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We show that a time-dependent, etfective-medium approximation essentially explains the time 
behavior of the polarization reversals obtained in doped copolymers of vinylidene fluoride and 
trifluorethylene at 60 “C by Ieda, Fukada, and Wada [J. Appl. Phys. 64, 2026 (1988)], who 
attributed the observed effects to charge accumulation at the boundaries of the permanently 
polarized crystallites. Moreover, the results seem to indicate that some hindrance (perhaps of 
mechanical origin) opposes the action of the switching electric field. 

I. INTRODUCTION 

A great deal of discussion has been devoted to the 
importance of internal fields due to space charge develop- 
ment on the stability of the ferroelectricity on polymers 
such as polyvinilydene fluoride (PVDF) and copolymers 
of vinylidene fluoride and trifluorethylene (VDF-TrFE).’ 
Here we will be concerned with a work by Ieda, Fukada, 
and Wada’ in whcih a similar effect was clearly shown to 
be present. These authors worked at 60 “C with the 73 
mol % VDF-27 mol 5% TrFE copolymer, varying the 
amount of iodine doping in order to increase the conduc- 
tivity and, consequently, to enhance the charge separation 
effect. The technique employed was the polarization rever- 
sal for increasing waiting times, t,, aft.er a convenient 
preparation of the sample by alternating voltage pulses (as 
will be shown later). They noted that although this process 
collected the same total charge at each reversal, the process 
required more time, t,, for larger waiting t.imes, tu,. They 
interpreted these results by saying that during the waiting 
time conductivity charges of the amorphous phase were 
deposited on the boundaries of the ferroelectric domains, 
causing the depolarization field to decrease. Since the 
switching time for the flipping process is electric field 
dependent,“.4 the observed increase of the switching time 
was explained by the above-mentioned decrease of the de- 
polarization field which would contribute progressively less 
to the electric field applied in the reverse direction after the 
waiting time is over. Concerning the infiuence of doping, 
the log[ t,) x log ( tu,) plots for a constant polarizing electric 
field were displaced to higher t,, at constant electric field, 
for increased doping (see Fig. 9 of Ref. 2 or our Fig. 1 to 
be shown later). 

in this article we will be more quantitative and show 
that the observed relation between log(&) Xlog(&,) may be 
reasonably explained (there is one exception, to be com- 
mented upon later, corresponding to cm= 1 s) by a simple 
effective time dependent5’6 medium theory appropriate to 
the topology of permanently polarized ellipsoidal crystal- 
lites embedded in a conducting medium, whose results are 

given in the next section. As a consequence of our analysis 
it will be inferred that there is a hindrance, possibly of 
mechanical origin, to the dipole reorientation. 

II. THEORETICAL RESULTS 

We assume a planar capacitor with a dielectric consist- 
ing of polarized ellipsoidal crystallites embedded in an 
amorphous phase, having, respectively, permittivities ec 
and en. We also assume that at the end of the initialization 
process (a series of positive, short circuit, and negative 
applied voltage l-s-long steps, terminating with a positive 
bias, see Fig. 2 of Ref. 2) no charge accumulation occurs at 
the boundaries of crystallites. However, such an accumu- 
lation does occur during the larger waiting, times, tu,, fol- 
lowing the initialization, producing a decrease of their in- 
ternal electric field. Using a time-dependent, effective- 
medium approximation, it can be shown that@ the electric 
field, El, inside ellipsoidal crystallites (whose axes a are 
parallel to the previously applied electric field Ee) is given 
by 

El=- 
IZ(“)(l-Co)& 

E,-((E,-eE,9n’“‘(1-c,) exp (19 

In Eq. (1), PO is the polarization density of the ferro- 
electric crystallites, Ce is their volume fraction, and n(‘) is 
the depolarization factor7 given by 

abc m n(4 =- ds 
2 s 0 (s+&R,7 (2) 

R,= &+a2) b+b2) b+c2) , 139 
in which b and c are the lengths of the other two ellipsoidal 
axes. For the sphere, n(O) is f. Note that the a on n(“) has 
nothing to do with the a of E,. 

Still referring to Eq. ( 19, r is the relaxation time equal 
to 

En- (E,---EC) (1 --Co)FZ(=) 

-I-= g[l-(l-c&‘=‘] ’ (49 
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FIG. 1. The best fitting (full curves) provided by our Eq. (9) [and also 
Eq. (13)] to the plot in Fig. (9) of Ref. 1 for 1 month (1M) and 1 week 
( 1 W  ) doped samples and for an undoped one ( UD) (discrete marks are 
the measured values). The electric field was kept constant (0.8 MV/cm) 
while the waiting time, t,, was varied from 1 to 1000 s. The switching 
time, r,, is also in seconds. 

g being the conductivity of the amorphous phase. Note that 
El is decreasingly negative with respect to the previous 
orienting electric field, which was made null during the 
waiting time. The electric field E,, is applied again after t, 
with the reversed sense, such that the total field, E,, inside 
the crystallites becomes 

E 
I 
= -@0+~(‘)( 1 -C0)P0 exp( -Lb) 

E,-((E&-+,)(1-c&z(=) ’ (5) 

whose absolute value decreases with t,. The switching 
time ts depends on the electric field via 

EA ts=tso exp 2 , ( 1 (6) 

where t% and EA are constants. E in Eq. (6) was first taken 
as the applied field4 but a more refined treatment showed 
that it should better be taken as the actual field inside the 
crystallites’ [like in Eq. (5), with t,=O]. By a proper 
change of Ei, Eq. (6) can be rewritten using Eq. (5) for 
the modulus of the field inside the crystallites, 

42 
E,+A exp( -tdr) ’ 

with 

(7) 

and 

A=n’“)( l-cg@lE 0’ (8) 
Taking the log of both sides of Eq. (7) we finally get 

0.4343 
Wts) =log(t+J + (Ed&) + W&Jexp( -tJT) . 

(9) 
In the next section a correction to Eq. (9) will be proposed 
on account of the analysis carried out there. 

TABLE I. Parameters derived from either Eq. (9) or Eq. ( 13). See also 
Fig. 1. r%= 5.0~ lo-’ s was chosen from Ref. 2 and used as such in all the 
cases. 

Doping time 102 x E/E, 10*X/f/E, T(S) 

1M 1.29 1.75 86 
1w 1.76 1.95 129 
UD 8.00 2.58 150 

“E=Ec if Eq. (9) is used and E=E,-Ei for Eq. (13) (see Sec. III). 

HI. FITTING 

The curves in Fig. 9 of Ref. 2 were fitted with our Eq. 
(9) for a constant applied field (0.8 MV/cm)’ and a vary- 
ing tw for different doping; the results are shown in Fig. 1 
and Table I. tso was chosen equal to 5 X lo-* ( 10-7.3 s) in 
all cases.’ Except for the t,= 1 s points, that is, for most of 
the time, Eq. (9) provides a reasonable fitting, producing 
the values of the parameters E/E,, A/E,, and r as given in 
Table I in which UD refers to an undoped sample while 
1W and 1M refers to samples kept, respectively, one week 
and one month within a saturated iodine atmosphere at 
room temperature. The figure seems to be reasonable but 
an unexpected decreasing trend with doping is observed for 
E/E, and A/E,. As E,= 0.8 MV/cm, E, gives for the 1M 
sample 11 MV/cm (see the following) and AzO.19 MV/ 
cm. 

From Eq. (4), r is inversely proportional to the con- 
ductivity, g, which ought to increase with the doping time, 
t,,. Calling go the conductivity of the undoped sample 

g=go+k tp (10) 
or 

l/r= l/rO+k’ tp, (11) 

with k and k’ constants. Figure 2 shows that the reciprocal 
of the conductivity relaxation time is indeed proportional 
to tp. 

We have also examined Fig. 10 of Ref. 2, which was 
obtained by varying the applied electric field for fixed wait- 
ing times on the 1M sample. According to Eq. (9) we may 
find that 

E,= 
0.4343Ea 

log(t,) +7.3 

1.5 

T 
2 

1.0 

J ..‘-- 
“0 P 

01 
0 IO 20 30 

DOPING TIME, tp (days1 

(12) 

FIG. 2. The inverse of the relaxation time, l/r, as a function of the 
doping time. l/r is proportional to the conductivity, Eq. (4). 
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FIG. 3. Plot corresponding to our Eq. ( 14). The points were taken from 
Fig. 10 of Ref. 2 and refers to the IM sample subjected to the specified 
waiting times ( 1800, 300, and 1 s denote curves 1,2, and 3, respectively), 
for varying electric fields. 

Figure 3 shows the straight 1iIleS for 
E. x 1 /uog ( tJ + 7.31 plots corresponding to to,= 1800,300, 
and 1 s, corresponding to curves 1, 2, and 3, respectively. 
The intercept at the ordinate axis for curves 1 and 2 is 
clearly positive, while a negative one was expected from 
Eq. ( 12). One ad hoc way out of this difficulty is to change 
the denominator in Eq. (7) in such a way that Eq. (9) now 
reads 

log(t,) =log(ts”) + 
0.4343& 

Eo+A exp( -tJT)-Et’ (13) 

changing Eq. (12) into 

E= 
0.4343 E, 

O log( ts) +7.3 
-Aexp ( 14) 

where Ei is a correction to the applied E. field. Note that Ei 
in Eq. ( 13) does not affect the dependence between log( t,) 
and log(t,,) as in Eq. (9). For t,=1800 s (~=86 s) the 
term containing the exponential gives a negligible contri- 
bution and the intercept gives directly E,~0.20 MVlcm. 
From the slopes of the straight lines in Fig. 3 and with the 
help of Eq. (14), we get for E,~8.14 MV/cm. Practically 
the same value is obtained when recalculating A by means 
of Eq. ( 13) with the data of Table I for the 1M sample. It 
is also interesting to note that curve 1 corresponding to 

t,= 1 s is parallel to the other two and displaced down- 
ward as it should be because of the non-negligible contri- 
bution from the term in A in Eq. ( 14). In view of this, it is 
not clear to us why the points corresponding to tlu= 1 s in 
Fig. 1, especially for the 1M sample, are not fitted by our 
Eq. (9). 

We may speculate that the origin of the correction field 
Ei could be ascribed to a mechanical hindrance for the 
orientation of the dipoles leading, ultimately, to a thresh- 
old value for the switching electric field (not to be confused 
with the so-called coercive field). 

IV. FINAL COMMENTS 

As confirmed more quantitatively here, the method de- 
vised in Ref. 2 clearly allows detecting the influence of 
conductivity c.harges to the stabilization (in the sense of 
requiring greater times for turning the dipoles). However, 
a temperature higher t.han room temperature was used for 
that purpose. Such a stabilization effect has been invoked 
to occurl’lo in pure P-phase PVDF at room temperature 
and therefore it would be interesting to try to correlate this 
effect with the sample conductivity. 

ACKNOWLEDGMENTS 
One of the authors (G.F.L.F.) is indebted to CNPq for 

the RHAE grant received. We would also like to thank Dr. 
S. Ikeda for kindly providing information not contained in 
Ref. 2. 

’ G. M. Sessler, D. K. Das-Gupta, A. S. DeReggi, W. Eisenmenper, T. 
Furukawa, J. A. Giacometti, and R. Gerhard-Multhaupt, IEEE Trans. 
Electr. Insul. 27, 872 (1992). 

*S. Ikeda, T. Fukada, and Y. Wada, J. Appl. Phys. 64, 2026 (1988). 
‘H. L. Stadler, J. Appl. Phys. 29, 1485 (1958). 
4M. Jimbo, T. Fukada, H. Takeda, F. Suzuki, K. Horino, K. Koyama, S. 

Ikeda, and Y. Wada, J. Polym. Sci. Polym. Phys. 24, 909 (1987). 
‘P. N. Sen, Geophys. 46, 1714 (1981). 
‘L. Benguigui and I. J. Sin, Am. J. Phys. 94, 447 (1986). 
‘L. Landau and E. Lifshitz in Electrodynamics of Continuous Media 

(Pergamon, New York, 1962), Chap. 2. 
“S. Ikeda, T. Fukada, M. Jimbo, K. Komoyama, and Y. Wada, Jpn. J. 

Appl. Phys. 24, S24, 865 (1985). 
9Dr. S. Ikeda (private communication). 

I’M. Haard and W. Eisenmenger, 1982 Ann. Rep. Conf. Electr. Insul. 
Diel, Phenom., 46, ( 1982). 

474 J. Appl. Phys., Vol. 75, No. 1, 1 January 1994 G. F. Leal Ferreira and R. A. Moreno 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.145.3.45 On: Wed, 05 Feb 2014 15:54:41


