.r
0.-. GOMO.' «;o \GQM
............................................. . w L
y | S0 N0 b " . “l" °
A o0 = o
<« olf? %% oo P9 e geo
‘ o0 o o ©e0o o ©
e 9@
(C) o A (d) o o g
‘g . Tg* i 4
e_2 o L I e .8, » .
F'a BB Y 9 P U a 4
11 ’noﬂﬂ“ p 1l x unao'
i o A o t o B 5
-}
'oﬂa-.’ 0 .‘ﬁv_g ﬁ
.ngl .oan. :a-'/ﬂ. ‘eﬁo'
e 2 o L 2 ‘J o e ®
¢y @ ® ! 14 L - .\ [
' .+ o] ¢« e
‘ b L] - i a . -
en_-@'ﬂnﬁ o s o‘w
e > _LL—U_O_ _ﬁ_ﬂ_._u_u_

FIG. 1. (Color online) Ball-and-stick models of CBDC (top) and
PhMDA (bottom). (a) and (c) refer to centric and (b) and (d) to polar
structures. Dashed guiding-eye lines refer to the position of relevant
hydrogens contributing to polarization; arrows in (b) and (d) indicate
important polar distortions. Here and in Fig. 3, 4 green, red and black
spheres are Carbon, Oxygen and Hydrogen atom.
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InFig. 1 we show a ball-and-stick model of CBDC (top) and
PhMDA (bottom). In Figs. 1(a) and 1(c) we show the centric
structures, and in Figs. 1(b) and 1(d) the polar ones. The CBDC
molecular unit is formed by a main planar four-membered ring
of carbon atoms similar to the planar cyclobutene molecule,
and two carboxyl carbons, i.e., with formula —C=0—-0—H,
where “=" and “—” refer to double and single bonds. The
molecular units shown in Fig. 1 are part of an infinite chain of
molecules related by a glide plane and linked by intermolecular
hydrogen bonds. The PhAMDA molecular unit is formed by a
planar phenyl group, i.e., six carbon atoms arranged in a planar
ring, each of which is bonded to a H atom. The phenyl group is
linked to a linear hydrogen-bonded chain of g-diketone enol
moieties, i.e., O(=)C—C=C—-O—H. Hydrogen bonds link the
molecules together along the [102] and [102] directions into
infinite chains.

We found it useful here to introduce a pseudosymmetry
analysis, in which a given low-symmetry (ferroelectric) struc-
ture is represented in terms of a symmetry-lowering Landau-
type structural phase transition from a high-symmetry (para-
electric) parent structure, based on finding a supergroup of the
given space group.’>*” CBDC crystallizes in the monoclinic
space group Cc and its pseudosymmetric centric structure has
space group symmetry C2/c; the two structures are related by
amaximum atomic distortion of 0.43 A. Analogously, PhMDA
crystallizes in the Pna2; and its pseudosymmetric centric
structure is Pbcn, with maximum atomic displacements of
0.25 A. In order to gain insight into the ferroelectricity, we
compare the relaxed centric and polar structures shown in
Figs. 1(a) and 1(b) for CBDC and in Figs. 1(c) and 1(d) for
PhMDA. For CBDC we have two types of hydrogen bonds
(intramolecular and intermolecular) which, in the polar state,
shift toward the molecular units on the right-hand side, as
shown by the short arrows in Fig. 1(b). There is another
cooperative atomic distortion, shown in Fig. 1(b) by the
curved arrow, hereafter referred to as “molecular buckling.”
For PAMDA, the hydrogen sitting between two molecular units
in the polar structure shifts toward one of its neighboring units,
as indicated by short arrows in Fig. 1(d). Two other relevant
atomic distortions come into play, as shown by the curved
arrows, both tending to deform the molecular units. One acts on
the planar phenyl group, while the other distorts the 8-diketone
enol moieties. For both compounds, then, we find that three
different types of distortion can contribute importantly to the
ferroelectric polarization.

In Fig. 2 we show the variation of the total energy from the
centric to the polar structure as a function of the amplitude
of the polar mode. For both materials we find a bistable
energy profile characteristic of a ferroelectric material with
an energy barrier on the order of 0.3 eV /unit cell, suggesting
that the polarization should be switchable upon application
of an external electric field. For CBDC, the polarization is in
the ac plane with a magnitude of P = 14.3 4C/cm?, while for
PhMDA it is along the c axis and equal to 7.0 xC/cm?. (Recall
that the polarization of croconic acid is 21 uC/cm?.) The
slight discrepancy with experimental values on CBDC might
be due to insufficient optimization of high-quality crystalliz-
ation.'® We next consider the relaxed structures of the high- and
low-symmetry phases, analyzing the displacive-type transition
between the two phases in terms of symmetry modes using
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FIG. 2. Variation of total energy (top) and of polarization (bot-
tom) as a function of the amplitude of the polar distortion between
centric (A = 0) and polar (A = £1) configurations.

the AMPLIMODES software package*' and 1SODISTORT.*?> The
programs determine the global structural distortion that relates
the two phases, enumerates the symmetry modes compatible
with the symmetry breaking, and decomposes the total
distortion into amplitudes of these orthonormal symmetry
modes.

InFig. 3 we show the centric structures for CBDC (left-hand
side) and PhMDA (right-hand side), with the characteristic
atomic displacements of the different polar distortion modes
shown by arrows. As the polar mode acts separately on differ-
ent Wyckoff positions (WPs) of the high-symmetry structure,
it is meaningful to consider the action of the polar distortion on
atoms belonging to different WPs separately. We denote these
as A(WP), and they are shown from top to bottom in Fig. 3.
For CBDC, we have A(4e) and A(4b) as intramolecular and
intermolecular proton transfer distortions and A(8f) as out-
of-plane molecular twisting (buckling) and 7-bond switching
of carboxylic groups. For each of them we have calculated
the polarization by displacing only the atoms belonging to a
given WP orbit and keeping the rest of them in their cen-
trosymmetric positions, obtaining P4, = (0.5,0,—1.6), Py, =
(6.6,0,—5.5) and Pgs = (5.5,0,0.4) ,u,C/cmz. Notably, their
sum is (12.6,0,—6.7) /LC/CInZ, which is almost equal to the
total polarization Py, = (12.7,0, — 6.6) ,uC/cmZ, calculated
from the total polar distortion. The linearity of the partial
polarizations is compatible with displacive-type ferroelec-
tricity. Surprisingly, the mode decomposition shows that
the A(8f) mode makes almost as large a contribution as
the intermolecular proton transfer in determining the total
polarization. This effect can be related to a double(sr)-bond
switching of carboxylic C=0<4=C—O bonds correlated with
the intermolecular and intramolecular hydrogen distortion.
This is shown in Fig. 4, where we present an enlarged view of
the A(8f) mode. In the upper part, we show the centric case,
with hydrogens equidistant from nearest carbons or oxygens.
In the lower part, we show the cooperative hydrogen distortions
leading to the +P or —P state, which correlates, in turn,
with the switching of double and single C—O bonds and with
the shortening and/or elongation of the corresponding C—O
bonds, in both +P and —P. This picture is further confirmed by
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FIG. 3. (Color online) Displacements patterns (arrows) connect-
ing centric to polar structures for atoms belonging to specified
Wyckoff positions (top to bottom) for CBDC (left-hand side) and
PhMDA (right-hand side).
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the following computational experiment: (i) We first consider
all the atoms at their centric positions (upper part in Fig. 4);
(ii) we then move only the intramolecular and intermolecular
hydrogen as, for instance, in the +P state, keeping all the
other atoms fixed. The charge-density difference between (ii)
and (i) shows a pileup of out-of-plane charge between C,=0,
and C;=0s3, which corresponds to the incipient formation
of the w (double) bonds. This can be easily seen in Fig. 5,
where we highlight the charge-density difference isosurfaces
between (ii) and (i) due to hydrogen displacements. In this
case, these isourfaces correspond to an increase of charge with
respect to case (i): By moving only the intramolecular and
intermolecular hydrogen atom, charge accumulates in regions
of w-bond formation (see Fig. 4).

One could expect that the polar carboxylic groups, rather
than the less polar C—C bonds, might be responsible for
the large polarization of the buckling mode. To confirm this,
we have further extracted the contribution of the C=0/C—0O
bonds to this polarization. The extracted polarization of
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FIG. 4. (Color online) Switching between double and single
bonds in the CBDC molecule. Top: centric case; bottom: switching
between + P and — P. The chemist convention for the orientation of
the dipole moment is used here, i.e., the arrow starts at §+ and ends
at§—.

(4.8,0, — 0.1) uC/cm? [versus the remaining contributions of
(0.8,0,0.4) uC/ cm?] account for most of the large polarization
of the A(8f) mode. Again linearity is well fulfilled. This clearly
explains the origin of the surprisingly large polarization of the
buckling mode. For PAMDA, we find partial modes A(4a),
A(4c), and A(8d) whose contributions to the polarization are
5.8, 1.0, and 0.3 «C/cm? along the z polar axis, respectively.
The linearity holds also in this case, but now the intermolecular
proton transfer does give the dominant contribution.

Finally, for the centric structures, we have calculated
the Born (or “dynamical” or “infrared”) charge tensors
Z;aﬂ = (2/e)d Py /0uy g, where P, is the component of the
polarization in direction  and uy g is the displacement of atom
k in direction B, €2 is the primitive cell volume, and e is the
charge quantum. In perovskite ABO3 oxides the ferroelectric
tendency is well known to be connected with the presence
of anomalously large Born charges.?>?* It should be noted
that in low-symmetry cases, as in the present study, the Born
tensor is not symmetric in its Cartesian indices. Therefore,
we have split the tensor into symmetric Z§ and antisymmetric
Z ¢ parts. In the following, we will focus on the former, and
in particular, on its three eigenvalues A; > A, > A3, whose
physical interpretation is straightforward. Furthermore, only
the hydrogen Born tensors will be considered. We have
also calculated the phonon frequencies at the I'" point; the

FIG. 5. (Color online) Difference between charge-density isosur-
faces of structures shown in the upper and right-hand side bottom
part of Fig. 4 (see text for details).
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presence of an imaginary frequency usually implies a structural
instability, in this case of the paraelectric structure.

Let us first consider CBDC. As expected, the significant
deviations of the dynamical tensor with respect to the nominal
charges involve the “active” H atoms. For the intermolecular
hydrogen, A;z: = (3.4,0.4,0.1), and for the intramolecular
hydrogen, 4; z; = (2.2,0.3,0.3). The large values of the Born
charges for hydrogens confirm their important contribution
to the polarization, as found also in other hydrogen-bonded
organic molecular crystals.**~* The other hydrogens have only
negligible absolute eigenvalues ~0.1 (some of them becoming
negative). For the phonons, we found a large nondegenerate
imaginary I' phonon frequency of ~106 cm~!. According to a
symmetry analysis,*® infrared irreducible representations exist
for all three WP positions with either A, or B, symmetry. This
is not unexpected, as all WP positions carry a contribution to
the polarization. In particular, the eigenvector of the imaginary
frequency has symmetry B,, which is polar. After normaliza-
tion to 1 A, we use the AMPLIMODE software for studying
the corresponding displacement pattern. The largest absolute
|u|, where u is the displacement of the atom according to the
phonon eigenvector, is 0.29 and 0.35 A for intramolecular and
intermolecular hydrogens. Again, this confirms the dominant
role of the two types of hydrogen in the ferroelectric properties.
For the case of PhMDA, we found significant deviations
of the dynamical charge tensor for intermolecular hydrogen,
whose eigenvalues are A; z: = (4.1,0.4,0.2). The eigenvalues
for other hydrogen atoms are smaller than 1. Finally, the
imaginary phonon frequency is 112 cm~! with polar symmetry
B, . Also in this case, the polarization vector of the eigenmode
has a large displacement of ~0.43 A for the intermolecular
hydrogen.

To summarize, we have studied the origin of ferroelectricity
in CBDC and PhMDA using first-principles calculations and
symmetry analysis methods. The estimated polarizations are
as large as ~14 uC/cm? for CBDC and ~7 uC/cm? for
PhMDA. We have shown that a partial mode analysis is a
useful tool for exploring the polarization mechanisms. In both
compounds, the proton transfer between (or within) molecular
units appears to be the main contribution, as confirmed by the
large dynamical charges and the analysis of the eigenmode
displacement patterns. However, other contributions, espe-
cially the w-bond switching of carboxylic groups in CBDC,
may also have a significant weight in the final polarization.
Again, partial mode analysis has been used to elucidate the
origin of the unexpectedly large contribution. We hope that our
study will stimulate further attempts to search for new organic
ferroelectrics with potentially large electric polarizations.
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