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Effects of molecular substitution on the neutral-iorill) phase transition have been investigated for
tetrathiafulvaleneTTF)-p-chloranil (QC}l) complex doped with tetraselenafulvaleiESF or trichlorop-
benzoquinone (QG) molecules. Except for the fully substituted compound TTF-Q&I minor structural
modifications, x-ray-diffraction measurements confirm the isostructurality over a wide compositional range as
well as smooth change in the lattice constants by molecular replacement. With increasing TSF concentration,
the peak in the dielectric constant corresponding to the ferroelectric NI transition smoothly shifts toward zero
temperature due to the lattice expansion. Around the critical concentration are found some characteristics of
quantum ferr@paraelectricity. Although the increment of Q©toncentration also lowers the peak temperature
of the dielectric constant, the dielectric anomalies reveal glasslike frequency dependence. We attributed the
glasslike behavior to the strong “pinning-impurity” effect of QGkhich yields binary-phase separation into
ferroelectric(ionic) and paraelectri¢neutra) regions.[S0163-182609)03617-9

[. INTRODUCTION ied on tetrathiafulvalen€T TF)-p-chloranil (QCl) complex
as the first and prototypical examplentil the recent discov-
Organic charge-transféCT) complexes have provided a ery of three additional compounds® In TTF-QCl,, the de-
wealth of attractive phenomena besides the conducting angtee of CT(p) determined by optical spectroscopies abruptly
superconducting properties observed for a class with segréacreases from 0.3 to 0.7 af,=81K on lowering
gated molecular assemblig¢solumns or layensof a donor  temperaturé:® The simultaneous dimeric distortion of mo-
(D) and an acceptofd). Also for the semiconducting com- lecular stacks® has been proved to be a ferroelectric-type by
pounds with alternately stacke®l and A molecules(mixed  recent structurdland dielectric studie¥ The low-frequency
stacK, low-dimensional nature in electronic and magneticinfrared absorption spectra proved the existence of a soft
properties produces some characteristic structural phase traphonon mode, indicating a displacive nature of this phase
sitions and related unusual phenomena. transition!! Ferroelectric molecular arrangement is also ob-
The 1:1 mixed stack CT complexes are classified intoserved for the 4,4dimethyltetrathiafulvalene-Qgkomplex
either quasineutralN) or quasi-ionic(l) according to their in the ionic phase at low temperatufeThe NI transition can
electronic ground states. For the ionic state, Bheand A~ be thus regarded as a unique phenomenon showing such fer-
molecules withS= 3 spins are usually coupled with antifer- roelectricity as realized by both the valence and spin-Peierls-
romagnetic superexchange interactions and their reguldike instabilities. Incidentally, another anomalous dielectric
stacks are unstable against the dimeric distortion producingesponse emerges in the neutral phase of TTF@Gé to
singletD "A~ pair at low temperature. This phase transition,the dynamics of the charged defects perhaps arising from the
which is widely observed for the ionic crystals, is similar to thermally excited ionic domain®.
the spin-Peierls transition. Furthermore, such a strongly elec- According to the recently proposdt T phase diagran't
tron (spin)-lattice-coupled system has been proved to accomapplication of pressure up of 1 GPa continuously shifts the
pany the one-dimensional ferroelectricity of tB& lattice, transition temperature at 81 K up to room temperature. At
although merely a very few studies have been so far reporteithe same time, the thermally excited NI domain walls having
on their dielectric properties. very low excitation energy near the critical temperatfire
Some neutral mixed stack compounds also undergo aimcreasingly mix both neutral and ionic molecular domains,
analogous dimerization related structural transition in theeducing the discontinuity of the phase transitiGh¥
course of the neutral-ioni¢NI) phase transition. The NI Our previous work on the dielectric properties demon-
phase transition, which can be driven by application ofstrated the possibility that the NI transition temperature can
pressuré or much more rarely by lowering temperature atbe continuously suppressed down to zero temperature mainly
ambient pressure, accompanies a distinct change in molecby “chemical pressure” effect as the mixed crystals with the
lar valence, namely the transformation between nonmagnetielenium analog of TTF, tetraselenafulvalen@SH
phases of regular neutral stacks and of dimerized ionic onesnolecules.’ Since the electron donating or accepting ability
The temperature induced NI transition was extensively studef the component molecule critically affects the valence in-
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stability, its tuning can be expected as a different approach to TABLE I. Crystal data and experimental details for TTF-QCI
controling the NI transition temperature. According to thecrystals.

previous work by Tokuraet al, replacement by trichlorp-
benzoquinone (QG) molecule with weaker electron accept- Monoclinic form  Triclinic form
ing ability serves to lower the NI transition temperature OfChemicaI formula GH:Cl:0,S
TTF-QCl,.*® At the same time, the neutral molecular do- Formula weiaht Zlg’si *

mains locally created around these impurity molecules in thea/A 9 '

ionic lattice lead to the formation of the inhomogeneous ;'76%;)7) ;8633%)
structure. One may expect the different dielectric properties A i i
between these two alloy systems, and the subsequent secé; 7.3448) 7.3556)
tions describe observations of this expectation. o 93.414)
pI° 90.347) 90.584)
y° 97.483)
Il. EXPERIMENT V/AZ 15551) 15571)
TTF, TSF, and QGlwere purchased, and QGkas syn-  SPace group P2, P1
thesized according to the literatuf®All these donors and  dcac/g cm™> 178 177
acceptors were purified by the repeated recrystallization and 4 4
sublimation processes, and identified by elemental analyseBimensions, mm 0.380.18<0.10 0.25¢<0.20x 0.07
The needle-shaped single crystals of pure TTF 0 al-  26,,4/° 55 55
loyed TTR_,TSK-QCl, and TTF{QCl,);-,(QCl3), were  Scan technique Rw 26-0
grown in slowly cooled acetonitrile solution of the compo- Total reflections 3923 7701
nents. The dry acetonitrile was distilled under argon atmoReflections usefi3a(1)<I] 2523 3556
sphere before use. The fractions of T&F and QC} (y) in R R, 0.039, 0.036 0.048, 0.044
the alloyed samples were determined by the elemental analyyeighting scheme P 1g?

ses or by the lattice parametees for TSF and c for
QCls;-doped samples. The attempt to incorporate TSF mol-

ecules beyond the composition ¥ 0.5 was prevented by drawn by solid and dotted lines, respectively, in Fig. 1. The
the formation of undesired microcrystals of a distinct phasepbservation of anisotropic lattice expansion/shrinkage can be
which decompose in air seemingly by losing the solvent mol-consistently elucidated by the intermolecular interactions of
ecules. The substitution by QCinolecules beyong=0.6  the substituted atoms for the both alloy systems as discussed
resulted in the formation of very fine needles which are unbelow. The formation of isostructural TTERCly), -y
suitable for x-ray diffraction and dielectric measurements onQCl,), crystals is consistent with the previous observations
a single crystal. Instead, cosublimation of the componenby powder x-ray measuremertsThe crystal structure de-
materials gave the crystals of end material TTF-QCI terminations forx=0.48 andy=0.55 samples confirm that
(y=1) as thick platelets with two crystallographic modifica- the overall crystal structures with the space gré\@y /n are

tions (monoclinic and triclinic form. preserved on the substitution by TSF or @@iolecules.

All the x-ray-diffraction measurements were performed atTherefore the crystal structure of TTF-QE&lillustrated in
room temperature using the automatic four-circle RigakuFig. 2 is also representative of that for these alloyed crystals.
AFCT7R diffractometer with graphite monochromated MoK The determination of lattice parameters correlating well
radiation. The lattice parameters of neat and dopedvith the composition manifests itself as an available tool to
TTF-QCl, crystals were determined by using 25 reflectionsestimate unknown doping levels. In the present work, the
with 25°<26=<30°. For two modifications of TTF-Qgl  most changeable parametersind c was employed for de-
crystal data and experimental details are listed in Table I, angermination ofx andy, respectively, except for the samples
the atomic parameters are listed in Tables Il and Ill. All theplotted in Fig. 1 based on elemental analyses. The experi-
calculations were performed using the teXsan crystallomental error in these lattice parameters corresponds to an
graphic software package of the Molecular Structureaccuracy of+0.01 and+0.02 inx andy, respectively.
Corporatior?® The replacement of TTF by TSF molecules enlarges only

The dielectric constant was measured in a frequencyhe parameters and b without appreciable change in the
range of 0.3—100 kHz with an LCR metéiP 4284A using  c-axis parameter. Along the former two directions, the sulfur
a four-probe configuration at several fixed frequencies. Théitoms are connected with neighboring @@iolecules by
ac electric field was applied parallel to tBe\ stack onto the  S-Cl and S-C interactions, the distance of which is compa-
crystal end sections, which were painted by a gold paste aable or shorter than the sum of the van der Waals radii for
electrodes after cutting into short pieces from needle-shapegl=0 crystal. On the other hand, there are no corresponding

crystals. interactions along the direction. The substitution of sulfur
(in TTF) by selenium(in TSH enlarges these atomic dis-
Il CRYSTAL STRUCTURES OF NEAT AND ALLOYED tance, expa}ndlng the lattice alormgand b directions. The '
CRYSTALS averaged distance between the molecules along the stack in-

creases from 3.39 A fax=0 to 3.45 A for anx=0.48 crys-
Both the TTH_,TSK-QCl, and TTFQCl,);_,(QCl),  tal.
crystals gave the isostructural monoclinic unit cell, the pa- For the TTF(QCI,),_,(QCl;), compounds, the present
rameters of which vary linearly with the fractiorsaandy as  work determined the crystal structure as well as the lattice
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TABLE Il. Atomic coordinates and equivalent isotropic thermal ~ TABLE IIl. Atomic coordinates and equivalent isotropic ther-

parameters of monoclinic TTF-QgI mal parameters of triclinic TTF-Qgl

Atom X y z B ® Atom X y z By
S(1) 0.89232) 0.332Q@9) —0.06292) 3.644) S(1) 0.76042) —0.007636) 0.11272) 2.984)
S(2) 1.10232) 0.24699) —0.15572) 3.404) S(2) 0.58472) 0.077746) 0.04632) 2.894)
S(3) 0.57692) 0.26199) 0.07212) 3.224) C(3) 0.57097) 0.01432) 0.033&9) 2.6(1)
S(4) 0.78762) 0.17689) —0.02662) 3.204) C4) 0.873718) 0.049@2) 0.176&9) 2.92)
C(5) 0.90727) 0.26889) —0.06878) 2.6610) C(5) 0.79148) 0.087@2) 0.147@9) 3.1(2)
C(6) 1.09699) 0.34169) —0.15529) 4.0(1) S(8) 0.01783) 0.422426) 0.49143) 3.644)
c(7) 1.191998) 0.303%9) —0.19519) 4.01) 3(9) 0.26622) 0.507247) 0.61973)  3.61(4)
C(8) 0.77527) 0.239Q9) —0.01428) 2.8210) C(10 0.05878) 0.48572) 0.52619) 3.12)
C(9) 0.49018) 0.20539) 0.112798) 3.31) C(1y 0.21711) 0.41313) 0.588810) 4.02)
C(10 0.5815%8) 0.167Q9) 0.06918) 3.6(1) C(12 0.32739) 0.450%3) 0.645210) 3.82)
S(15) 0.30342) 0.07329) 0.29242) 3.284) S(15) 0.31722) 0.163876) 0.7965%3) 3.554)
S(16) 0.09512) —0.012%9) 0.19162) 3.204) S(16) 0.149@2) 0.249547) 0.90833) 3.464)
S(17) 0.621@2) 0.00389) 0.42282) 3.093) S(17) 0.66622) 0.233826) 0.67832) 3.134)
S(18) 0.40812) —0.08238) 0.33332) 2.9473) S(18) 0.497@2) 0.319086) 0.79542) 3.174)
C(19 0.29437) 0.00919) 0.27928) 2.6510) C(19 0.33568) 0.22662) 0.81688) 2.601)
C(20) 0.097%8) 0.08179) 0.19498) 3.6(1) C(20) 0.106310) 0.15543) 0.883410) 4.02
C(21 0.00698) 0.04339) 0.15018) 3.51) C(21 0.02969) 0.19363) 0.935410) 3.82)
C(22 0.42417) —0.01939) 0.33647) 2.4609) C(22 0.47838) 0.25622) 0.77038) 2.61)
C(23 0.70817)  —0.05299) 0.469718)  3.2(1) C(23 0.783@8) 0.29082) 0.65149) 3.212)
C(24) 0.61078)  —0.09129) 0.43249) 3.51) C(24) 0.707@9) 0.328713) 0.702@9) 3.52)
C(29) 0.69037) 0.28399) 0.516@8) 2.7(1) C(29) 0.376%9) 0.03242) 0.44689) 3.02)
C(30) 0.678&7) 0.23079) 0.51948) 2.51) C(30) 0.555@8) 0.051@2) 0.5255%9) 2.92)
C(3D 0.813@7) 0.20139) 0.46698)  2.6910) C(3D 0.66638) 0.02072) 0.572&8) 2.82)
C(32 0.97778) 0.223@9) 0.39298) 2.811) 0(32 0.27616) 0.05952) 0.39987) 4.31)
C(33 0.98447) 0.276%9) 0.39118) 2.811) CI(33) 0.61835) 0.110%1) 0.54485) 3.31(8)
C(34) 0.85717) 0.30519) 0.44188) 3.001) Cl(39) 0.8745%2) 0.041737) 0.65373) 4.465)
0(35 0.57385) 0.30949) 0.57246) 3.81) C(35) 0.54228) 0.21182) 0.22988) 2.6(1)
Cl(36) 0.48662) 0.20729) 0.59422) 3.674) C(36) 0.57918) 0.26582) 0.23788) 2.51)
CI(37) 0.80472) 0.14089) 0.47693) 4.374) C(37) 0.45928) 0.29372) 0.29498) 2.92)
0(38) 1.09325) 0.198@9) 0.33976) 4.2(1) C(38) 0.28538) 0.27282) 0.361%9) 2.92)
CI(39 1.179%2) 0.3006&8) 0.31412) 4.204) C(39) 0.25288) 0.21922) 0.35318) 2.7(1)
C(41) 0.216Q8) —0.03829) 0.74918) 3.0 C(40 0.37178) 0.19082) 0.29769) 2.92)
C(42 0.19878) 0.01519) 0.7445%8) 2.91) 041 0.64826) 0.18692) 0.16626) 3.611)
C(43 0.32718) 0.045Q@9) 0.79697) 2.91) Cl(42 0.78392) 0.289036) 0.16813) 3.654)
C(44) 0.49538) 0.02599) 0.87238)  3.0(1) Cl(43) 0.49683) 0.355086) 0.30143) 4.275)
C(45) 0.50898) —0.027%9) 0.87468) 3.2(1) 0O(44) 0.18036) 0.29792) 0.42377) 4.2(1)
C(46) 0.38388) —0.05739) 0.82198) 3.2(1) Cl(45) 0.047%2) 0.194847) 0.424%3) 4.185)
O(47) 0.10085  —0.065Q9) 0.69486) 4.2(1) C(47) 0.155310) 0.53212) 0.069%9) 3.32)
Cl(48 0.00142) 0.03698) 0.66762) 4.124) C(48) 0.146910) 0.47883) 0.05929) 3.4(2)
Cl(49 0.30583) 0.10539) 0.78723) 3.696) C(49 0.003910) 0.44922) 0.00019) 3.4(2)
0O(50 0.60735) 0.05279) 0.92756) 4.31) 0O(50 0.28187) 0.55792) 0.1325%7) 4.6(1)
Cl(51) 0.70762) —0.04919) 0.95092) 4.835) CI(51) 0.333@3) 0.4566Q7) 0.12953) 4.895)
Cl(52 0.42826) —0.11599) 0.82437) 3.601) Cl(52) 0.00875) 0.38941) —0.00285) 3.7899)

Beq= 37 Uys(aa*)2 + U,p(bb*)? + Ugs(cc*)2 + 2U,aa* bb*
X cosy+2U1 588" cC* cogB+2U,zbb* cc* cosa],where U;; are tem-
perature factors given in the form dxp2m?(U,jh%a*%+U,k2b*?2
+U55%c* 2+ 22U shka b* 42U hla* ¢ +2U,kIb* ¢*)].

disorder with respect to the chlorine sites. The chlorine at-
oms occupy two kinds of crystallographically independent
sites, only one of which is involved in the substitution by
hydrogen atomdfilled circles in Fig. 2 according to the
parameters of improved accuracy compared to the previoysopulation analyses for the=0.55 crystal. These disordered
study*® on the powder. QGldoping results in large and chlorine sites participate in the intermolecular @I inter-
small shrink along th@ andc axes, respectively, while tHe  action running along the direction (solid lines in Fig. 2
parameter is almost independentyofrhe noncentrosymmet- with the atomic distancé.51 A fory=0) comparable to the

ric QCl; molecules, which are still located on the center ofsum of van der Waals radii. The substantial contraction of
inversion in the crystal, inevitably possess the orientationathe c axis can be well explained by the shortened averaged



11 270 S. HORIUCHI, R. KUMAI, Y.

S

[ — TTF,TSFQC!
X X 4

TTF-@Cl, (Cly, 3

FIG. 1.

Lattice parameters for
TTF;_4TSFK-QCl, and TTF{QCl,); ,(QCl), with variousx or y.
Solid and dotted lines represent the least-squares fit to the linear
dependencies oxory.

C--ClI (or H) distance on the substitution by smaller hydro-

gen atoms.
For the end material TTF-Q€l(y=1), the previously

studied x-ray powder pattern was found to resemble those of °
the alloyed crystals, but did not assure whether the crystal ®e==

structure is the samé.The present work has clarified the

crystal structures with finding of two structural modifica-
tions, as is illustrated in Fig. 3 for both monoclinic and tri-

clinic phases of TTF-QGlcrystals. Both crystal phases in-
clude the DA columns of completely ordered QLI
molecules, which alternate along thedirection with those

OKIMOTO, AND Y. TOKURA

monoclinic crystals of

PRB 59

\

A A 4

FIG. 3. Crystal structures of TTF-Qgprojected along the

containing disordered chlorine sites of two orientationsaxis (the stacking direction (a) monoclinic phase an¢b) triclinic
marked by filled circles in the figure. The molecular arrangephase. Filled circles are the chlorine atoms in orientational disorder.

ment parallel to theac plane for the two TTF-QGlphases
are essentially the same as that along abeplane for the
TTF-QCl,, as is evident in the parametasc, and 8 being
almost equal to the corresponding parameters, and vy
(=90°) in the TTF-QC]J crystal. These three crystal struc-

Q?Z‘gpo/'

./(A

FIG. 2. Crystal structures of neat and alloyed TTF-QCh)
projected along the axis and(b) along thea axis. Filled circles are
disordered chlorine sites in QEdloped crystals.

tures are distinguished by the interstack packing motifs along
the lateral directions. In the TTF-QLtrystal, a column A
denoted in Fig. 2 is related to the neighboring column B by a
twofold axis. The infinite repetition ABAB- along thec
direction is viewed as a herringbone by projecting on the
stacking axis. Although this repetition unit AB is also em-
bedded in the arrangement along thalirection for both
TTF-QCk crystal phases, it is locally broken so as to form
AB|B’A’|AB|B’A’--- array for the monoclinic form and
ABA|A'|ABA|A’--- array for the triclinic form. In both
cases, all the hydrogen atoms in the ordered;@@ilecular
sites are located on the terminal boundaries of AB units and
responsible for structural modifications.

To summarize, both donor and acceptor sites in the
TTF-QCl, crystal are subject to isostructural substitution by
TSF and QCJ molecules, respectively, over a wide concen-
tration range. Furthermore, even complete substitution by
QCl; molecules drives only slight structural modifications.
The crystal structural analyses confirm that the TSF mol-
ecule is a good dopant with minimized perturbation such as
the molecular shape and symmetry compared with the; QCI
molecule, while the latter bears an additional disorder with
respect to the chlorine orientation in the alloyed crystal.

IV. DIELECTRIC PROPERTIES
A. Neutral phase

The temperature dependence of the dielectric congtant
of nondoped and TSF-dopég=0.10 and 0.48crystals are
plotted in Fig. 4 for five fixed frequencies. Below 100 K, the
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FIG. 4. Temperature dependence of the dielectric constant at 0 0 20 40 60 80 100
different frequencies for TTF ,TSF-QCI, crystals with x=0, Temperature (K)

0.10, and 0.49.

FIG. 6. Temperature dependence of the dielectric constant at 10
e-T curve displays a sharp anomaly, which signals the ferrokHz for TTF, _,TSF,-QCl, crystals with various values. A solid
electric transition forx=0 and 0.10 crystals. Above that curve in the inset shows the fit to the Barrett formidee text, Eq.
temperature where the crystals are in the quasineutral state,(®] for anx=0.23 crystal.
displays another broad peak. The peak height and tempera-

ture are significantly dependent on frequency. Similaralues obtained by fitting of the data to this relation show the
anomalous dielectric response has already been explained Bymperature dependence of the thermal activation tFime

a Debye-type relaxation model for the neat TTF-QQYs-  5) For the pure TTF-QGlcrystal, this behavior was found
tals, and are interpreted as the dynamics of charged boungs e parallel to that of conductivity, and the temperature-
f"‘“e_s('\“ domain Wf"‘”‘:) Obetween the neut_ral- and exmt_ed- dependent mobility of the NI domain walls was proposed for
ionic molecular regions” This frequency dispersion, which their common origit® With increasing dopant contents, the

is also .observed for Q@—Uoped_ crystal_s, tends to shift to- relaxation rate £ 1) tends to decrease at fixed temperatures
ward higher temperature with increasing dopant concentra-

tion. The most TSF-rich samplex€ 0.48) displayed only a :(e)sp;?gsrl]l_:)li ftzrmthirg?srirv_?geslf; Oét?gﬁgﬂ'ffli?;tae notrgslles
tail of this anomaly around room temperature. W '9 perature. ucti indi S

The Debye model describes the frequency dependenciéé’ppress.'on of the dynam|c_ m0_t|on of '.\“ domain walls .by
of the real part of dielectric function as TSF doping, Fhe effect of which is oppos!te to that of appl@d
pressure. This observation can be ascribed to the stabilized
neutral state going away from the NI phase boundary as will
e(w)=e)(e9—£.)/(1+ w?7?), (1)  be discussed in the following sections.

The observed Debye-type relaxation, particularly the
magnitude of the broad peak in tié phase, strongly de-
pends on crystals and sometimes also on the thermal history.
Also for the nondoped crystals, the observed relaxational be-
havior shown in Fig. 4 somewhat differs from the reported
datd® measured on the samples prepared by cosublimation.

100
105 L TTF1>XTKSFX-QCI4 i It should pe notgd tha_t these two preparatiqn methods did not
: E show a discernible difference in the transition temperature,
| \f which is very sensitive to the chemical doping as shown
- 0_060-03 . later. Because thhl and| phases are nearly degenerté’
I we can expect that the formation of the NI domain-
] boundaries in the crystals are also affected by even a slight
] amount of impurities or defects which are inevitably intro-
o duced during the crystal growth in solution or in the course
0.004 0006 0008  0.01 0.012 of the first-order phase transition. Therefore such extrinsic
VT K charged defects are likely responsible for the considerable
FIG. 5. Temperature dependence of the relaxation rafein  Variations in the dielectric response. By contrast, for the low-

Debye-type dielectric response for the neutral phase ofemperature region theT curves at high frequency are little
TTF, _,TSF-QCl, with variousx values. dependent on samples within the same-batch crystals.

where thesy ande., are static and high-frequency dielectric
constants, respectively, ands the relaxation time. The ™!

Temperature (K)
250 200 150
T T

1T (s

10

0.
10° 0.14
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B. Effect of chemical substitution on the phase transition LU L R IR RN LS
1. TTF;_,TSF-QCl4 ¢ 80f “ TTF-AT8F 00l 3
Below 100 K, the critical dielectric anomaly is associated % 60;_ x, Neutral E
with the NI transition and is modified by the molecular sub- g 40F (PE) 3
stitution by TSF or QG in different ways. Figure 6 shows § oo fonic l 3
the temperature dependent dielectric constant measured at a g FFE) e ]
frequency of 10 kHz for the crystals with various TSF con- S — M
tentx. For the neat TTF-QGI(x=0) crystal, thes measured 600 E (b) 3
at high frequencies displays the Curie-Weiss-like behavior < 400 ia 3
above theT, (81-82 K) followed by a discontinuous drop ° ‘-._%
with a thermal hysteresis of about 1-2 K in width. These *® 200 by g R 3
observations are characteristic of the first-order ferroelectric ) N e
phase transition. 0 01 02 03 04 05
The dielectric anomaly shifts toward lower temperature TSF content, x

and its discontinuity and thermal hysteresis become less pro-

q_?]unced W|Ith fmctrr(]eas_lrz)go'gSF |rlc?rphoratlon upxe 0_.06.I perature of the dielectric constant at 10 kHz, dhgthe dielectric
€ anomaly for th&=1.06 crystal SNows up as a SINnguiar .,qiant a5 K for TTF,_,TSK-QCl, crystals. A thick solid line

peak_ without discer_n_ible thermal hysteresis, suggesting ,th%presents the NI or paraelectri®E) ferroelectric (FE) phase
the first-order transition approaches or turns to the contlnuboundary_ The dotted line is the guide to the eyes.

ous one. Fok from 0.06 to 0.18, the peak is gradually broad-

ened and shifted toward lower temperature. . .
Beyond the composition of=0.18, the dielectric con- electricity, thee value tends to increase near the quantum
e ritical point displaying the relatioa(T—0 K)«(x—x.) !

stant becomes saturated without showing a peak structuré. .
The saturation behavior is characteristic of the quantunief-29. The TTh_,TSF-QCl, system displays an analo-

paraelectricity, a phenomenon that the ferroelectric orderin@Ous feature, as shown by broken lines in both sides.of

is suppressed by quantum fluctuation of the lattice, as was 0.18. It should be noted that the quantum ferroelectricity

observed, for example, in SITi3® As exemplified in the or the NI transition system accompanies the valence fluc-
inset to Fig. 6, the observed T curves can be well fitted to tUation or quantum coexistence of theand I molecular

the Barrett formula for the quantum paraelectricity: domains. _
The expansion of the parametersndb at x.=0.18 cor-

responds to the effective negative pressure—df.10 and
—0.37 GPa, respectively, on the basis of the data of the
. . pressure dependent shrinkag€.51 and 0.12 A/GPa,
Here, the parametér, equals the Curie-Weiss temperature respectivelj®29. On the other hand, the hypothetical nega-
in a classical limit, and'; represents the characteristic tem- ive critical pressure of-0.25 GPa is obtained by linear
perature dividing the quantum-mechanical and CIaSSiCalxtrapolation of theP-T phase boundary with a slope of 3.1
regions:* The best fitting of the data gives tffg values as MPa/K (Ref. 13 to zero temperature. The pressure values
—28, —58, —105, and—115 K forx=0.23, 0.24, 0.39, and  ggtimated from lattice parameters, although anisotropic, are
0.48, respectively, with 40-80 K df,. The decrease ifly 1,5 comparable to this extrapolated value, confirming that
values Wlth increasing is representative of the fIattemng of. the “chemical pressure” plays a dominant role in suppres-
the entiree-T curve as a result of the suppressed dielectriGjon of ferroelectric NI transition. Note that the pressure ef-
response in a low-temperature region. Although the fairlytect on the NI transition system is opposite to that for the
high dielectric constant for these TSF-doped crystals signals,nventional ferroelectrics of the displacive tygeThis is

the softening of a ferf@ntiferrgelectric phonon mode N pacayse the paraelectiit phase is destabilized, due to the

lowering temperature, s.up.pre_ssion of .such pretransition%ademng energy term, in a lattice compressed by applica-
phenomena with increasingindicates their ground state go- jon of pressure.

ing away from the ferroelectric ionic one.

Figure @) plots theT, defined by the maximum position
of dielectric constant against the TSF concentration. The 2. TTE-QCl,
is linearly lowered on increment of TSF content up xo The weaker electron-accepting ability of QGhan QC}j,
=0.18, at which the ferroelectric phase vanishes. Despite is responsible for stabilizing the neutral state of the TTF
the sensitivity ofT to the composition, fairly small variation complex for the entire temperature range at ambient pres-
of T, among different crystals from the same batch as well asure. The critical pressure value of 1.1 GPa at room tempera-
the sharpness of the transition assures again the crystallizasre for the NI transition in TTF-QGlincreases to 2.5 GPa
tion of homogeneously alloyed complexes. Around the criti-in TTF-QCk.® Because of small difference in these values,
cal concentratiox .= 0.18, the dielectric constant at the low- we may expect that energy of the ionic ground state is still
est temperaturé K) shows a steep peak as a functionxof close to that of the neutral one for the TTF-QCbmplex. In
as shown in the lower panel of Fig(bJ. The ferroelectric  contrast with the TTF-QGJ the neat TTF-QGldisplayed no
ordering, or equivalently the NI transition at such a low tem-dielectric anomalies characteristic of the féeatiferrgelec-
perature is affected by quantum fluctuation, and can bdric ordering. Below 150 K, however, the value tends to
termed the quantum ferroelectricity. For the quantum ferroincrease with decreasing temperature, and saturates around

FIG. 7. TSF concentratiofx) dependence ofa) the peak tem-

e=A+B/[(T,/2)coth T,/2T)— T, (2)
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anomaly toward lower temperature as is found for the mixed
crystals with TSF. Even for the crystals with the larggst
value (0.55, the maximum peak in the-T curve remains
around 10 K. As a consequence, the alloyed samples display
neither the quantum paraelectricity nor the quantum ferro-
electricity for the entire QGlcontent investigated. The peak
height in thee-T curve becomes prominent with increasing
] QCl; content up toy=0.15, and rapidly suppressed by fur-
] ther doping. These results are in sharp contrast with the ob-
100 120 servation that the increment of TSF content smoothly shifts
the dielectric peaka O K without changing much the maxi-
FIG. 8. Temperature dependence of the dielectric constant at 10um & value (Fig. 6).

Dielectric Constant &

PR TN R TN SN Y N YT S T NN ST ST T MY T
0 20 40 60 80
Temperature (K)

kHz for a TTF-QC} crystal (monoclinic phasg The solid curve The inset to Fig. 9 shows the-T curves measured at
represents the fit to the Barrett formula for the quantum paraeledadifferent frequencies for §=0.15 crystal. Pronounced fre-
tricity [see text, Eq(2)]. guency dispersion appears on the ldwide of the dielectric

peak. The peak shifts toward higher temperature and its am-
the lowest temperature, deviating from the Curie-Weiss lawplitude decreases with increasing frequency. This frequency
as shown in Fig. 8. This-T curve is very similar to those of dispersion, ~ which  was not observed for the
some TTK_, TSF-QCl, crystals, the ionic state of which is TTF;_xTSK-QCl, crystals, is reminiscent of the relax-
removed by enriching TSF concentration. The fitting to Bar-ational glassé$ and particularly pronounced for the crystals
rett formula yieldedT,=—181K andT;=145K. This di- With moderate QGl content (0.15y<0.25). For
electric response indicates that the valence instability<Ta;—xNb,Os, which originally attracted interest as a novel
coupled to the lattice tends to soften the ferroelectric phonogxample of quantum ferroelectrics, the relaxational glasslike
mode toward low temperature although insufficient to drive dehavior was observed under pressure and ascribed to the
ferroelectric ordering at ambient pressure. The observation gippearance of a local order instead of a homogeneous phase
pretransitional phenomena confirms the energetical proximiransition with long-range orderirfg.In this compound, the

ity between theN and| states also in TTF-QGlcrystal. Nb*" ions of dilute concentrationx&0.02) accommodated
in quantum paraelectric KTal»ccupy off-center positions,
3. TTF-(QCly);-,(QCly), bearing ferroelectric local order responsible for the relax-

i ational dielectric response.

Figure 9 shows the-T curve measured at a frequency of  According to the previously reported optical spectra of
10 kI—_Iz pelow 100 K for QGtdoped crysftals. Thg partlgl TTF-(QCly);_,(QCl), crystals, dopant Qgimolecules pro-
substitution of QGJ by QCk molecules shifts the dielectric gyce quasineutral microregions around themselves in the
host TTF-QC} lattice of quasi-ionic state, leading to a
binary-phase separation at low temperat§r&he tempera-
ture dependence of the respective fraction®Naind | mol-
ecules turns to gradual change by @@bping. The glasslike
behavior can be attributed to the dielectric response from the
ferroelectric microregions isolated by the paraeledticdo-
mains around QGImolecules. Therefore increment of dop-
ant concentration serves to reduce the size of ferroelectric
microregion at a fixed temperature, contrary to the case of
Nb®* ions in KTa_,Nb,05.%°

In analogy to the KTa_,Nb,O3, we treat the present data
by Debye-type relaxation model, which was also applied to
the discussion in Sec. IV A on dielectric response for the
neutral phase in TTF-QgIIn this model, the imaginary part
of dielectric function ¢”) expressed by

2500

2000

1500

1000

Dielectric Constant &

L g"(w)=(gg—e.) 07 [(1+ 0?71'?) 3
500
gives the maximum value at a characteristic frequency. This
frequency gives a relaxation time defined &s (=1/w)
| e which should be distinguished from thefor the N phase.
L ' S S The peak in thes”-T curve depends on the frequeneyia
0 20 Tefﬁoeraturg?K) 80 100 temperature dependent. In the low-temperature region,
P contribution of the dc conductivity is completely negligible.
FIG. 9. Temperature dependence of the dielectric constant at 16igure 10 plots the relaxation timg as a function of peak
kHz for TTF{QCly);_,(QCly), crystals with variouy values. The temperature for the samples with variousThe present re-
inset shows thes-T curves at different frequencies fgr=0.15  sults can be qualitatively described by a thermally activated
crystal. behavior as
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Temperature (K) shown in the inset to Fig. 10. Therefore the bound motion of
3|5 3]0 25 %0 the charged NI domain walftdis the most likely origin of the
TTF-(QCl,). (QCL) i observed relaxational response of these mixed crystals.

ey E The peak temperature of dielectric constafi)( which

. o&\ ] ] depends on the frequency, as mentioned above, is plotted

0.1

against the QGlcontenty in Fig. 11(a) with employing 10
kHz data. Whereas thE, value agrees with the NI transition
temperature for the neat TTF-QglIit is representative of
temperature of glass transition for doped crystals. The peak
temperaturdl § is smoothly lowered by increasing Qion-
tent up toy=0.3, although they dependence is nonlinear
1 unlike thex dependence of; for TTF, _,TSF-QCl, sys-
/ 1 tem. Further increment of results in the slower decrease of
T4, showing a saturating behavior around 10 K. Compared
to the phase diagram proposed from optical spectrostopy,
1T (K™ the observed , value lies around the upper boundary of the
binary-phase regiofp=0.4 line.. Therefore the appearance
of a glasslike dielectric peak is seemingly associated with the
initial growth of ferroelectric(ionic) molecular domains on
lowering temperature.

As shown in Fig. 1(b), the dielectric constant at low
, temperaturg5 K) is almost independent of Q¢toncentra-
7' = 7o eXp(E/KgT). 4 tion. In contrast with the TSF-doped crystal, dielectric re-
The activation energf obtained from the least-squares fit SPONSe is strongly suppressed at low temperature, confirming
are 0.087, 0.093, 0.074, and 0.046 eV for0.15, 0.17, the absence of quantum ferroelectricity for this system. As is
0.20, and 0.25, respective(gee the inset to Fig. 10in the  €vident from the dielectric constant, lattice of TTF-Q@
case of KTa_,Nb,0;2° the E corresponds to a barrier much less poIanzabIe.than th_at of TTF-QGdlue to suppres-
height for hopping motion of Nt ions among the equiva- Sion of the valence instability. The replacement by QCI
lent off-center positions in the ferroelectric microregion. Formolecules increases the area of less polarizable region,
the TTF-QC} crystal, the mobile spin solitons, the presenceWhich is responsible for the reduction of the peak height with
of which is theoretically predictééiand detected by electron the decrease of. _ _
spin resonance measuremefitzan convert a dipole mo-  For the TTFQCIy);_,(QCl), system, the impurity ef-
ment of the ferroelectric region. In analogy to this, the simi-fect originated from weakened electron affinity of QGVer-
lar mobile spin solitons or the NI domain walls at the edge ofcomes the effect of lattice shrinkage, suppressing the NI tran-
the fragmented domains of TTHQCI,); ,(QCly), may be sition as well as producing binary-phase separation. Such a
responsible for the observed relaxational dielectric responséfrong “pinning-impurity” effect appears as a glasslike di-
The activation energf is observed to decrease with QCI e€lectric response instead of the characteristics of quantum

contents or the formation of smallé and | domains, as ferroelectricity/paraelectricity. By contrast, for the
TTF, _,TSK-QCI, system, our preliminary measurements of

A 0.2 0.3
QCI3 content, y

(ol
T T

~

il
©
oo
o

10-6 L | L L T |

FIG. 10. Temperature dependence of the relaxation i
dielectric  response around the (glass transition for
TTF-(QCly);_(QCl3),, with variousy values. The inset shows the
QCl; concentrationy) dependence of activation enerfy

100 P infrared absorption spectra of powderizge-0.10 sample
£ @ TTF - (QClg)1.{QClg)y, 3 confirmed the simultaneous ionization of TSF and TTF mol-
< 80‘!’//,, 3 Y4 . .
< U E"®8e Neutral ] ecules around the dielectric peak temperatu .
= ’/, I d the dielectric peak temperatufg=(40 K)
E 60 = onic e B E From a viewpoint of homogeneity of the transition, employ-
€ 40 [ (FE) 30,‘/ - ment of “chemical pressure” effect by TSF doping is thus a
£ 20 F ”’%@, 3 more advantageous approach to control the NI transition
- C ///,“//////////// /’ | . . .
T T T e s temperature of alloyed system, compared with substitution
(U T by molecules of different electron donatirigr accepting
600 F (b) = ability such as QG| Partial molecular substitution should
< 400 E more or less bring about inhomogeneity effect on the phase
© B 3 transition also for the TTE ,TSK-QCI, system, because
w 200 g Dﬂg/{f BB 3 the different molecular size may produce the microscopically
Or;-ljff‘,‘;’l T T T inhomogeneous interplanar distance. In fact, the linede-
0O 01 02 03 04 05 06 pendence of ;. shown in Fig. Ta) contradicts the theoretical
QCl3 content, y predictior® that the ferroelectric transition temperature van-

ishes towarck=x in proportional to k—x.)*/? by quantum
FIG. 11. QC} concentration(y) dependence ofa) the peak effect. The rapid drop of ; aroundx=Xx, is seemingly pre-
temperature of the dielectric constant at 10 kHz, éndhe dielec-  vented by the impurity effect which tends to saturate the
tric constant &5 K for TTF-(QCLy); ,(QCl), crystals. A shaded Peak temperature in the low-temperature region as was more
line as the guide to the eyes represents the glass transition reprelearly observed for the TTEQCl,);_,(QCL), system.
senting the nominal NI phase boundary. A dotted line is the guiddConcerning this problem, utilizing hydrostatic pressure as a
to the eyes. homogeneous external parameter would be very promising
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for obtaining an ideal phase diagram around the quanturnme effect plays a major role in stabilizing the neutral state,

critical point for the NI transition. leading to the smooth decreaseTefdown to zero tempera-
ture and producing some characteristics of quantum ferro-
V. CONCLUSION (pargelectricity. On the other hand, TT&Cl,);_,(QCly),

. is regarded as a system with strong “pinning-impurity” ef-
We have demonstrated a comparative study on the strugact, since the homogeneous ferroelectric NI transition is pre-
tural and dielectric properties of the TTF-QCErystals yented by the presence of persisting neutral region around
doped with TSF or QGImolecules. The measurements of the QCl, molecules. The binary-phase separation between
dielectric constant successfully probed the ferroelectric Nkne jonic ferroelectric and neutral paraelectric regions is re-

transition as a function of doping level. Furthermore, a prox-yarded as the origin of the glasslike relaxation in the dielec-
imity to the NI phase boundary led to the observation Ofyic response.

pretransitional phenomena even on the samples without un-
dergoing the transition at ambient pressure. These results
manifest the usefulness of dielectric measurements also from
a viewpoint of developing materials displaying a ferroelec- This work, partly supported by NEDO, was performed in
tric NI transition. Besides the continuous reduction of thethe Joint Research Center for Atom TechnoldgRCAT)
transition temperature, a significant difference was found beunder the joint research agreement between the National In-
tween the doping effects of TSF and Q@iolecules on the stitute for Advanced Interdisciplinary Resear@hAIR) and
dielectric response. For TTE,TSF-QCl, system, the vol- the Angstrom Technology PartnersHigsTP).
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