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Theory of ferroelectric phase transition of polymers
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We propose a model of ferroelectric polymers constructed through abstraction of ferroelectric properties of
copolymers of vinylidene fluoride and trifluoroethylene. Each element in the model can take two different
structures whose energy states are split into three levels under an electric field. Interaction between elements in
this system is classified into two categories; intermolecular interaction and intramolecular interaction. Funda-
mental properties of the model are calculated by the Bethe approximation. We find the thermodynamic char-
acter of the phase transition changes from the first order phase transition to the diffuse transition with a change
in the ratio of intermolecular and intramolecular interactions. We demonstrate a critical phenomenon at a
boundary between the first order phase transition and the diffuse transition. The critical temperature is inde-
pendent of the properties related to the intramolecular degrees of freedom such as intramolecular interaction
and multiplicity of an excited conformation state. Furthermore, a smearing out effect that is introduced into the
intermolecular interaction influences the transition temperature. The effects of external fields on the phase
transition are also discussd&1063-651X97)03509-3

PACS numbe(s): 05.70.Jk, 64.60.Cn, 77.84.Jd, 77.8@.

[. INTRODUCTION mation including a gauche bond to a conformation consisting
of all trans bonds because of an advantage of the intramo-
The crystal of fluorocopolymers including vinylidene lecular interaction. The advantage of the gauche bond in the
fluoride (VDF) exhibits ferroelectric properties below a intramolecular interaction, however, decreases with the in-
phase transition temperatuig and loses them abovg, crease of molecular defects such as head-to-head linkages.
[1-6]. Then, values characterizing the phase transition sucBince the introduction of TrFE to a VDF chain is considered
as the transition temperature and temperature hysteresig be the same as the introduction of defects, increasing the
which is defined as the temperature difference between therFE ratio makes the trans bond more stable in a point of the
transition temperatures during heating and during coolingintramolecular interaction. The characteristic of a VDF-TrFE
vary as a function of a VDF ratio in the copolymer. Suchcopolymer varying with the copolymerization ratio is consid-
phenomena have been observed particularly for copolymergred to come from the property of this intramolecular inter-
of VDF and trifluoroethylendTrFE) using various experi- action.
mental method$3,7]. It has been shown experimentally in The purposes of this paper are to abstract the ferroelectric
the copolymer that the thermodynamic character of the phasghase transition of VDF-TrFE copolymers, to construct a
transition is changed from a first order phase transition to @nodel, and to give a natural figure of the model. Further-

diffuse transition through the second order phase transitiofore, the effects of the several external fields on the system
by a decrease in the VDF ratj8,9]. are discussed.

This phase transition has been categorized as being an
order-disorder type phase transitipf]. In the ferroelectric
phase, the polarization made of oriented permanent dipoles
belonging to VDF monomers is cooperatively reversed by an
external electric field[10]. Such the order-disorder-type  The interaction governing the behavior of atoms in a
phase transition and the cooperative polarization reversal agolymer crystal has remarkable anisotropy. Positional rela-
mainly controlled by the intermolecular interaction. In this tions between neighboring atoms within a molecule are gov-
case, furthermore, when the ferroelectric phase is tranerned by a covalent bond. The atoms that are not bonded by
formed into the paraelectric one, gauche bonds mix to @he covalent bond combine with one another by a secondary
chain composed of all trans bonds. Then an intramoleculainteraction such as the van der Waals interaction. Since the
interaction plays an important role in the ferroelectric phasecovalent bond force is much stronger than the other force,
transition[11-1§. conformations of a polymer chain change within a restriction

The short range interaction working between atoms iglaced by the covalent bond. In an amorphous region where
classified into two sorts: the intermolecular interaction worksthe intermolecular interaction is rather weak, either trans
between two atoms belonging to different molecules and theonformation or gauche transformation is selected by the
intramolecular interaction works between two atoms belongsecondary force working dominantly between two carbons at
ing to the same molecule and existing always within an in-a distance of three covalent bonds away from each other.
teraction range of each other. The role of these interactiong/hen the difference due to the intermolecular interaction is
for selection of molecular conformation and crystal structureneglected, we call the energy difference between the trans
was discussed in the case of polyvinylidene fluoie¥DF) conformation and gauche one the intramolecular interaction
[17]. It was found that a PVDF chain prefers a chain confor-energy. In many polymers, the trans sequence leads to a pla-
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nar zigzag conformation and mixing of gauche bonds to a

helical one. *
It is well known as a result of experimental studies that

copolymers including vinylidene fluoride take a planar zig-

zag conformation consisting of all trans sequences in the Q

ferroelectric state but, on the other hand, they take a sort of *

helical conformation including randomly gauche bonds in

the paraelectric sta{&]. The copolymer chain has the maxi-

mum dipole moment in the planar zigzag conformation and *

loses the dipole moment in the helical conformation. The

spontaneous polarization of the system is formed by parallel

orientation of the dipoles of planar zigzag chains. * *
It is expected that the ferroelectric ground state that is

composed of parallel alignment of dipoles belonging to pla-

nar zigzag chain segments is excited through two different *

processes. One is an intermolecularly mixing process of an-

tiparallel dipoles, both of which are held by trans bond se-

guences. In this case the planar zigzag conformation of the FIG. 1. Cross section of ferroelectric polymer model packed

chains is unchanged. This mode of excitation is the same d¥xagonally.

that in the Ising model. The other process is an intramolecu-

larly mixing process of gauche and trans bonds. In this casggw, and a circle as shown in Fig. 1.

the_ planar zigzag _conformation is transformed to a random | such a system, the ferroelectric phase is realized by
helix whose. net dipole moment becpmes zero. The SpONt&poperative organization into the staje or g_;. On the
neous polarization of the ferroelectric state, thus, decreasggher hand, the paraelectric phase is made of elements of the
graduall'y toward zero in the p{;\raelectrlc state. statee and domains including equally; and g_,. The

The intramolecular interaction selects the gauche bongerroelectric phase transition of this system, therefore, means
rather than the trans one in a range of VDF ratio h|ghe_r th_ar& transformation of an ordered stategafor g_; into thee
about 65 mol %43]. Even in such a case, molecular chains ingiate or into a disordered mixture of andg_;.
the ferroelectric state are in a planar zigzag confqrmat|on The interaction is categorized to intermolecular and in-
made of only the trans bond. The reason is that an intermqzamolecular interactions. Intermolecular interaction is con-
lecularly parallel packing of the planar zigzag molecules isigered between the segments belonging to different molecu-
preferred to an antiparallel one or the other packing wayar chains, therefore, between the elements in this model.
including a helical chain by the intermolecular interaction. since the intramolecular interaction is taken as the energy
Consequently, in the ferroelectric state, dipoles of moleculegjfference between a trans and a gauche bond, we assigned it
line up parallel with each other. Such a situation suggestg, the energy difference betwegnande in this model.
that a main driving force that causes this polymer to be ferro- - The intramolecular interaction characteristic of each con-
electric is an intermolecular force working between molecugrmation of the element and the intermolecular interaction
lar chains. _ _ _ characteristic of each couple of elements are listed in Table I.

A force originating from an intramolecular interaction The jntermolecular interaction is measured as the difference
also affects ferroelectric properties of the polymer. It worksgom the intermolecular interaction energy of the standard
drastlcallylon the conforr'n'atlonal change occurring when th%ouple including the excited elememt The parallel and an-
ferroelectric phase transition takes place. _ tiparallel couples between elements in thestate are as-

An electric dipole-dipole interaction with a long interac- ¢ ;med to be placed energetically below and above the stan-

tion range is neglected because it is known as a result of @3¢ couple, respectively, and at an equal distance from it.
theoretical study on PVDF that the interaction is ineffective In this table. the Boltzmann factor for thestate is mul-

in PVDF [18,19.

TABLE I. Potential parameters and Boltzmann factors.

Ill. MODEL

) 1. Intermolecular interaction between center site and nearest
An element in our model can take three states. Two stategeighbors

g ande, which denote “ground” and “excited,” can be cqyples Potential Boltzmann factor
distinguished morphologicallyg corresponds to a planar

zigzag conformation consisting of all trans bonds and 91— 91, 9-1—9-1 -V X=exp(V/KT)
random helix including randomly gauche bonds. Furthere—g, e—e 0 1

more,q is split by an electric field into two energy statgs 9:—9-1 \ X

andg_; with dipolesu and — u, respectively, and the other

. 2. Intramolecular interaction
statee has no dipole moment.

S . . . . Conformation Potential Boltzmann factor
Considering anisotropic mechanical properties of poly-
mers, we construct a two-dimensional model on a cross see- W Y=A exp(—WKT)
tion perpendicular to a molecular axis. So we can symbolizg 0 1

the three states as an up-directed arrow, a down-directed af
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tiplied by A. This means there are several ways to place an TABLE Il. Boltzmann factor for each configuration of model
element of thee state on the two-dimensional lattice, al- system.

though there is only one way fagy; andg_;.

Center Site
Nearest neighbor _ e
IV. THEORY 9 9 91
, o 69, Xem® X~ 6Mm°® Mey
A. Molecular field approximation 501,91 EXM 6X-4M4 6M4Y
We first treat the system with a molecular field approxi-4g, 2g_, 15X2M?2 15X"2M?2 15M2Y
mation. The Hamiltonian of the system is described as 39,,39_; 20 20 20¢
291,49_, 15X ~2M 2 15X2M ~2 15M 2y
H=-V>, 0'i0'j+W2 (1-0?). (1) 91.59-1 6X ‘M~ 6X*M 6M %Y
i>] [ 69_, X~ 6M 6 XM 6 M8y
) 59,,e 6X°M3Y 6XSM5Y 6M5Y?2
Here o take Values_l, 0, and 1, WhICh Stand f(g,l_, e, 491,26 15><4M4Y2 15x*4M4Y2 15M4Y3
andgq, _respecfuvely. The first term represents an intermo- 138 20X3M3Y3 20X-3M3Y3  20M3Y4
Iecularl interaction an.d. th_e second terr_n an .|r_1tramolecuIaﬁglyé,ﬂ9 15X2M2Y4 15X 2M2Y*  15M2Y5
one. Since ferroelectricity is treated heyeis positive. From 5 —1pv5 6
, . . . 01,5 6XMY 6X~ MY 6MY
the first term of Eq(1) we can find that if dipoles are lined V6 v6 7
up paralle_l with each other, the system is stabilized in Com'zlgl,g,l,e 30X3M3Y 30X-3M3Y  30M3Y2
parison with the antiparallel configuration. The second terrr}3 . BOX2M2Y2 6OX-2M2Y2  BOM2Y3
vanishes whero] is 1, which means that gauche bonds are 91,971,36 BOXM Y3 BOCIMY®  BOMYA
not included. That is, if the gauche conformation is preferredzgl’gfl’ . . 5
to the trans one by the intramolecular interactigvi,has a 91.9-1.4€ 30\[ B 30¥ B 30Y7
nedati : g 1,5 6X IM~Y®  6XM71Y® 6M~1y®
gative value. On the other hand, the positiVeselects the ", )
trans conformation. When an avera@® is substituted for 391.29-1.€ GOX;V'Y 60x2 MY 60M3Y
o, the interaction energy for the element at the sitel (i), ~ 291.20-1.2¢ 90Y_l s o0y s o0 e
2g_,.4e 15X 2M72y#4  15X2M2Y4 15M 2YS
H(i)=—zWo)o;+W(1—o?). (2) 29139 ;.e 60X~ M~y  sOXM~IY 60M ~1y2
9:1,39_1.2e 60X 2M~2Y2  60X?M 2Y%2  60M 2YS
Herez is a coordination number of the site. The statistical3g-1.3e 20X 3M 733 20X3M Y2 20M 3Y!
average ofo is described as 01,49_1,€ 30X M3y 30x3M %y  30M%Y?
4g9_,,2e 15X*M ~4y? 15X*M ~4Y2  15M ~4y3
! 59_,,e 6X M3y  BXM Y  6M 5Y?

> | oié(oiex —BH()]

(o)=""- 7 . ®

elementsp g_; elements, anad e elements, then the con-

_ . N _ tribution of the configuration to the partition function be-
Here, W=nV and Z, is a one-particle partition function. comes

Furthermore, the degeneracy parameéier;) is set as&(1)

=§(—1)=1 and§(0)=A as described in the previous sec- 6Ca(XM)35_,Cp(XM)~PYE, (5)
tion. Setting akT/V=T* and gnV=n/T*, Eq. (3) is re-
written as Here, M represents the contribution of a molecular field
coming from the sites surrounding the nearest sites and will
2 sinj{a)/T*] be described in Eq13). The results given by the same pro-
()= 2 costi{a)/ T* ]+ A exf — (n/T*)] (4 cedure are summarized in Table Il for all cases of combina-

tions of elements in the model system.

As inferred easily from the model, this solution is that of a _Summing up each ccalumn_m Table Il gives relative prob-
two-dimensional Ising model if the second term in the de-abilitiesP;, P_,, andPg, which stand for the probabilities
nominator vanishes. This premise means that the gaucHg the configuration in which the center sites are filled with
conformation cannot be realized because of a high intramdd1. 91, ande, respectively.
lecular potential barrier.

P1=[XM+(XM) " 1+Y]°, (6)

B. Bethe approximation

[ -1 6
The model described above is treated in terms of the Be- PLy=[XIM+(XIM) =2+ YT, @)

the approximation. The treated system is composed of 7 el-

ements, which include the center element and the surround- Po=Y[M+M~1+Y]°. (8)
ing 6 elements. The partial partition function can be given by

the following procedure. If the center site is occupied by theHere we estimate the molecular figltl. The probability that
g, element and 6 surrounding sites are also occupiegl fy  the element at some site takes each stpteg_,, or e is
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TABLE llIl. Molecular field applied to nearest neighbors from Using a similar procedure, on the other hand, we can also

surrounding sites. find the relative probabilities that one of 6 nearest neighbor

sites isg;, g_, or e. Abbreviating them a®], P”;, and

Nearest site Potential Boltzmann factor P'é . we have
gel lé M:expl(—U/kT) P = XOPY X(XOPst 14 X~6Ps~14y)54 X~ L(X~6Ps+1
9-1 -u 1M +XEPsTL4Y)5+ Y (XOPs+ X ~OPs+Y)®], (17)

P'Ll:XfGPS[Xfl(Xm35+1+ X*6PS*1+ Y)5+ X(x*GPSle
described as follows in the molecular field approximation

whenZ is a partition function: +XOPs714Y)5+ Y(XOPs+ X 6Ps+Y)5], (18
P,/Z, P_i1Z, P,lZ, 9 Po=Y[(X®PsT14+ X7 6Ps™ 14 v)54 (X 6Pst14 x6Ps71
5 6P —6P 5
Z=PytP_+Pg, 10 +Y)5+Y(XEPs+ X 6Ps+Y)5]. (19

Self-consistency relations between the center site and nearest

Here, 6 sites in the nearest neighbor sites interact wWih 6 neighbor sites become

pieces ofg, elements, ®_, pieces ofg_; elements, and

6P, pieces ofe elements. When the nearest site is filled with Pi=Pj, P ,=P",, P,=P}. (20)
0:, the g, element is captured by the molecular fidld
which is described as These relations give the temperature dependence of the spon-
taneous polarization in the system where intermolecular and
U=6(P./Z)(=V)+6(P_1/Z)V, (1) intramolecular interactions with various magnitudes act ef-
fectively.
=—6PgV, (12

V. NUMERICAL CALCULATION AND RESULTS
wherePg=(P;—P_;)/Z means the normalized spontaneous
polarization in this model. Therefore, the Boltzmann factor
M can be written as

Figure 2 shows variations in transition curves represented
asPg vs T whenn=W/V is taken as a variable parameter
and A=10 as a constant. The temperature in an abscissa is
M =exp(— U/KT)=X5Ps, (13 normalized _by the critical temperatufg, of the .I§ing- mpgiel
corresponding to the case whareequals positive infinity.

The molecular field for the other case is given in Table 111, The transition temperaturg increases with increasing,

We can rewrite Eqs(6)—(8) using Table Il as which means/ increases. When has a negative value and
W is negative, the transition becomes the first order phase
P’ =(X 6Pst14 X6Ps~11v)6, (14) transition, that exhibits the temperature hysteresis. In those
curves, the highest temperatufg, in a temperature range
' BPetl | v 6Pe 1 6 where Py is a three valued function may be identified with
Pp=(XTST o+ XTHSTHY), (15 the transition temperature measured in a heating experiment.
, 6P ep 6 The lowest temperature in the same temperature ragde
Po=(XPTs+X"7"s+Y)>. (16)  also identified with the transition temperature measured in a
1 —
A 1000 ]
0.8 | -
i i FIG. 2. Polarization vs temperature relations
n 0.6 — during the ferroelectric phase transition for the
a. [ ] model with A=10. Critical temperature of the
I - = -1 4 Ising model is described &B;,. The transition
Q 04 B ] changes from the diffuse transition to the first or-
B \ ' ] der phase transition through the second order
B . phase transition with decreasing valuenofThe
0.2 T values ofn are 1000, 10, 5, 2, 1, 0.5, 6;0.4,
- . —0.8, and—1 from the right to the left.
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FIG. 3. Temperature dependence of the exis-
tence ratio of each state whenequals 5.

RATIO OF EACH STATE

cooling experiment. We can estimate the temperature hystecurves shown in Fig. 2 corresponding te=5 and —0.8.
esis observed in the first order phase transitiod@s=Ty, Figure 3 corresponding to=5 represents the diffuse tran-
—Ty. Asn increases the character of the transition is transsition and Fig. 4 corresponding to= — 0.8 represents the
formed from the first order phase transition, which exhibitsfirst order phase transition. These figures illustrate the phase
the clear temperature hysteresis, to a diffuse transitiotransition from the ordered state g3 to the disordered state
through the second order phase transition. The transitiodistributed equally among,, g_;, ande. The branch of the
temperatureT, in the diffuse transitions is determined by e state has an existence ratio fn the disordered state in
taking the temperature where the transition curve exhibits thaigh temperatures and thosegf andg_, equalss. Above
maximum slope. In the range of where the diffuse transi- T, the ratio ofg increases or decreases according to negative
tion is occurring, the transition curves approach again ther positive intramolecular interaction, respectively. It shows
second order phase transition with increasndt turns out  that thermal excitations are occurring across the intramolecu-
that the model becomes the Ising system whepproaches lar interaction when the intermolecular environment is aver-
positive infinity. This figure shows that the variation in the aged in the paraelectric state. This theoretical result agrees
phase transition, from the the first order phase transition tovell with the experimental ones measured in IR experiments
the diffuse transition, which occurs far from the critical point by Tashiroet al. [3].
of the Ising system, explains the dependence of the ferroelec- Figures 5 and 6 show phase diagrams whesequals 10.
tric properties upon the VDF fraction included in VDF-TrFE Whenn becomes smaller than 20, the transition temperature
copolymers. is going down abruptly fronT, of the Ising model. This
Figures 3 and 4 illustrate what is occurring in the two means that the existence of an excited conformation begins

1 | "’M\l | i
u|_J 0.8 I & 7
E [ © ]
T 0.6 [ AN s
S I 9; ]
L - 4
w 0.4 - FIG. 4. Temperature dependence of the exis-
8 i ] tence ratio of each state whenequals—0.8.
= N J
EC( 0.2 i ) g_1 :

0 I I | N

0.1 0.15 0.2 0.25 0.3
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1.2 T T T F T T T T
[ paraelectric 04 . ]
1.0 phase r paraelectric phase ]
0.8 | . - - .
G L ] 03[ -
~f ] ~° r
~ 0.6 C . ~ L
~ C ferroelectric b~ 02 .
0.4 - i ]
phase ] C ferroelectric phase h
0.2 | ] 0.1F
0 : I i ! ! 1 L ] ] 1 1
-10 0 10 20 30 40 50 0 -1 0 1 2
n n
FIG. 5. Phase diagram amT plane wherA equals 10. FIG. 6. Phase diagram of a magnified part of Fig. 5.

to affect the transition in the vicinity afi=20. In Fig. 6 we  situation in this copolymer takes place in the neighborhood
can see that the temperature hysteresis of the transition &f A=10 in this model. Figure 8 shows thatAf becomes
revealed with a change in the sign nof We believe that much larger or smaller than 10, the character of the phase
variation in the phase transition seen in a series of copolytransition varies without a change in the signvef
mers of VDF and TrFE occurs in the region shown in Fig. 6
[3]. Therefore, the transition occurs in the condition far from VI. CRITICAL PHENOMENA
the critical condition of the Ising model.
In Fig. 7, the transition temperatures are shown as func- Here, we consider whyl. is independent oh and A.
tions of A for various values ofi. Each trajectory splits into When the intramolecular interactio approaches positive
two lines, which means two transition temperatufgsand  infinity the behavior of our model approaches the Ising
Ty. The splitting temperature is a critical temperature atmodel because the staecannot be excited across an infinite
which the second order phase transition occurs. The figurenergy. Then temperatures are scaled as
shows the critical temperature OR§ is independent of both
n andA. k_T:T* 21)
Figure 8 shows a transition map on a plane in which V '
and A are taken as two parameters. The straight line is a
critical line that divides the first order phase transition regionAt the critical temperaturd, in the Ising model, we have
and the diffuse transition region. On the critical line, the
second order phase transition is occurring. Considering the KT _T*
facts thatw of a 52-48(VDF mol %—TrFE mol % copoly- VR
mer is positive and that of 73-27 is negative and, further-
more, the former does not exhibit the temperature hysteresishere Ty, is 4.93 in the Bethe approximatid20]. The ex-
but the latter does, we can assume that the change in thstence of an excited conformation makes the first order

(22)

0.35

50.30 y FIG. 7. Dependence of the transition tempera-
~ ture for the system with various values wfon
~ the multiplicity of the excited state. The dotted
[ line atT,= 0.26T corresponds to the critical tem-

perature, at which the phase transition with vari-
ousn changes from the diffuse transition to the
first order phase transition.

0.25

0.20 * — ! ' —
5 10 15 20 25
MULTIPLICITY
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0.26T%,, independent of the values 8f V, andn. Further-

05 ' Cor e more,C becomes about 10.
0F » —
C  HIGHER ORDER - VIl. SMEARING OUT EFFECT
0.5 &= TRANSITION - . .
E ?_mTE'CA‘— 3 A smearing out effect in polymer crystals has been pro-
1.0 3 posed by Peterlirt al. [21-23. This effect teaches us that
< c = the depth of the potential pocket catching an atom in poly-
15 = mer crystals becomes shallower with increasing temperature
- FIRST ORDER PHASE e because of thermal excitation of low frequency vibrational
20 TRANSITION 3 mode with rather large amplitude. Although this effect
o5 = should be expected also in another crystal except polymer
TE 3 crystals, the effect is supposed to be negligibly small. In the
-3.0 L I L = case of a polymer crystal, however, even if an atom deviates
1 10 from its lattice point by an order of unit cell length, the atom
MULTIPLICITY

is not always impossible to recover. Such a large amplitude
- . vibration smears out a potential localized at other atoms.
FIG. 8. Transition map on-In A space. Open circles show the Therefore, we cannot neglect this effect in polymers. The

critical temperatures calculated by the Bethe approximation. Th%mearing out effect gives us a next relation for an intermo-
solid line shows the critical line that is derived from those plots. lecular interaction

phase transition and the broad transition belEfyand fur-

thermore makes the new critical temperatdrg for this V=V, exp(—ST). (27
model far belowT?, . We can presume from the result in Fig. . .

7 that thisT?* is also constant independentrandA. Here, ~ Then a reduced temperature is written as

we consider what it means.

The partition function of this model is the combination of KT
exp(—V/kT) and A exp(—WIKT). The number of variables AL — (28)
controlling the system is reduced to 2 from 4 as Vo exp(—ST)

Let us take the temperature dsin a system where the
Z(T,V,W,A)=Z(T* AW)=Z(T*,f), (23 smearing out effect is taken into account. The critical tem-
perature of the Ising model whose interaction is smeared out
where f=A exp(—WKT). The behavior of this model, is written as
whether the phase transition is thermodynamically of first or
higher order, is determined by the valuefofTherefore, we

assume KTe Xp(STy)
= Ve =T (29
Ne Then we have
Acexp — —|=C, (24)
TC
Tcl quSTCI):Tcl . (30)

whereC is a constant anf . andn. stand forA andn at the

critical point. Thus we have At the critical temperature of this model, we have the same

relation as Eq(24):

ne=T%(In A.—In C). (25)
When the transition map is depicted on thén A space, the o "
slope of the critical line gives us the critical temperature of A. exg — —|=C. (31
the model. kT,
From Eq.(25) and the slope of the straight line in Fig. 8, _

we haveT} =1.28. Sincel},=4.93, we have This is rewritten as

T* 128 —_Kle |

T_*: r%: 0.26. (26) ne VO (ln AC In C). (32)

This value agrees well with the value obtained in Fig. 7. SgultiPlying exp(ST,) on both sides of this equation we get

we conclude that Eq(24) is the condition for the corre-
sponding state giving the same critical temperature for vari- ST
ous combinations af andA. The critical temperature equals ne=Tce >'e(In A;—In C). (33
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changes because of the strength of the covalent bond. Since

0.5 :—REGK')N O;= L = the absolute value of increases when the hydrostatic pres-
0 :__Il-_liquAl-'LESI?T?gi'\llJER = _ = sure is appliedn sh|fts_ toward zero as shown in Fig. 9 The
E f 3 effect of the hydrostatic pressure upon the ferroelectric phase
-0.5 = transition differs due to the sign of the intramolecular inter-
40 B _§ action sincen goes down or goes up in the transition map
< - 3 according to whether the intramolecular interaction is posi-
1.5 = tive or negative. In the former case whergoes down, the
s REGION OF 3 . .
50 E— FIRST ORDER PHASE E s_ygtem_ strengthens its character of the flrst order phaS(_—:' tran-
= TRANSITION 3 sition; i.e., the temperature hysteresis increases. But in the
25 = latter case, it does the character of the diffuse transition. In
80 & il Ly . the case of the VDF—TrFE_cqponmer, the hydrostatic_ pres-
1 10 100 sure enlarges the hysteresis in the cdée0 corresponding
MULTIPLICITY to the 52-48 copolymer but reduces it in the cades0

corresponding to 73-273]. This result is supported by a
FIG. 9. Transition map. Two lines show the critical lines ob- preliminary experiment under high pressy@] although
tained in the model with the smearing out eff&t0.0034 forO  we think the change in the thermal hysteresis should be stud-
and 0.01 forX. The other line is the same as that in Fig. 8. The twojed more precisely.
arrows in the figure show the direction of the effect that application
of hydrostatic pressure gives to the system.

B. Tensile stress

Figure 9 shows a result calculated by the Bethe approxima- We consider a tensile stress applied to a uniaxially ori-
tion. The two lines show the results obtained by the condiented ferroelectric VDF copolymer. In this situation, the ten-
tion Vy=0.8 kcal/mol, S=0.0034 and 0.01. The value sile stress rather prefers a planar zigzag conformation com-
0.0034 was obtained by substituting 1000 dyn/cm,  posed of the trans bonds to the helixlike conformation made
and 1.26 A forN, f, andc in the following equation derived of mixing of trans and gauche bonds because the length
by Peterlin, which are the lamella thickness measured by thglong the molecular axis of a planar zigzag conformation is
number of carbons, a force constant of a molecular chainonger than that of the helixlike one. Therefore, application
and a length between carbons projected onto a moleculgff the tensile stress means making a bias toward the ferro-
axis, respectively: electric state. The tensile stress makes a larger positive
2 value andn increases. When the phase transition of the sys-
Vv 7 NKT ) ;
—=exp{ - _2) (34) tem has the temperature hysteresis, the hysteresis decreases
Vo 5 fc due to application of tensile stress.
Since the critical temperatures become 235 and 135 K for
S=0.0034 and 0.01, respectively, we find the slope of the
respective lines as 0.58 and 0.34 from E{.) or (32). These
results agree well with those of the numerically calculated An external electric bias field usually prefers the ferro-
lines. In the same manner as Eg6) we have electric state whose polarization is directed parallel to the
external field to the paraelectric state. Therefore, the effect of
the electric field upon the VDF copolymer is the same as that

C. Electric field

T* _ of the tensile stress.

=2 =0.26 expS(To—To)]. (35)

TS
The smearing out effect softens the slope of the critical line IX. CONCLUSION
in the n-In A space, as shown in Fig. 9. In the regiow We proposed a model for the ferroelectricity of polymers
<0, the region of the first order phase transition is enlargedihat has two conformational degrees of freedom and two di-
but in the regiorW>0 it becomes small. rectional degrees of freedom for the ground state comforma-

tion and analyzed the transition behavior by the Bethe ap-

proximation. We found a critical phenomenon at 0.26
VIIl. EFFECTS OF THE EXTERNAL FIELD which is independent of the intramolecular conformational
situation of the molecular chain such as the intramolecular
interaction and the multiplicity of the excited conformation.

Hydrostatic pressure works upon a molecular systenThe transition becomes a first order phase transition under

through the intermolecular interaction. The intermolecularthe condition that the transition occurs below 026
interaction is strengthened due to the change in the intermovhereas it becomes the diffuse transition under the condition
lecular spacing by an application of the hydrostatic pressuréhat the transition occurs above 0126. This change in the
but the intramolecular interaction is not influenced becaus¢ransition behavior near 0.Z§, explains the variation in the
an interatomic length within the same molecule hardlyferroelectric phase transition occurring with the change in the

A. Hydrostatic pressure
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VDF fraction in the copolymer. This critical temperature means advantage of the gauche bond against the trans bond,
falls due to introduction of the smearing out effect. enhanced the properties appearing in the first order phase

Effects of the external field upon the ferroelectric phasetransition. On the other hand, it enhanced the properties ap-
transition were investigated. Hydrostatic pressure on the sygearing in the diffuse transition in the case of the system
tem with the negative intramolecular interaction, whichwith the positive intramolecular interaction.

[1] T. Furukawa, M. Date, and E. Fukada, J. Appl. Pi8%.1135 [12] R. B. Olsen, J. C. Hicks, M. G. Broadhurst, and G. T. Davis,
(1980. Appl. Phys. Lett43, 127(1983.

[2] M. Jimbo, T. Fukada, H. Takeda, F. Suzuki, K. Horino, K. [13] A. Odajima, Ferroelectric§7, 159 (1984.
Koyama, S. Ikeda, and Y. Wada, J. Polym. Sci. Polym. Phys[14] S. Ikeda and H. Suda, Rep. Prog. Polym. Phys. 3fin383

Ed. 24, 909 (1986. (1988.

[3] K. Tashiro, K. Takano, M. Kobayashi, Y. Chatani, and H. [15] S. Ikeda and H. Suda, Rep. Prog. Polym. Phys. 3gn331
Tadokoro, Ferroelectric§7, 297 (1984). (1989.

[4] T. Furukawa, Phase Transit8, 143(1989. [16] P. R. Silva, B. V. Costa, and R. L. Moreira, Polyngt, 3107

[5] F. J. Balta Calleja, A. Gonzalez Arche, T. Ezquerra, C. Santa (1993

Cruz, F. Batallan, B. Frick, and E. Lopez Carar@dyances in [17] B. L. Farmer, A. J. Hopfinger, and J. B. Lando, J. Appl. Phys.
Polymer Science 10&dited by H. G. Zachman(Springer- 43, 4293(1972

Verlag, Berlin, 1993 p. 1. i
[6] A. Lo?/inger Jpn. J;.i:ppl. Phys., Part2, 18 (1985, [18] C. K. Purvis and P. L. Taylor, J. Appl. Phy&4, 1021
[7] H. Ohigashi and T. Hattori, Ferroelectri¢g1, 11 (1995. (1983'_ .
) [19] R. Al-Jishi and P. L. Taylor, J. Appl. Phy57, 897 (1985.

[8] S. Ikeda, H. Kominami, K. Koyama, and Y. Wada, J. App h q
Phys.62, 3339(1987). [20] H. A. Bethe, Proc. R. Soc. London, Ser.1&0, 552(1935.

[9] S. Ikeda, H. Suzuki, and S. Nagami, Jpn. J. Appl. Phys., Part $21] A. Peterlin and E. W. Fischer, Z. Phys59, 272(1960.

31, 1112(1992. [22] A. Peterlin, E. W. Fischer, and Chr. Reinhold, J. Chem. Phys.
[10] Y. Takahashi, Y. Nakagawa, H. Miyaji, and K. Asai, J. Polym. 37, 1403(1962).

Sci. Part C25, 153(1987). [23] P. H. Geil, Polymer Single Crystal§interscience Publishers,
[11] M. G. Broadhurst and G. T. Davis, Ferroelectridg 177 New York, 1963, p. 402.

(1981). [24] K. Matsushige, Phase Transii8, 247 (1989.



