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of covalency with shortening of the O/N distance in the FE-I

phase.

The displacive-type mechanism and quasi-covalent nature of

strong hydrogen bonding were found to affect the magnitude of

polarization. Indeed, the contemporary theory of electric polar-

ization based on the Berry-phase picture has demonstrated

a critical role of the covalency between ions in many displacive-

type ferroelectrics.54 For Phz–H2ca, Ishii et al. executed a state-

of-art first-principles calculation of the electronic structure to

deduce the polarization value for various O–H lengths.29 They

found the covalent character of the H/N by the fact that the

magnitude of spontaneous polarization is enhanced by a factor

of z3 in a hydrogen-bonded bulk form irrespective of O–H

distance, as compared with the isolated molecular model.

To summarize, the strong hydrogen-bond formation between

molecules of well-matched proton affinities should be one of the

prospective design strategies for molecular ferroelectrics.

2.4.3 Ferroelectricity as an incipient neutral–ionic trans-

formation. The proton displacement can be rephrased as an

incipient phenomenon of the transition from a neutral Phz–H2xa

to a monovalent ionic [H-Phz+][Hxa!] form. The degree of

proton displacement, or almost equivalently the ionicity, can be

also assessed by the infrared absorption spectra shown before.

This is because the diagnostic band of the deprotonated C–O!

stretch vibrations appears as a broad absorption lying around

1500–1550 cm!1, as indicated by the shaded area in Fig. 2. It

should be noted that all these spectra were collected at room

temperature, and therefore represent the PE state, except for the

room-temperature ferroelectric Phz–D2ca in the FE-I phase. For

all the cocrystals, the nominally neutral character shown above is

consistent with the facts that the C–O! mode intensities relative

to the C]O or C]C ones around 1600–1660 cm!1 are less than

half those in the spectra of a monovalent reference, [H-

44DMBP+][Hca!] (Fig. 2). One can also notice that Phz–H2ca

shows a more intense band suggesting stronger semi-ionic char-

acter than Phz–H2ba and the deuteration of these acids also

appears to increase the respective ionicity. Then, the higher Tc
I,

namely the proximity to the FE-I state, appears to emphasize the

room-temperature ionicity or vice versa. Moreover, a more ionic

character of Phz–H2ca would reflect the larger O–H bond

lengthening in the FE-I phase compared with Phz–H2ba. That is,

even the symmetric neutral H2xa molecules in the PE state

already start developing semi-ionic features before the apparent

asymmetrization occurs in the FE-I phase.

The above findings remind us of the neutral–ionic (N–I)

valence instability of organic charge-transfer (CT) complexes.55

Typically in the tetrathiafulvalene (TTF)–p-chloranil (CA)

family, a sudden increase of ionicity called an N–I phase tran-

sition is accompanied by a ferro-/antiferro-electric structural

distortion on the p-stacks of alternating electron donor (D) and

acceptor (A) molecules.56–58 This instability originates from the

well-matched electron donating and accepting abilities between

D and A.55 It is then parallel to the current case with well-

matched proton affinities between the acid and base. The N–I

transition temperature increases with pressure, because the

electrostatic energy gain favors the ionic (anti)ferroelectric state

by compressing the oppositely charged D–A separation under

high pressure and/or lowered temperature. Concerning the effect

of increasing hydrostatic pressure, a similar Tc elevation was

found for the Phz–H2xa cocrystals in contrast to displacive-type

ferroelectrics.59 This behavior is also opposite to the behavior of

other hydrogen-bonded ferroelectrics, in which the lattice

contraction suppresses the potential barrier for collective trans-

fer, and then does the ferroelectric order. For this reason, we

initially conjectured that the interstack antiferroelectric coupling

would be more influential on the Tc change than the ferroelectric

coupling within the stack (||b) in Phz–H2xa, because of the

similarity between the pressure-dependent Tc and lattice

parameter c (not b).27 Now, from the viewpoint of valence

instability between proton D and A molecules, we may assign the

increase in ionicity to one of the possible origins for the pressure

enhancement of Tc.

2.4.4 Superlattice formation in FE-II phase. The X-ray

diffraction studies have also evidenced the existence of additional

phase transitions for Phz–H2xa (x ¼ b, c) crystals. The lattice

constant a, which shows negative thermal expansion in the FE-I

phase, becomes nearly temperature independent below Tc
II,

whereas noticeable changes are not discerned in the other lattice

parameters (Fig. 9). Much more obvious signals were observed in

X-ray diffraction photographs. The respective upper two panels

in Fig. 12a and b represent the appearance of X-ray (h0l) (h + l¼
odd) reflections upon the phase transition from PE to FE-I at Tc

I

(Fig. 13). This corresponds to the symmetry breaking from the

nonpolar space group P21/n to polar P21. Upon transformation

to the FE-II phase, we observed the appearance of additional

Bragg spots indicative of superlattice formation as shown by the

lower panels in the same figures. It is interesting to note that the

periodicity is quite different between these two crystals.

For Phz–H2ca and its deuterated crystals, new superlattice

spots appeared at the reciprocal wave vector Q ¼ G # q with

modulation wave vector q ¼ (½ ½ ½) for each G, a reciprocal-

lattice wave vector of original cell. This indicates a doubling of

the cell volume (Fig. 12a, 13). The superlattice reflections are

well-resolved, indicating the long-range-ordered superstructure.

They are weaker in intensity by 2–3 orders of magnitude than

typical intense fundamental reflections.

Fig. 11 3D electron density distribution of the a-Phz–H2ca crystal in the

FE-I state (T ¼ 160 K) obtained from the maximum entropy method

(MEM) analysis on the synchrotron X-ray diffraction data. The 3D

image with yellow shells represents an equal-density contour surface at

the 1.5 eÅ!3 level. The contour map projected on the H2ca molecular

plane exhibits the asymmetric electron density distribution (covalent

nature) on the two independent O–H/N bonding sites. The contour

levels are shown from 0.1 to 1.0 eÅ!3.
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