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Thermal hysteresis phenomena and mesoscopic phase coexistence around the neutral-ionic ph
transition in TTF-CA and TMB-TCNQ
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Hysteresis phenomena are investigated around the temperature-induced neutral-ionic~N-I! phase transition
in the prototype compound tetrathiafulvalene-p chloranil ~TFF-CA!. A multistep transition is evidenced by
neutron scattering, with plateau evolution of Bragg peaks characteristic of symmetry breaking, as well as by
specific heat measurements revealing a multipeak structure, both in perfect agreement. A structural study
reveals the coexistence ofN and I phases at a mesoscopic scale during the thermal hysteresis. No gradual
process with intermediate long periodicity structure based on alternatingN and I planes, as theoretically
suggested, takes place. These results, supported by optical microscopy studies performed on both TTF-CA and
tetramethylbenzidine-tetracyanoquinodimethane~TMB-TCNQ! crystals, underline the importance of interstack
elastic coupling at the temperature-induced neutral-ionic transition.
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INTRODUCTION

The great richness of organic molecular solids lies in
possibility to tune properties under external stimuli such
temperature, pressure or light, by playing on the coupl
between electronic and structural parameters. Of partic
interest are presently photoinduced transformations1–9 where
the relaxation of optically excited states results in large tra
formed domains, up to a macroscopic scale, with the n
electronic order being accompanied by a new structural
~change of both intramolecular geometries and intermole
lar organization, i.e., lattice relaxation!. Strongly coupled
electronic-structural changes can also affect the electr
transport properties and even lead to switching between
and high conductivity states when a sufficiently large elec
field is applied ~so-called negative resistance effect10–13!.
Both photoinduced and high-electric-field-induced transf
mations allow prospects in the future development of m
lecular devices in electronics or optoelectronics, and it i
real challenge to understand and control the cooperati
between lattice-relaxed excited states in order to be abl
optimize the desired switching between different molecu
states.

Some mixed-stack CT complexes, that are compose
electron donor~D! and electron acceptor~A! molecules, un-
dergo an equilibrium neutral-ionic~N-I! phase transition un
der application of pressure or, more rarely, upon lower
temperature.14–19Out of equilibrium photoinduced and high
electric-field-induced transformations are reported for
prototype compound tetrathiafulvalene-p chloranil
0163-1829/2003/68~6!/064103~7!/$20.00 68 0641
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~TTF-CA!.5–11 Fully N and fully I chains are commonly rep
resented as ¯D°A°D°A°D°A°D°A°¯ and
¯D1A2D1A2D1A2D1A2

¯ , respectively. Lattice re-
laxation manifests itself by molecular distortions and the f
mation ofDA pairs in theI phase,20 i.e., by an alternation of
two different distances along the chain, whereasD and A
regularly alternate in theN phase. The conventional sche
matic representations are

¯~D1A2!~D1A2!~D1A2!~D1A2!¯

or ¯~A2D1!~A2D1!~A2D1!~A2D1
¯

for fully I dimerized chains. The phase transition is govern
by the formation of lattice-relaxed~LR! charge-transfer~CT!
exciton strings, first theoretically introduced by Nagaosa21

These non-linear excitations are either several adjac
dimerized ionic molecular (D1A2) pairs inserted in aN
chain ~the system is globally in the centrosymmetricN
phase!, or several adjacent undimerized neutral molecu
D°A° pairs inserted in anI dimerized chain~the system is
globally in theI ferroelectric phase!. These non-linear exci-
tations are conventionally represented by

¯D°A°D°A°~D1A2!~D1A2!~D1A2!D°A°¯ .

The N-I phase transition has been analyzed as a cascad
cooperative multiscale phenomena:22,23First the formation of
nano-CT strings accompanied by their one-dimensional~1D!
lattice relaxation,21 as recently evidenced by x-ray diffus
scattering,24 and then their three-dimensional condensat
©2003 The American Physical Society03-1
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and ordering~on a microscale!,25 leading to ferroelectricity
phenomena driven by both charge and dimerizat
fluctuations.26 Mixed-stack CT systems undergoing theN-I
phase transition can then be viewed as model systems
extensive studies of LR-CT excitations and their coopera
ity. Indeed, the equilibriumN-I phase transition is nothing
else than a particular case of transformation where the co
erativity between the LR-CT excitations is carried to the e
treme.

The aim of the present paper is to bring insight into t
switching of molecular species by a precise examination
the coexistence of theN andI phases, and of hysteresis ph
nomena around the equilibrium temperature-inducedN-I
phase transition in two mixed-stack CT complexe
tetrathiafulvalene-p chloranil ~TTF-CA!, and
tetramethylbenzidine-tetracyanoquinodimethane ~TMB-
TCNQ!. ~For the component molecules see Fig. 1.! These 1:1
stoichiometric compounds have in common a monocli
symmetry~space groupP21 /n with two DA pairs in the unit
cell! for the high temperatureN phase.27,15 Each molecule is
located on an inversion center and the mixed CT chains
parallel to thea unit-cell axis. At atmospheric pressure, th
temperature-induced clear first-order transition14,15,20,28–36is
characterized by the simultaneity of a bond dimerization p
cess and a change of the molecular identities by partial
The two compounds differ by the transition temperatu
TN-I , the ionicity jump Dr, and the hysteresis loop
TTF-CA,28–33 TN-I581 K, Dr50.4e2, hysteresis loop
across about 2–3 K, TMB-TCNQ,15 TN-I5205 K, Dr
50.1e2, hysteresis loop across about 30 K. Taking in
account both repulsive and attractive interstack Coulom
interactions~but not dimerization! and their possible frustra
tions, it has been theoretically suggested that ionization
the molecules would gradually occur via long period stru
tures based on parallel fullyN or I planes, in a multistep
sequence of first-order transitions associated with a so-ca
Devil’s staircase behavior.37,38 Some experimental observa
tions are in favor of this model, also called staging state
plateau effect observed on the electric conductivity31 as well

FIG. 1. Schematic drawing of the molecular structures
tetrathiafulvalene~TTF!, p-chloranil ~CA!, tetramethylbenzidine
~TMB!, and tetracyanoquinodimethane~TCNQ!.
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as a multistep behavior of the specific heat anomaly39 were
reported for TTF-CA. For TMB-TCNQ a two-step pressur
induced N-I transition was observed from reflectivit
spectra.40 However, such techniques cannot provide inform
tion on a possible complex intermediate packing scheme
ing the multistep sequence. In what follows we present,
the one hand, structural investigations by neutron scatter
allowing a direct observation of the structural reorganizat
occurring during the hysteresis loop in TTF-CA; these inv
tigations are supported by specific heat measurements
formed on a set of two single crystals. On the other ha
these results are complemented by an optical microsc
study of the temperature-inducedN-I transition of both
TTF-CA and TMB-TCNQ.

EXPERIMENTAL

As for any first order transition, it is of primary impor
tance to use high quality single crystals in the investigat
of the coexistence phenomena around theN-I transition in
order to reduce artificial hysteresis effects caused by imp
ties and defects as much as possible. Single crystals
TTF-CA and TMB-TCNQ, both dark and shiny, were pr
pared by a close to isothermal cosublimation method fr
presublimed commercial TTF and CA, or TMB and TCN
powders, as previously described.20

Neutron scattering investigations were carried out
TTF-CA on triple-axis spectrometers installed on the co
source of the reactor Orphe´e at the Laboratoire Le´on Bril-
louin ~LLB !. Experiments were performed on a 533
32 mm3 TTF-CA single crystal, in the (a!,b!) scattering
plane on 4F-1 spectrometer and in the (b!,c!) scattering
plane on G4-3 spectrometer. Wave vectors, collimat
angles, and the filters used are given in the figure captio
The cryogenic equipment used on these spectrometers
lowed a temperature accuracy better than 0.02 K.

For specific heat measurements a differential adiab
and dynamical method was used, as described for for
experiments on powder samples.39 Here, sensitivity has been
significantly improved and the relative precision reach
about 2 – 531023 K over the 20–300 K temperature rang
All contributions of heat absorption from the sample en
ronment were registered in a reference work file and the
fore a reference-cell was not necessary. Because an inst
ity of the TTF-CA under reduced pressure was noticed
previously in Ref. 39, the two single crystals used, weigh
togetherm574.25 mg, were placed together into a copp
capsule, that was closed with araldite glue under a hel
gas flow. In this way, the pumping, necessary before reach
very low temperatures, was not directly acting on the ma
rial itself, and moreover, the surrounding helium gas contr
uted to improve thermalization of the sample. A vacuum
about 1024 Pa was then established in the calorimeter a
kept constant. The supplied power was regularly adjuste
different temperatures outside the transition region in suc
way as to keep the heating rate constant. Several data co
tions were made for different controlled heating rates, as w
as for the natural cooling processes in between.

f
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Optical microscopic investigations were performed un
a polarization microscope~Laborlux Pol 12 Leitz! using tiny
single crystals of TTF-CA and TMB-TCNQ, mounted in a
Oxford microscope-cryostat that allowed studies down to
lium temperature with a temperature stability better than
K. TTF-CA and TMB-TCNQ crystals were transparent~a, b!
and ~a, c! tablets, respectively, with dimensions of abo
5003100mm2 and a thickness of a fewmm. Both materials
present significant dichroism: TTF-CA and TMB-TCNQ a
green and gray, respectively, when the light is polariz
along the stacking axesa, yellow when it is polarized along
b for TTF-CA and dark pink when it is polarized alongc for
TMB-TCNQ.

RESULTS

Structural aspects of the first-order temperature-indu
N-I phase transition have been reported previously for
prototype compound TTF-CA,20 focussing in particular on
the nature of the symmetry-breaking and detailed struct
changes in theI phase. The symmetry lowering is visib
solely by the appearance ofk52n11 (0k0) Bragg reflec-
tions at TN-I , so that the definition of the Bravais lattic
remains unchanged~space groupP21 /n, Z52 for the N
phase;Pn, Z52 for the I phase!. Figure 2 presents the evo
lution of the ~030! reflection intensity measured on an u
stressed crystal, with the (a!,b!) reciprocal plane as scatte
ing plane. In the present work the excellent temperat
stability, allowing a well-resolved crossing of the transitio
gave the opportunity to evidence both a hysteresis loop a
two-step behavior which was particularly well marked wh
temperature increased. Since theN-I transition at atmo-
spheric pressure is strongly first order, the intensity of
k52n11 (0k0) characteristic reflections depends linea
on the concentration of theI phase in theN-I coexistence
regime. The step is located approximately at half maxim
of the saturated intensity value of the low-temperaturI
phase, marking the temperature range where half of the
cies areN and half areI ones. Theoretical models37,38predict
a multistep transition with intermediate phases consisting
I layers inserted betweenN ones in order to reduce the inte

FIG. 2. Evolution with increasing~n! and with decreasing~j!
temperature of the integrated intensity of the~030! reflection~arbi-
trary units!. Symbols include error bars. Spectrometer 4F-1 at LL
ki5kf51.54 Å21 with a Be filter cooled to 77 K, collimations
408/408.
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molecular Coulombic repulsion. As Coulomb interactions a
favorable along the chains from an electrostatic point
view, such long-range order packing would directly show
in the diffraction pattern by additional superstructure Bra
peaks along interstack directions. This situation was rece
reported for a derivative of TTF-CA, 2,6 dimethyl TTF-C
~triclinic space group in both the high- and the low
symmetry phase, witha being the stacking axis too!, where
the periodic ordering betweenN andI ~a, b! planes gives rise
to a cell doubling along thec axis.41 From theP21 /n sym-
metry of TTF-CA, in an approximation where the molecul
are represented by points only, the most likely structure fo
50% N– 50% I phase is a superstructure composed of al
nating N and I layers parallel to the~011! plane @or to the
(011̄) plane if domain formation is taken into account#, as
proposed for TMB-TCNQ from the observation of a plate
effect in the optical reflection spectra upon the pressu
induced transition.40 Such an intermediate superstructu
~Fig. 4 in Ref. 40! would lead to the doubling of both theb
and thec cell parameters. In this hypothesis, the plateau
served with the~030! reflection~high-temperature lattice no
tation! would come from the doubling of theb cell param-
eter. Investigations in the (b!,c!) scattering plane are
necessary to confirm or disprove the existence of such
intermediate long-range ordered phase. Moreover, any o
long-range ordered structure betweenN and I layers that
might be imagined would lead to the appearance of sup
structure reflections along at least one crystallographic a
@as observed in DMTTF-CA~Ref. 41!# and/or along the di-
agonals of the reciprocal plane (b!,c!). Careful investiga-
tions along bothb! and c! axis and along the diagonals o
this plane, both before the transition and at the step le
unambiguously show that no superstructure reflection
pears, and therefore disprove the existence of any interm
ate long-range-ordered structure betweenN and I layers in
TTF-CA. This is in perfect agreement with a recentab initio
calculation of the electrostatic energies in TTF-CA, using
point atom approximation, which leads to the conclusi
that, the staging state is slightly less stable than uniformN or
I states.42

The step phenomenon could also be a characteristic o
intergrowth of theI phase~low-symmetryPn! into the N
phase, without any multiplication of the unit-cell volum
The precise analysis of the diffraction patterns, observed
the (a!,b!) and in the (b!,c!) scattering planes, show
slight increase of ordinary (0k0): k52n Bragg peak widths
during the sharpb jump, achieving their maximum at th
plateau level. This increase has been resolved using the
spatial resolution of the G4-3 spectrometer at a neutron w
vector ki51.1 Å21 and 308/308 collimations. Figure 3~a!
shows scans alongb! across the~020! reciprocal lattice
point. Two well-defined peaks are easily identifiable with, f
both, a full width at half maximum expressing long-ran
order over the resolution limit of the spectrometer, i.e., o
at least 1000 Å, that is more than 130 unit cells. They refl
the coexistence ofN and I phases on a mesoscopic sca
each peak allowing the determination of a correspondinb
cell parameter@Fig. 3~b!#. Such a coexistence extends acro
a temperature interval of about 2 K. Inside this interval t

;
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step phenomenon covers about 0.5–0.7 K; it is again w
reproduced by following the respective fractions of ea
phase with the integrated intensities of related Bragg pe
~Fig. 4!. The temperature ranges for the step phenomen
well as for the coexistence of the two phases at the me
copic scale are very reproducible. Nevertheless in the pla
the proportions of theN andI phases may vary, as conclude
from the relative intensity of the~030! reflection~Fig. 2! or
of the ~020! reflection~Fig. 4!. This behavior may have its
origin in possible residual mechanical stress on the sam

FIG. 3. ~a! Evidence of a splitting of the~020! Bragg reflection
in two. ~b! b cell parameters of the neutral phase (bN), and of the
ionic phase (bI), deduced from the double Bragg peak structure.
these measurements were made at increasing temperature;
trometer G4-3 at LLB;ki5kf51.1 Å21 with a Be filter cooled to
77 K, collimations 308/308.

FIG. 4. Integrated intensities~arbitrary units! of the two ~020!
Bragg reflections detected at the transition. The measurements
made at increasing temperature;h ionic phase,d neutral phase.
Spectrometer G4-3 at LLB;ki5kf51.1 Å21 with a Be filter cooled
to 77 K, collimations 308/308.
06410
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such as either thermal cycling defects or not totally relax
sticking strain, which may favor one of the phases with
spect to the other.

Specific heat measurements were performed on TTF
single crystals. A hysteresis of about 1.5–2 K was obser
for the specific heat (Cp) anomaly at theN-I transition. This
multipeakCp anomaly can be fitted by a sum of Gaussi
curves~Fig. 5! from which enthalpy and entropy changes
the transition are deduced~Tables I and II!. Three distinct
peaks—two sharp and well-defined ones plus a third
which is rather a shoulder—have unambiguously been
tracted from the curve measured with increasing temperat
In the curve obtained for decreasing temperature, the t
peak is not visible. The two mainCp peaks are in good
agreement with the double step behavior observed by n
tron scattering: the difference of 0.57~2! K between the two
largest peaks coincides with the length of the plateau
served on the evolution of the~030! reflection or on the
integrated intensity of~020! Bragg peaks~Figs. 2 and 4!.
Moreover, each of the two main peaks of theCp anomaly
gives a fractional enthalpy change estimated between aro
40 and 60 % of the total one~Table I and II!. By using
different heating rates it has been verified that this multipe
structure is intrinsic to theN-I instability and not caused by
any temperature gradient which could cause parts of
sample to cross the transition one after another. These re
are different from those published by Kawamuraet al.,43

where a single peak anomaly was observed in the adiab
calorimetric response. In Fig. 2 of Ref. 43 the temperat
steps used might have masked the multistep response.
anomaly we observe on single crystalline samples is sign
cantly larger and less spread in temperature than the
observed with powder: highest peaks reach about 480~Fig.
5! versus about 180 J mol.21 K21 ~Fig. 2 in Ref. 39!, and
temperature ranges where the multiple anomaly is obse
are about 2.5 against 10 K. Consequently, the separatio

l
ec-

ere

FIG. 5. Cp anomaly at theN-I transition of TTF-CA single
crystals.n: observed as temperature increased at a constant he
rate dT/dt50.2 K/min j: deduced during the natural coolin
where dT/dt was about 20.27 K/min aroundTN-I . The Cp

anomaly is reproduced by a sum of Gaussian curves~dotted lines,
Tables I and II! above a constant background, estimated as
J mol21 K21.
3-4
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TABLE I. Multipeak Cp anomaly modeled by a sum of Gaussian curves. The parameters of the Ga
curves are temperature, peak maximum and width. Enthalpy variation is deduced from the direct inte
of each Gaussian curve. The estimate of entropy variation results from the integration of the fu
CP(T)/T5 f (T).

Temperature increase Shoulder 1st peak 2nd peak Sum

Temperature~K! 81.6560.05 82.42260.007 83.03960.003
Peak maximum
~J mol21 K21!

5367 28462 37569

Width of the peak~K! 0.3960.04 0.4860.03 0.27660.004
Entropy variation,DS
~J mol21 K21!

0.4360.03 2.9060.04 2.1660.02 5.4960.09

Enthalpy variation,DH
~J mol21!

3769 240615 18467 461632

% of the totalDH 8 52 40 100
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the two principal peaks inCp is here about 0.5 K, wherea
1.8 K were found for powdered samples. Such a depende
of the range of the transition temperature on the nature of
sample had already been observed by optical and spe
scopic measurements28–30,44 and by nuclear quadrupola
resonance NQR.33 Thus, it is known that theN-I instability is
sensitive to both the crystal growth29,30 and the crystalline
state33 ~powder/single crystal!. In the present case, th
powder39 was obtained from solution, the single crysta
from cosublimation, and these two reasons explain the
rower temperature interval of the thermodynamical anom
for single crystals. Nevertheless, the integrated intensitie
the wholeCp anomaly in powder samples as well as in sing
crystals, no matter whether single peak43 or multipeak struc-
ture ~Ref. 39 and Tables I and II of the present work!, are
very similar, leading to the same strong entropy variation
theN-I transition, 8 – 9310224 J K21 per TTF-CA pair. This
value is in good agreement with the entropy jump at
transition, which was evaluated from the Clapeyron equa
using the~P, T! equilibrium line at atmospheric pressure25

Although close tokB ln 2, it should not be attributed to an
order-disorder mechanism on a molecular scale, since no

TABLE II. Multipeak Cp anomaly modeled by a sum of Gaus
ian curves. The parameters of the Gaussian curves are temper
peak maximum and width. Enthalpy variation is deduced from
direct integration of each Gaussian curve. The estimate of ent
variation results from the integration of the functionCP(T)/T
5 f (T).

Temperature decrease 1st peak 2nd peak Su

Temperature~K! 80.9260.02 81.44860.003
Peak maximum
~J mol21 K21!

25366 391616

Width of the peak~K! 0.5760.02 0.20460.008
Entropy variation,DS
~J mol21 K21!

3.460.1 1.7260.07 5.160.2

Enthalpy variation,DH
~J mol21!

257617 142611 398628

% of the totalDH 64 36 100
06410
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nature of such a phenomenon was indicated by diffracti
neither with x rays,27 nor with neutrons.20 This large entropy
variation atTN-I may originate, on the one hand, from the
mally induced lattice-relaxed CT excitations24 and, on the
other hand, from a change of vibrational entropy related
the volume variation atTN-I that is especially importan
along theb direction. We believe that for the sharply define
first-order temperature-induced transition at atmosph
pressure,~relatively low TN-I), this second contribution
should be the most significant one; this would be in cons
tency with the observed quasisystematic hardening of lo
frequency acoustic and optical phonon modes in theI
phase,45,46 with respect to theN phase, due to closer inter
stack contacts~volume contraction!.20

In that context, and in order to investigate coexisten
phenomena at a more macroscopic level, we have studie
optical microscopy the temperature-inducedN-I transition,
both in TTF-CA and in the less explored material TMB
TCNQ. In both materials, the phase transition shows up b
spectacular color change of the transmitted part of wh
light—yellow ~N phase! to orange~I phase! for TTF-CA
@Fig. 6~a!#, light orange~N phase! to dark brown~I phase! for
TMB-TCNQ @Fig. 6~b!#—in direct relation with the redshift
of the optical absorption spectra.14 Because of the well-
marked first-order character of the temperature-induced t
sitions and, in addition, because of a temperature gradien
the samples resulting from the absorbed light, the coex
ence of theN and theI phases extends over several degre
no change of the orientation of the optical principal axes
observed. Moreover, this coexistence is associated with v
clear geometric features at theN-I phase front. In both
TTF-CA and TMB-TCNQ, the front is sharp and progress
across the crystal by jumps, but its orientation is different
the two materials. In TTF-CA, the phase front always a
pears as a macroscopic one, oriented perpendicularly to tb
axis @Fig. 6~a!#, which is a manner to reduce as much
possible long range elastic stress generated by the shab
cell-parameter change at the transition~in agreement with the
neutron scattering results presented in this paper!. These
phase fronts may also serve as seeds for domain walls
tween I domains of opposite polarization, giving rise to

ure,
e
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M. BURON-LE COINTEet al. PHYSICAL REVIEW B 68, 064103 ~2003!
favorable energetic configuration, by decreasing electros
interactions betweenI domains. In TMB-TCNQ@Fig. 6~b!#,
narrow diagonalI domains appear in~a, c! planes whose
number increases when temperature decreases. Such a
istence is observed over several ten degrees Kelvin. H
ever, when large parts of the crystal are fully transform
the transition is always accompanied by a sharp breakin
the crystal along thea andc axes. Thus, it appears that ela
tic stress at theN-I transition is larger in TMB-TCNQ than in
TTF-CA, with probably more important changes of the c
parameters, and that the TMB-TCNQ crystal does not s
ceed in relaxing this stress, at least not at atmospheric p
sure. This feature, in addition to the difficulty to grow goo
crystals, explains why so few investigations have been
ried out on this system. However, crystallographic structu

FIG. 6. TheN andI phases observed by optical microscopy w
unpolarized light.~a! Phase coexistence in TTF-CA around theN-I
transition.~b! Transition-induced breaking of TMB-TCNQ crystal
e
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studies would be essential for the understanding of the m
roscopic transition mechanism in TMB-TCNQ.

CONCLUSION

Detailed structural investigations on TTF-CA around t
temperature-inducedN-I phase transition have provided e
sential insight and revealed a relevant scale, the mesosc
one, to describe this uncommon electronic-structural mu
stability. There is no structural Devil’s staircase associa
with intermediate long periodicity structures with alternati
N and I planes, in agreement with a recentab initio calcula-
tion of the electrostatic energies. The coexistence at a m
scopic scale, i.e., over more than 1000 Å, of bothN and I
phases is observed over slightly more than 2 K. A reprod
ible staging effect over about 0.5 K is observed thanks to
high experimental temperature stability, and it is very sa
fying to notice the perfect coincidence between this s
length and the gap separating the two main peaks obse
for the specific heat anomaly. The coexistence of both thN
and theI phase over about 2 K is caused by large elasti
strain between the chains, mainly along theb direction, due
to a strong coupling between electronic and structu
changes. The two-step transition might be related to the w
marked first-order character of the temperature-induced t
sition which makes it difficult for the crystal to relax thes
elastic strains. The stored energy is released during a ma
scopicN-I phase front jump. In TMB-TCNQ, elastic strain
are also very crucial and at atmospheric pressure these
not relaxed but lead to a break of the sample. Under press
a two-step transition is observed by reflectivi
measurements.40 Details of the macroscopic mechanis
could be clarified by precise structural studies only. A me
scopic phase coexistence favored by interstack elastic
pling might occur as in TTF-CA. However, a recentab initio
calculation42 of the electrostatic energies leads to the conc
sion that in TMB-TCNQ, the staging state is slightly mo
stable than uniformN or I states.
G.
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