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Abstract

There has been increasing interest in electronic ferroelectricity, which stems from deformation

of the electronic wave function coupled with lattice symmetry breaking, invoking a Berry-phase

description of electronic polarization beyond the conventional notion of ionic displacement. How

does a ferroelectric transition of electronic nature cross over to a conventional one of ionic nature

? This is a fundamental issue of ferroelectricity that is yet to be answered. Here, investigating a

quasi-one-dimensional organic ferroelectric material, TTF-QCl4, under pressures of up to 35 kbar,

we reveal a pressure-temperature phase diagram, which spans the electronic and ionic regimes

of ferroelectric transitions in a single material. The global phase diagram revealed by nuclear

quadrupole resonance (NQR) experiments demonstrates that the electronic ferroelectricity crosses

over to the conventional ionic ferroelectricity through the separation of the charge-transfer insta-

bility and the lattice symmetry breaking (dimerization) and that the previously reported dimer

liquid phase is largely extended to high pressures.

PACS numbers: 76.60.Gv, 77.80.-e, 77.84.Jd
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I. INTRODUCTION

The organic charge-transfer crystal TTF-QCl4 (tetrathiafulvalene-p-chloranil), composed

of one-dimensional alternating face-to-face stacks of donor (D) molecules, TTF, and accep-

tor (A) molecules, QCl4 (Fig. 1a)1, carries an emergent ”electronic ferroelectricity” aris-

ing from an electronic displacement, which is distinguished from the conventional ionic

displacement2–4. A key to understanding the novel ferroelectricity in TTF-QCl4 is a neutral-

to-ionic transition caused by a spontaneous charge transfer from TTF to QCl4. It occurs

when an increase of electronic occupation energy is surmounted by a gain of the Madelung

energy in the ionic state under temperature or pressure variation5. At ambient pressure,

TTF-QCl4 is in a neutral state at room temperature but undergoes a charge-transfer tran-

sition to an ionic state at 81 K6, simultaneously accompanied by a lattice dimerization

forming the donor-acceptor (DA) pairs7–9, which creates strongly charge-lattice-coupled fer-

roelectricity. The resultant polarization, which the classical framework fails to explain, is

well described in terms of the electronic Berry phase3,4,10–13.

Earlier experiments showed that the neutral-to-ionic transition occurs simultaneously

with the dimerization transition (Fig. 1b) under pressures of up to ∼ 6 kbar14–17; namely, it

is the transition from neutral to ferroelectric ionic phases. Interestingly, it was also shown

that a paraelectric ionic phase appears at higher pressures, separated from a ferroelectric

ionic phase, although the pressure range studied was limited to below 9 kbar16. This implies

that the polarization is less electronic in origin but more ionic, namely, more classical, under

pressure. Thus, TTF-QCl4 potentially serves as a platform for studying the link between

the modern wave-like and classical particle-like pictures for ferroelectricity using pressure

as a parameter. To clarify this missing link, we have extended the pressure study of this

material up to 35 kbar by means of NQR, which is a microscopic probe of the charge/lattice

state. As demonstrated by earlier experiments15,16, charge transfer and lattice dimerization

are directly signified by the profile of NQR lines, which appear at frequencies proportional to

the electric-field gradient at the nuclear position, determined by the local charge distribution.

Thus, we utilized the NQR probe to explore pressure-temperature phase diagram regarding

charge transfer and lattice symmetry breaking.
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II. EXPERIMENTAL

We performed 35Cl NQR measurements on two polycrystalline samples of TTF-QCl4,

which contains four Cl atoms in QCl4 (Fig. 1a), under zero magnetic field. The results for

sample #1 and #2 are represented as open circles and triangles in Fig. 1b and 1c, re-

spectively. NQR signals were acquired with the standard spin-echo techniques. Hydrostatic

pressure, P , was applied to the sample using a BeCu/NiCrAl dual-structured clamp-type

cell with Daphne 7373 (P < 20 kbar) and 7474 (20 < P < 35 kbar) oils as the pressure me-

dia. The solidification pressures of the Daphne 7373 and 7474 oils are approximately 22 and

37 kbar at room temperature, respectively, and thus, the hydrostaticity is maintained over

the entire pressure range in this study. The pressure, which was maintained by clamping

the pressure cell at room temperature, was somewhat reduced by solidification of the oils

when the sample is cooled. This effect is corrected with reference to the reported calibration

data18, in the pressure and temperature range where the effect is appreciable.

III. RESULTS AND DISCUSSION

A. NQR spectra and phase diagram

In the neutral phase of TTF-QCl4, the crystal structure is monoclinic P21/n
7; the DADA

arrangement is uniform (non-dimeric) and all the QCl4 molecules are crystallographically

equivalent. Each molecule has two inequivalent Cl atoms (labelled Cl1 and Cl2 in Fig. 1a)

because an inversion centre is located on the QCl4 molecule despite the absence of intramolec-

ular mirror-reflection symmetry in the crystal. Thus, two NQR lines are observed in the

neutral phase. At ambient pressure, we observed two 35Cl NQR spectra at 37.54 and 36.96

MHz at 260 K, arising from the Cl1 and Cl2 sites. Both spectra behaved similarly; namely,

their positions shifted to higher frequencies with decreasing temperature and split at Tc ∼

82 K, reproducing the previous NQR results19,20. Thus, we investigated one of the two lines,

residing on the higher frequency side.

Figure 2a shows the temperature evolution of a 35Cl NQR line measured at ambient

pressure (along arrow I in Fig. 1b). A single line in the neutral state at high temperatures

splits into two lines when TTF-QCl4 undergoes a ferroelectric transition at ∼82 K because

the two Cl atoms, Cl1 and Cl2, in QCl4 become inequivalent due to inversion symmetry
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breaking caused by DA dimerization7. The line splitting is accompanied by a clear shift

of the centre-of-gravity of the lines, which signifies a change in molecular charge due to

the neutral-to-ionic transition. The simultaneous line splitting and shift demonstrate that

the charge transfer transition and the dimerization transition coincide, as earlier results

indicated19,20.

Next, we traced the NQR line under a pressure sweep of up to 35 kbar at room tem-

perature (along arrow II in Fig. 1b). The NQR line shows a pronounced shift at ∼ 9

kbar (Fig. 2b), which locates on the extrapolation of the ferroelectric transition line indi-

cated by earlier reports15. This sharp line shift is attributable to the charge transfer as

demonstrated by previous IR measurements21. Remarkably, however, no line splitting was

observed; namely, the sharp charge transfer that occurs at ∼9 kbar is not accompanied by

the long-range order of lattice dimerization. Next, we fixed the pressure at 18.2 kbar and

monitored NQR spectra on cooling from room temperature (along arrow III in Fig. 1b). A

single line observed at room temperature splits below 258 K (Fig. 2c), accompanied by only

a small spectral shift, indicating a dimerization transition with a vanishingly small charge

transfer. These results suggest that the charge transfer and dimer order are decoupled at

high temperatures and pressures.

To see the profiles of the charge transfer and the lattice instability in the P -T plane, we

examined the temperature dependence of NQR spectra at pressures that were increased in

small steps. The splitting of NQR frequency clearly identifies the dimerization transition

for each pressure (Fig. 2d). The plot of the transition points in Fig. 1b reveals a novel

P -T phase diagram in which the dimerization transition temperature unexpectedly ceases

to increase with pressure at approximately 8 kbar and decreases at higher pressures.

B. Separation of charge transfer and dimerization transition

The molecular charge and inversion symmetry breaking in QCl4 are probed by the centre-

of-gravity frequency of the NQR line, νQ, and the line splitting, νsplit, respectively, whose

temperature dependences are shown in Figs. 3a and 3b. It is also known that νQ varies with

temperature in a generic manner due to the thermally activated molecular motion, which

effectively reduces the anisotropy of the quadrupole tensor due to motional averaging22,23.

The pressure effect coming from the change of molecular packing can also change the electric-
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field gradient. These effects on νQ can be separated from the effect of charge in question

by treating the effect semi-empirically so that we can extract the degree of charge transfer,

ρ, defined as D+ρA−ρ (Fig. 3c) from the νQ values (Fig. 3a) using the optical data in the

following way21,24.

First, we describe our analysis of the νQ data at ambient pressure. We make three

assumptions: (i) at a given temperature, νQ depends linearly on ρ; (ii) the proportionality

coefficient A between the variations of νQ and ρ is independent of temperature; and (iii)

the temperature dependence of νQ in the state of ρ= 0, νQ =0, obeys the empirical formula

given by Koukoulas et al., νρ=0
Q (T ) = ν0 exp(−αT 2), where ν0 and α are constants23. These

assumptions are formulated as νQ(T ) = Aρ(T )+ ν0 exp(−αT 2). The value of A is estimated

at -1.08 MHz/ρ from the jump in NQR frequency at the ferroelectric transition, ∆νQ(Tc)

= 0.216 MHz, and the change of ρ evaluated from the infrared spectroscopy measurements,

∆ρIR(Tc) = 0.2024. Then, we use the νQ and ρIR values at two temperatures, T = 296 K (νQ

= 37.624 MHz and ρIR = 0.18) and T+
c

(the lowest temperature in the high-temperature

phase, νQ = 37.888 MHz and ρIR = 0.33)21,24 to determine the ν0 and α values, which yields

ν0 = 38.296 MHz and α = 2.02 × 10−7 K−2. Thus, the deduced relationship between νQ

and ρ at ambient pressure is depicted in Fig. 4a.

Next, to extract the values under various pressures, we further assume that (iv) A, ν0,

and α are independent of pressure and (v) the pressure effect is incorporated by adding a

correction term, ∆νQ(P ), to the νQ(T ) for any temperature. For ∆νQ(P ), we refer to the

pressure dependence of the 35Cl NQR frequency of the neutral QCl4 crystal, ν
QCl4
Q , in which

the degree of charge transfer is invariant under pressure variation. Figure 4b shows the

pressure dependence of νQCl4

Q at room temperature, which slightly increases with pressure

up to 8 kbar and saturates at higher pressures. The pressure dependence, ∆νQCl4
Q (P ) =

νQCl4
Q (P )− νQCl4

Q (0), is fitted by the equation ∆νQCl4
Q (P ) = a[1− exp(−bP )] with a = 0.110

MHz and b = 0.379 kbar−1. Using this equation for the pressure effect, the relationship

between νQ and ρ is eventually expressed as νQ(P, T ) = Aρ(T ) + ν0 exp(−αT 2) + a[1 −

exp(−bP )]. Using this formula, we obtained the temperature dependence of ρ under various

pressures as shown in Fig. 3c, which is qualitatively consistent with those of earlier optical

measurements21,25–27.

At ambient pressure, ρ is ∼ 0.2 at room temperature and, on cooling, gradually increases

to ∼ 0.3 at 82 K, where it jumps above 0.5, coincidentally followed by the dimerization
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transition. Under applied pressures, the jump in ρ, ∆ρ, is diminished and nearly vanishes

under ∼ 7.5 kbar (Fig. 3d). At higher pressures, the ρ values are well above 0.5, indicating

that the system is in the ionic state even before the dimerization transition, and these

features of ρ are consistent with previous optical studies21,25–27. At high pressures of 15 and

18.2 kbar, ∆ρ takes a slightly negative value (Fig. 3d), very probably because the largely

transferred charge is backflowed by the molecular orbital hybridization between the DA pair

promoted by the dimerization28.

Figure 3e displays the variation of ρ with pressure at fixed temperatures. At 240 and

260 K, ρ shows sharp changes at pressures between 7.0 and 7.5 kbar, coinciding with the

dimerization transition. Remarkably, even at 280, 300 and 320 K, when no dimer order

was observed, ρ exhibits continuous but sharp changes in a narrow pressure range of 7.5 to

8.0 kbar. The contour plot of the ρ values in the P -T phase diagram (Fig. 1c) illustrates

that the charge transfer and the dimer order, which coincide at low pressures, are separated

above ∼ 7.5 kbar. At ∼ 8.5-9 kbar, just above the bifurcation pressure, the line splitting,

νsplit, on the transition to the dimer order nearly vanishes (Fig. 3b), indicating that the

ferroelectric transition becomes second order around this pressure region. The change from

the first-order to second-order transition imply the tricritical point that was suggested in a

previous study16.

It was previously shown that small anomalies in NQR frequency, neutron diffraction

intensity and broad maxima in dielectric permittivity signified the first-order charge transfer

transition and the crossover, respectively, separated from the dimerization transition, which

predicts the existence of a critical end point of the charge transfer15–17. On the other hand, at

least in our experiments, as seen in the detailed temperature dependence of ρ (Fig. 3c), there

was no discontinuous anomaly in ρ except for the dimerization transition at any pressure,

indicating that the charge transfer occurs as a crossover.

C. Dimer liquid phase

The separation of the charge transfer and the lattice symmetry breaking means that an

ionic phase without dimer order extends between the bifurcating lines (the red region in

Fig. 1b). This result appears to be incompatible with an earlier study using infrared spec-

troscopy, which detected the molecular vibrational modes characteristic of DA dimerization
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at pressures above 8 kbar27,29, where the NQR experiments find no symmetry breaking. A

key to a consistent understanding of the two seemingly inconsistent results is the time scale

of the experimental probes. NQR detects the electronic and lattice states on a time scale

of ∼ 10−7 s, whereas infrared spectroscopy captures their snapshot in the time domain of

∼ 10−12 s. If the DA dimers are not long-range ordered but fluctuating in between the two

time scales, NQR spectra would yield a single line due to the motional narrowing whereas

the infrared probe would detect the instantaneous dimerized states, which explains the two

contrasting results coherently. We also remark on an X-ray-scattering anomaly observed at

11 kbar and 300 K30, which was conjectured to indicate a ferroelectric transition and thus a

continuous increase in ferroelectric transition temperature with pressure16. However, NQR

lines are not split throughout the pressures studied at ambient temperature (Fig. 2b) and

the temperature of symmetry breaking turns to a decrease above 8 kbar (Fig. 1c), indicating

the extended paraelectric ionic phase in the P -T phase diagram. In this case, the X-ray-

scattering anomaly, which in fact extends between 6.5 and 11 kbar30, possibly reflects the

variation of the charge transfer as shown in Fig. 5(a). The turnaround in the pressure evolu-

tion of the ferroelectric ordering temperature is consistent with the theoretical consequence

that the energy gain of dimer formation shows a maximum and decreases with the increase

of ρ31; this is clearly illustrated in Fig. 3f, which shows the temperature of the dimer order

against the value of ρ at the transition in the pressure range where ρ shows no or only a

small jump upon the transition and lattice dimerization is the primary driving force of the

transition.

A further indication of the dimer liquid state is given by the dynamical properties of

NQR spectroscopy performed under fine pressure variation at room temperature (along line

II in Fig. 1b). Figures 5a and 5b show the pressure evolutions of the degree of charge

transfer and 35Cl NQR relaxation rate 1/T1, respectively, which probes the fluctuations of

the electric-field gradient arising from fluctuations of charge and/or lattice. At ∼ 8 kbar,

a charge transfer from TTF to QCl4 occurs sharply (Fig. 5a), and concomitantly, 1/T1

increases (Fig. 5b), indicating that charge and/or lattice fluctuations are strongly enhanced

in the transient pressure region of charge transfer. At higher pressures, the charge transfer

is nearly complete (Fig. 5a); however, the 1/T1 values remain two orders of magnitude

higher than in the neutral phase. This behaviour is similar to the pressure profile of ag-

mode intensity in vibrational spectroscopy27,29, suggesting that the large 1/T1 values even at
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higher pressures than ∼ 8 kbar is due to dimerization fluctuations in the charge-transferred

ionic phase, consistent with the dimer liquid picture. Thus, the phase diagram of TTF-QCl4

contains three distinct phases - a neutral phase, a paraelectric ionic phase and a ferroelectric

ionic phase (Fig. 1b), in agreement with the previous results15–17, - which correspond to

the gas, liquid and solid phases of dimers with respect to the lattice degrees of freedom;

notably, the dimer liquid phase is extended in a wide pressure range. Three distinct phases

are deduced from the quasi-one-dimensional spin-1 Blume-Emery-Griffiths (BEG) model

that assigns spin ±1 and spin 0 states to the dimerized ionic pair of D+ρA−ρ or A−ρD+ρ

and the neutral pair of D0A0 (A0D0), respectively, where the paraelectric and ferroelectric

ionic phases correspond to a condensate and crystal of charge-transfer segments, D+ρA−ρ or

A−ρD+ρ, respectively17,32.

IV. CONCLUDING REMARKS

The ferroelectric order of TTF-QCl4 at ambient and low pressures is of electronic origin2–4,

which explains the large polarization observed in TTF-QCl4, whereas the classical model

of ionic displacement fails to explain it2. At high pressures well above 8 kbar, the charge

transfer is nearly complete, meaning that the ferroelectricity is classical. The phase diagram

shown here (Fig. 1b) illustrates how the electronic ferroelectricity crosses over to the ionic

one. When multiple degrees of freedom are involved in a phase transition, it is generally

first order. The clear and simultaneous jumps in charge transfer and lattice dimerization

is a manifestation of the strong coupling of charge and lattice, as expected in the regime

of electronic ferroelectricity. As the pressure increases, however, the jumps are diminished,

indicating that charge instability is decoupled from the lattice symmetry breaking at ∼ 7.5

kbar (Fig. 3d). The separation of the charge transfer and dimer order is considered as an

inevitable process that makes the electronic ferroelectricity cross over into the ionic one.

Electron transfer between different orbitals in adjacent molecules plays a primary role in

the emergence of the electronic ferroelectricity of current interest, whereas the ionic displace-

ment with electrons bound within respective molecules carries the conventional ferroelec-

tricity. The present experiments reveal that, in an organic ferroelectric material, TTF-QCl4,

the former transitions to the latter through the separation of the charge transfer and lattice

symmetry breaking. The separation of them possibly generates mobile neutral-ionic do-
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main walls and solitons, which carry electric currents; indeed, recent theoretical studies33,34

suggested anomalous electric conductivity by such topological excitations.
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FIG. 1: (Color online) Structure and pressure-temperature phase diagram of TTF-QCl4. a, One-

dimensional alternating stack of TTF and QCl4 molecules in the neutral state. b, Pressure-

temperature phase diagram of TTF-QCl4 determined by NQR experiments (black open circles and

black triangles); the former is obtained from sample #1 studied under fine pressure control, whereas

the latter is from sample #2 studied in a wide pressure range up to 35 kbar. Red open squares

indicate previous results obtained from NQR and neutron experiments15. The ferroelectricity is

dominated by the modification of the electronic wave at low pressures (left figure), whereas it is

caused by an ionic displacement at high pressures (right figure). The size of the ellipsoid schemat-

ically expresses the total electron density in the HOMO (highest occupied molecular orbital) and

LUMO (lowest unoccupied molecular orbital). c, Profile of the degree of charge transfer, ρ, defined

as TTF+ρQCl−ρ

4 , in the squared region of the P -T phase diagram in b. The data of sample #1

studied under fine pressure tuning are used.
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line splitting to a doublet in a and c indicates the dimerization transition, which causes a lattice

symmetry breaking. The abrupt shift in the centre-of-gravity of the spectrum signifies a charge

transfer. d, NQR frequencies plotted against temperature for fixed pressures. The vertical scale

(NQR frequency) is offset for each value of pressure for clarity; the reference values of frequency

for each pressure are indicated on the right axis with the tick marks. The pressure values labelled

in the panel are the room-temperature values.
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FIG. 3: (Color online) Degree of charge transfer and lattice dimerization. a-c, Temperature

dependences of NQR frequency νQ (a), NQR line splitting νsplit (b), the degree of charge transfer, ρ,

(c), under various pressures. The magnitude of νsplit is a measure of the degree of dimerization. The

value of ρ is deduced from the value of νQ. The pressure values labelled in the panel are the room-

temperature values. d, Discontinuity in ρ at the dimerization transition, ∆ρ, for each pressure.

e, The degree of charge transfer, ρ, plotted against pressure at fixed temperatures indicated in

the panel. The data for 320 K are extrapolated values at each pressure. The pressure values of

the horizontal axes in d and e are ones corrected for the temperature dependence of pressure. f,

Dimerization transition temperature plotted as a function of the ρ value at the transition above

7.0 kbar, where ρ shows no appreciable jump upon transition.
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FIG. 4: (Color online) Relationship between 35Cl NQR frequency and the degree of charge transfer

ρ. a, Temperature dependence of 35Cl NQR frequency. The red points indicate the experimental

νQ data at 1 bar; the red line is a guide for the eye. The broken lines represent the calculated

temperature dependences of NQR frequency for ρ = 0 (upper), 0.5 (middle) and 1 (lower). b,

Pressure dependence of 35Cl NQR frequency in neutral QCl4 crystals. The line is a fit of the form

a[1 − exp(−bP )] to the experimental data of ∆νQCl4
Q (P ) = νQCl4

Q (P )− νQCl4
Q (0), which yields a =

0.110 MHz and b = 0.379 kbar−1.
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FIG. 5: (Color online) Variation of the degree of charge transfer, NQR relaxation rate on crossover

from a neutral state to an ionic dimer-liquid state. a, Pressure dependence of the degree of charge

transfer ρ (a), 35Cl NQR spin-lattice relaxation rate 1/T1 (b) at room temperature. The ρ values

in b are estimated from the NQR frequency νQ. The range of colour in a and b corresponds to

the value of ρ as in Fig. 1c.
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