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To elucidate a pressure-temperature phase diagram of the quasi-one-dimensional mixed-stack charge-transfer
complex tetrathiafulvalen®-chloranil (TTF-CA), we study the quasi-one-dimensional spin-1 Blume-Emery-
Griffiths model. In addition to the local charge-transfer enerdy and the inter-stack poladipole-dipole
interaction J,), we take account of the interstack electrostricti@pulomb-lattice coupling Using the
self-consistent chain-mean-field theory, where the intra-stack degrees of freedom are exactly treated by the
transfer-matrix method, we reproduce the gas-liquid-solid like phase diagram corresponding to the Ngutral (
paraelectric ionic I(,,), and ferroelectric ionicl,,) phases, respectively. Our classical model describes an
essential point of the multicritical behavior of TTF-CA, i.e., the interchain electrostriction exclusively enhances
the charge concentratidionicity condensation but does not affect the interchain ferroelectric coupling. This
effect leads to appearance of the intermedigfg phase in between the and |, phases on tha-T phase
diagram.
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I. INTRODUCTION Recently, the respective roles ofind » have been high-
lighted in both equilibriurh and nonequilibriurh processes.

In the “critical phase control technology,” condensed mo- Using the neutron diffraction along with nuclear-quadrupole-
lecular materials play quite a promising role, because mot€sonance measurements, Len@ailleauetal? found a
lecular orbitals and stacking architecture are manipulable in Rhasé wheréhe system is ionic but dipoles remain disor-
desirable way. To elucidate interrelation of constituent mo-dered i.e., a paraelectric ionid (.9 phase. They proposed a
lecular structures and emergence of various@thermodynampy€ssure-temperature phase diagram of TTF-CA, where the

phases such as superconductivity, magnetism, and ferroeleld: !para and Ifetro phases are like gas, quu_id, and_solid
tricity is of great interest there. A neutral-to-ionic phase tranPhases respectively. The ferroelectric order is well signaled

sition (NIT) in quasi-one-dimensional charge-transfeT) by the appearance of (k2 1,0) Bragg peaks that indicate

complexes comprising mixed-stack architecture of electroﬁhe inversion symmetry breaking. The "sublimation” line

separating theN and I, phases continues up to a triple
idno?h?;(fl?;gnd acceptefA) molecule$ has played a key role point (P;,T;)~ (500 MPa, 210 K). Above the triple point, in

. addition to the “crystallizationor melting” line, there ap-
In particular, phase control by presstiteor laser Y ) 9 b

rad.iatioﬁ“*. in the tetrathiafulvalen@-chloranil (TTF-CA), gggg?n%a?]?gg %@Si{lggnggfnistgﬁ?r;igg:ﬁﬁﬁggsd chﬁ);r?;:sof
which exhibits the NIT arpund 80 K at ambient pressure;, ha%nding at a critical pointR.,T,)~ (700 MPa, 250 K). The
attracted a great deal of interest. Very recently, Caltel,”  ,rpose of this paper is to give a qualitative understanding of
using highly refined time-resolved x-ray diffraction tech- hig phase diagram, as we later calculate in Fig. 5.

nique, have reported direct observation of a photoinduced gjince the SISB is prohibited by thermal fluctuations in a
paraelectric-to-ferroelectric structural order in the crystal. Inpyrely one-dimensional stack, interstack coupling is required
the ionic phase, the DA™ pair forms a dimer due to the tg realize the SISB. In addition, the experimental observation
electrostatic  instabilify or subsequent spin-Peierls strongly indicates that electronic and lattice degrees of free-
instability.” The ionized dimer on the DA chain carries a dom are coupled with each other in a unique manner. That is
local electric dipole momenp with opposite directions de- to say, upon crossing the transition lines in the gas-liquid-
pending on the dimerization patterbs A~ orA"D ™. Once  solid like phase diagraf? the unit cell paramete (for the

p acquires a macroscopic mean valge (p)#0, a sponta-  axis perpendicular to the stac&xhibits about 0.5% discon-
neous inversion symmetry breakit§ISB) occurs and the tinuous contraction at the condensation transition but exhib-
system undergoes a phase transition to a ferroelectric-ionigs continuous contraction at the crystallization transition. On
(lterro) Phase. The ionic phase itself is simply described bythe other hand, the unit cell parametei(for the stacking
ionicity condensatiorc=(p?)~1. Sincey is a symmetry- axis exhibits only continuous contraction at the condensa-
breaking order parameter butis not, we expect thay and  tion transition and below it remains almost constaiow

c play separate roles. The appearance of two distinct ordexe are ready to ask the questigh) what kind of interstack
parametersy andc is a direct consequence of the degeneracyinteractions are responsible for the occurrence of lthe,

of the two configurations of dimerization pattern, IA phase, and2) how the lattice anomalies are coupled to the
(---D*A'D*A"--)and IB(---A"D*A'D"...). phase transitions ?
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As for the first question, Lutyet al>® stressed that the \yhereA=A—z K, c andE=E—z,J, #, with z, =2 being
interstack non-polar couplifigalone cannot drive the ferro- the interstack coordination number. Treatihgfﬁ exactly by

electric ordering and thdipolar coupling plays an essential the transfer-matrix method, we obtain the free energy per
role. As for the second question, Kawametpal.® took ac-

i
count of the charge distribution on the atoms inside each
molecule by arab initio quantum chemical method and elu- feea(7,C,T)=—TINNAE, T)+J, n2+K, 2, (4
cidated the importance of interstack Coulomb attraction o
~—0.14 eV, which may cause interstack electrostrictionwhereX(A,E,T) is the maximum eigenvalue of the transfer
(Coulomb-lattice coupling matrix forHﬁﬁ, given by

eB(JH+ KH*Z*E) e*ﬁ(ZJrE)/Z eﬁ(*JHJr K”*Z)
Il. QUASI-ONE-DIMENSIONAL BLUME-EMERY-

GRIFFITHS MODEL AND INTERCHAIN MEAN-FIELD T=| e AA*BR 1 e AA-BI2
THEORY eg(fJHJrKHJ) efﬁ(thé)IZ eﬁ(J"+KH—Z +E)
Now we shall set up a model. The ground-state energy of 5

the mixed stacks has three minima as a function of thjth g=1/T. Possible phase diagrams of the BEG model
dimerization displacement, i.e., tieand the degenerate IA have been extensively studied through mean-field
and IB states. The three states may be described by thfeories!®'® renormalization-group? and transfer-matrix
spin-1 Ising variablep; ;=0,=1 on theith dimer inside the  methods'® For the parameter regions relevant to the present
jth stack>®*® The charge transfer energg), the intrastack case,Jj, J,, K, K., andA are all positive, so that a

(with subscript]) and interstackwith subscriptL) dipolar  solid-liquid-gas type phase diagram with proper slopes of
(J) and nonpola(K) interactions, and the coupling with the transition lines is not obtained.
electric field(E) are described by the quasi-one-dimensional
(Q1D) Blume-Emery-Grifiths (BEG) model,” 7{="%, lll. INTERCHAIN ELECTROSTRICTION
+H, , where
Then, we consider the interstack lattice degrees of free-
dom that have not explicitly been taken into account in Eq.
Hy=— 2 [JyPi jPis1j+ KHpiZ,j pZ, T Apiz,j —Epil, (2). Itis well knqwn that an (_al_ectrostrlc_tmn e_ffect potenual!y
i converts a continuous transition to a discontinuous one, since
(1) this gives rise to an additional negative free-energy term that
contains the forth power of the relevant order param@éter.
the present case, we phenomenologically introduce an addi-
H, =- IZI [J.pijpij+1t KL piz,jpi2,j+1]' (2)  tional free energy,
f ) < + Imazy? (6)
. . . . . . C! B T— = ]
The intrastack dipolar interactiody is caused by coupling sl .Y boty 2 Tt

e ot o oot o e ere (e st and second trms rpresen: Covlomb atrac
. . . ; fion between the nearest-neighbor stdcksd the elastic en-
action between Fhe induced dipoles on adjacent s;acks. T ergy for the distortion in the interstack direction. The re-
intrastack couplings are much stronger than the interstac uced mass of TTE and CA moleculeNsand Q. denotes
couplings, and the electric dipoles are ali.gr)ed.alon_g th‘?ﬁhe optical phonon frequency in theaxis direction. Note
stacks. The energy cost to create oneAD pair is given in thatf (c,0) has already been absorbed ikto. The lattice

the limit of no molecular,oyerl_ap W:' —A—aV, wherel constant without distortion i®,, andy denotes the distor-
and A denote the donor’s ionization energy and the accept;

er's affilnity, respectively,_ and_on denotes the Madelung H?Q .oEt)i/ mrggljn]:tlggefgg(ncs’ga) n':/’wth respect toy, we obtain
energy'! Generally speaking, increasing pressure decreases
the lattice spacing and consequently increas®s There- o
fore, A decreases upon applying pressure. b(T)=bo+y(T)~by— 2—b0c2, (7)
We treat the Hamiltoniai2) by using the self-consistent B
chain-mean-field theoryf. Introducing the thermal averages, where we introduced energy scales of Coulomb and lattice
n=(p;;) and c=<pﬁj>, we have the effective 1D BEG processes, respectively, by
model,

e’ 1,
aEb—O, BEEMQLbO' (8)
Hf'= —Z [pipi+ 1+ K pP PP, —Apf —Epi] We thus have the energy gain due to the lattice distortion,
zZ 5 ZL 5 felsl(CiT)N_Selst]HC41 9
T N 5 NK. e © where

075115-2



FERROELECTRIC PHASE TRANSITION, IONICITY ... PHYSICAL REVIEW B9, 075115 (2004

o2 (2) A=1.46
= _ 1 r T T
Eelst— 4B\]H . (10)

o8f 77\ :lcond 1 o8 ‘N M
Using M =1.85x 10" Kg, by=8.4x10"1°m, and the fact c ¢ |

(b) A=1.42

1

that(Q), may be larger than the optical phonon frequency in 06t 06 ‘%:Twnd

the a-axis direction();=5.65x 10" Hz,® we find a dimen- 0.4l lfemo, i N o oaf '{CWSt

S|%n(l)elss electrostriction parameter is roughly givenehy; o2k Tos { ozf I Y N ;
Now, solving the self-consistent equations is reduced to P 0'77;8 P 0'45 TEYETEY

searching €, ») that gives the absolute minimum of the total A’_l 40 S -d A—l '22 S

free energyf(7.c.T)=foec(7.¢.T) + fux(c. ). The ionic (41 @Azt

while the ferroelectric phase is characterized7py 0.
Note that, in the present scheme, any phase w#th is 06} Teond 1 osl }
regarded as “neutral” and that the neutral phase has always , Tferro ‘;j;lpma N M o0al Time Law = N
7=0. In the BEG model, because of three stapes=0, ' ‘—"—p_"—’
+1, c approaches the universal constant2/3 in the high- 02} chryst 1 02t chryst y
temperature limit, where the entropy term dominates the in- oy r P R T
ternal energy term. Therefore, in the parameter region where %2 03 04 05 06 07 08 0.z 04 06 08 1 12
¢ continuously increases upon decreasing temperature, We g 1. Temperature dependencecadind 7 for various magni-
have 2/3<c<1. In the experimentsthe ionicity continu-  ydes ofA with K;=0.4, K, =0.06, J, =0.03, ands ss=0.0095.
ously increases upon decreasing temperature and jumps froffie condensation and crystallization temperatiitg,q and Terysts
c~0.3 toc~0.6 at the NIT. Thus, concerning the quantita- respectively, are indicated. The vertical dotted lines indicate discon-
tive magnitude of the ionicity, there arises a difference betinuous jump ofc and 7. The temperature regions corresponding to
tween the experimental result and the present analysis. Thig,), | ,aras @andN phases are also indicated by horizontal arrows.
apparent difference comes from the fact that we mapped thieocations of theA values in(a)—(d) are indicated in the phase
intrastack CT transfer and the DA dimerization onto thediagram of Fig. 5.

simple spin-1 Ising variables. Therefore, we should regard . . . .
the [()jifferg,nce as zgn artifact of the classical BEG modelg contraction of the interstack lattice constamit cell param-

eter b) is accompanied by the discontinuous jump of the

ionicity. In Fig. 2, settingb, as a length unit, we show the

temperature dependence of the unit cell parantetgven by
From now on, we sed;=1 as an energy unit and the EQ.(7), using the same parameter set as that in Fig. 1. Al-

electric fieldE is set to be zero. In Fig. 1, we show the though the magnitude of the discontinuous contraction de-

temperature dependence ofnd 7 for various magnitudes Pends on the parameter choicesQf; andby, the qualitative

of A with K;=0.4, K, =0.06,J, =0.03, andees=0.0095.  nature p jumps atTcomd does not change.

We mtr_odL_Jce the condensation tempe_rqttﬁ;gnd anq the (a) A=1.46 (b) A=1.42

crystallization temperatur&s. The ionicity jumps intoc

phase is characterized by the ionicity condensatieni, 08 7 Y o8 n M
b T& |l Teond

IV. NUMERICAL RESULTS AND PHASE DIAGRAM

=1 atT..ng, While the ferroelectric order-parameter acquires 0,992-b(T)/b0 1 0902 B(DV/BO ]
a finite magnitudey#0 atTs. The ground state becomes . ] : /
ionic for A<1.49. Bothc and » exhibits a discontinuous  0.988¢ ] 0988} ]
change at the same transition temperatiine sublimation ] s
temperature for 1.42<A<1.49. That is to say,Tcong 0.984F 1 0984f
=Teyst: FOr A<1.42, there appears a regioffgys<T ] T 3
<Tcong» Where the system is ionic but still paraelectric. This 0.980 bttt 0.980 b

. .. - . . . 0.2 0.3 0.4 05 0.6 0.2 0.3 0.4 0.5 0.6
region is identified with thd ,,, phase that is observed in (c) A=1.40 (d) A=1.22
TTF-CA under pressure. The poinfA(=1.42T,=0.45) is R 0990
identified with thetriple point (indicated by “TP” in Fig. 5. 0992 [ 2(T)/b0 - b(T)/bo
For A< 1.42,c still exhibits a discontinuous changeTag, g, : -
but 7 continuously evolves af .y, as shown in Fig. (k). 0.988 | / 0.986 1
The discontinuity jump ot becomes smaller and seems to : 1 oesal /
vanish, as\ decreases, as shown in Fidd]L We stress that  ¢.984} ]
this discontinuity is a direct consequence of the weak but : ;0% : 1
finite electrostriction effect. Without the electrostriction, s 0.980 b WA 0980L gy T 5,

2 0.3 0.4 0.5 0.6

decreases] ¢ong and Ty cONtinue to coincide with each

other, and the transition simply changes from discontinuous FIG. 2. Temperature dependence of the unit cell paranteter

to continuous at some critical value Af1%13-15 b(T). Locations of theA values in(a)—(d) are indicated in the
As clearly seen from Eq(7), about 0.5% discontinuous phase diagram of Fig. 5.
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0.8 1.2
Ac .
0.7 K)j=04 ]
06 | K1=0.06 ]
J1=0.03
05 F Eelst= 0.0095 ] 1.3
04 | .
Triple
03 f Point| ? |
02 | Critical ]
o Point 14
1.1 1.2 1.3 14 1.5
FIG. 3. Temperature dependence of the discontinuity of the ion- 1.5

icity, Ac.
FIG. 5. (Color online Phase diagram foK;=0.4, K, =0.06,

To see the discontinuity of the ionicity more closely, we J. =0.03, ande¢=0.0095. The solid and dashed lines represent
show in Fig. 3 theA dependence of the discontinuity at the discontinuous a_nd con_tinuous trans_it_ions, re_aspectively._ TP and CP
condensation temperaturic. It is clearly seen thadc de- r_epresent the triple point a_nd the crltlcgl point, respectlvely_. Lc_)ca-
creases ag\ decreases and eventually reaches zera at tions of theA val.ues used ifa)—(d) of Figs. 1, 2, and 4 are indi-
=1.25. ForA<1.25, the condensation occurs without ionic- 6214 by the horizontal arrows.
ity jump. Then, the lattice contraction &t,,qalso becomes
continuous. ThereforeA=1.25 with the corresponding sharp single cusp &ton= Teryst: FOrA<A<A, a discon-
Teong=0.76 is identified with acritical point (indicated by  tinuous jump occcurs af=T,,q and a cusp all = Tepyet.
“CP” in Fig. 5). This critical point is in fact a critical end The discontinuity aff = T.q finishes atA=A.. Here, we
point discussed by Fisher and Barbdsahis result is well  shoyld mention that the BEG model of dipoles misses all
consistent with the experimental fact that the ionicity jump ye|ocalization effectsThis may cause the apparently small

finishes at the critical poirft. polarizability peaks of order unity as seen in Fig. 4 at tran-
The dielectric constant is given by=1+4ma, where sitions

the uniform polarizability is a=1TZ; ;2| [(PiPi,m In Fig. 5 -
- P ) J=l S g. 5, we show the phase diagram of the system for
(i) (P1,m)]=(C=77)/T. In Fig. 4, we show the tempera- \« _q 4k '~0,06,J, =0.03, andeq—0.0095. Regarding

ture dependence of for various magmtuo!es Cﬁ Itis S€eN  ihe decreasing\ as increasing pressure, this phase diagram
that along theN-l, boundary, the polarizability exhibits a . . : .
is consistent with the experimentally found, pressure-

temperature phase diagram of TTF-EA&he triple point, the

(a) A=1.46 (b) A=1.42 critical point, and the observed interstack lattice contraction
o o are reproduced. For simplicity, we here ignored the change
20f 1 29 _f- 1 of A due to thermal lattice contraction. Exactly speaking, to
sk 1 sf H 1 convert ourA-T phase diagram to B-T diagram, we need

;T\- / t to take account of the temperature dependenct,ok(T).
Lof Teryst=Teond ;M Teryst=Teond ] By appropriately treating\(T), we may obtain the corre-
0sf 1 osf 1 sponding P-T phase diagram satisfying the Clausius-
0 L T 00 A A Clapeyron relation. We stress that, even when we take this
02 03 04 05 06 07 08 02 03 04 05 06 07 08 simple view, a qualitative nature of the phase diagram is not
(c) A=1.40 (d) A=1.22 changed. Identifying the triple pointA¢,T;)=(1.42, 0.45)
25 e G with  the experimentally obtained one P{(Ty)

Lot & N ] o ~ (500 MPa,210 K), we see that our parameter choice here

i L5p ’T y corresponds t& , =28 K andJ, =14 K.
L5} T\ Teryst Lajzerowicz and Sivardie’® extensively developed a

Lok Tfryst Teona mean-field analysis of the BEG model and obtained liquid-

) gas-solid like phase diagrams on tReT plane. However,

0SE 1 T they considered a lattice gas analog of a simple fluid, where

0.0 AN A 0 R the physical pressure of the lattice gas is simply given by
02 03 0405 0607 08 02 04 0808 L2 ¢ with f being the Helmholtz free energy per volume. In
FIG. 4. Temperature dependence of the polarizabilityLoca- ~ the present context, the pressure of the spin system has no

tions of theA values in(a)—(d) are indicated in the phase diagram physical meaning and the phase diagram obtained by Lajz-

of Fig. 5. erowicz and Sivardie cannot be applied to TTF-CA.
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V. CONCLUDING REMARKS dimensional case, such one-dimensional excitations dissoci-
. ate and eventually lead to ferroelectric phase. To elucidate
In the present work, to simulate a pressure-temperaturgis gimensionality-driven process may be required to fully
phase diagram of the quasi-one-dimensional mixed-stacfescribe the ferroelectric phase transition in TTF-CA. This is
charge-transfefCT) complex TTF-CA>® we have studied quite an involved problem. We keep this for future project.
the quasi-one-dimensional spin-1 Blume-Emery-Griffiths  Although we have the above apparent drawbacks, we may
(BEG) model. In this scheme, the electric dipoles on a DAsay that our simple model rationalizes an essential point of
pair is described by classical dipoles, which is apparently fathe multicritical behavior of TTF-CA, i.e., the interchain
from the microscopic Peierls-Hubbard m07d]é| that have electrostriction (Coulomb-lattice COUp“n)‘] exclusively en-

been applied to the ground-state properties of TTF-CA. Thiances the charge concentratigonicity condensation but
simplification means that atlelocalization effectare miss- does not affect the interchain ferroelectric coupling. This is

ing in the present scheme. This may cause the apparentwe main reason why the intermediate paraelectric ionic

small polarizability peaks of order unity as seen in Fig. 4 at pard Phase appeared in between the neufrdland ferro-

- electric ionic (o) phases on thA-T phase diagram. This
transitions. To overcome these flaws, we need to go back to . . X

! . . scenario addressed here may give a canonical example of a
the microscopic Peierls-Hubbard mot# and make clear

. : “critical phase control in many-electron system,” where the
the interplay of low-energy spin and charge-transfer dynam- o e ;
ics phase transition and criticality are controlled by changing

. . . such a microscopic parameter as an electrostriction.
We should also mention that all the microscopic degrees picp

of freedom of spin and charge are not explicitly treated in  This work was partly supported by a Grant-in-Aid for
our scheme and consequently any magnetic degrees of freBeientific ResearciiC) from Japan Society for the Promo-
dom are frozen out. Accordingly, the spin and charged solition of Science. T.L. wishes to acknowledge hospitality at the
tons or neutral-ionic domain walls, which are elementary exdnstitute for Molecular Sciences, Okazaki, and thank colleau-
citations in one-dimensioh,are not incorporated in the gues for creating a pleasant and stimulating environment
present scheme. It is naturally expected that in quasi-onehere.
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