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ABSTRACT: This paper presents ferroelectric polarization reversal, internal electric field and second
harmonic generation for cold-drawn Nylon 11 films. The draw ratio is between 2.6 and 2.8. Clear
polarization reversal for cold-drawn Nylon 11 films can be measured when films are subjected to the
sinusoidal applied field at room temperature. The internal electric field created by the aligned dipoles
is measured by the spectrum shift and broadening of electrochromic dye. An internal electric field in the
order of MV/cm is obtained, which is proportional to the remanent polarization. Second-order optical
nonlinearity is measured from the Maker fringe second harmonic generation measurement. Drawn and
poled polymer films belong to the mm2 point group and have second-order optical nonlinearity with three
different tensor components, ds;, dsz, and dss. The second harmonic generation coefficients, ds3 and ds;,
increase with increasing remanent polarization, whereas the value of ds, is nearly zero irrespective of
the intensity of the remanent polarization. The average ratio between ds; and ds; is 3.8.

Introduction

Ferroelectricity of vinylidene fluoride polymers has
been of great interest because of the polarization
reversal and the existence of ferroelectric to paraelectric
transition. Polarization reversals of poly(vinylidene
fluoride) (PVDF)! and copolymer of vinylidene fluoride
and trifluoroethylene (P(VDF-TrFE))? originate from the
cooperative switching of g-crystallite dipoles. A clear
Curie transition temperature at which the transition
from ferroelectric to paraelectric phases occurs was
measured in P(VDF-TrFE).2 Recently the polarization
reversal of the aliphatic polyamides of Nylons 11 and
734 and the aromatic—aliphatic polyamide>® have also
been investigated.

We have studied the internal electric field created by
the aligned S-crystallite dipoles for P(VDF-TrFE),” the
blend of PVDF and poly(methyl methacrylate) (PMMA),2
and the P(VDF-TrFE)/PMMA blend.® Furthermore, the
internal electric field created by the amorphous dipoles
in aromatic—aliphatic polyamide films has been inves-
tigated.® The internal electric field is measured using
the electrochromic spectrum change of probe molecules
dispersed in the matrix. The internal electric field is
on the order of MV/cm depending on the achieved
polarization, which was a few times larger than the
poling field. Furthermore the second-order optical
nonlinearity was measured for P(VDF-TrFE)/PMMA
blends® and NLO dye dispersed PVDF/PMMA blends.1°

Recently, we have found that cold-drawn and poled
Nylon 11 films show a large internal electric field
created by the aligned crystallite dipoles and second-
order optical nonlinearity with three different tensor
components. Internal electric field is measured by the
absorption spectrum change of the electrochromic probe
dye dispersed in the Nylon 11 matrix. In this study,
we have investigated the internal electric field and
second-order optical nonlinearity for cold-drawn and
poled Nylon 11 films, which are related to the remanent
polarization measured by ferroelectric polarization re-
versal.
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Experimental Section

Sample Preparation. Nylon 11 (Aldrich Chemical Co.)
was used as received. 4-(Dimethylamino)-4'-nitrostilbene
(DANS) (Eastman Kodak Co.) was recrystallized from amyl
alcohol and dried at 50—60 °C in vacuo. To incorporate DANS
in Nylon 11, Nylon 11 (1 g) and DANS (1 mg) were dissolved
in a hexafluoro-2-propanol (8 mL) and cast at room temper-
ature for 24 h followed by drying at 40—50 °C for 6—8 h. Nylon
11 and Nylon 11 with DANS films were melt-pressed between
Upilex polyimide films at 210 °C on a heated press to thickness
of ca. 40—60 um. The molten films were quenched into liquid
nitrogen. Neat Nylon 11 films were drawn by 2.8 times and
DANS/Nylon 11 films by 2.6 times at room temperature to a
thickness of 30—40 um.

Electrical and Optical Measurements. A 0.05 Hz sinu-
soidal voltage was applied for 1 h at room temperature to the
aluminum electrodes, which had been evaporated onto oppos-
ing surfaces of the films, in a 3M-produced inert liquid,
Fluorinert FC40. Poling current was monitored during ap-
plication of the voltage and was used to calculate the remanent
polarization, allowing for impedance losses.'**? The pyroelec-
tric coefficient (Cpyro) Was determined by measuring the current
generated upon heating and cooling the poled film at a
measured rate of 1-2 °C/min in the vicinity of 30 °C.
Ultraviolet—visible spectra of the films were measured in
transmission on a UV—vis spectrometer after the aluminum
electrodes were removed by immersing them in 10 wt %
sodium hydroxide solution for a few minutes. A prism coupling
method was employed to measure the refractive indices of
materials. Laser sources are a polarized He—Ne laser (632.8
nm) and a laser diode (830 nm). The prism of TaFD21 (HOYA
Glass) with high refractive index (1.925 88 at 632.8 nm), and
the film was coupled with an air gap. The critical angle at
which a complete reflection changes to partial reflection, i.e.
part of the light penetrates into the bulk film, was measured
to determine the refractive indices, since the film thickness is
approximately 20 um.

Second Harmonic Generation Measurements. The
Maker fringe method is employed to measure the second
harmonic generation (SHG) intensity of poled spun-cast films.
All SHG measurements were carried out for the sample films
without DANS. The laser source is a Continuum Model
Surelite-10 Q-switched Nd:YAG pulse laser with 1064 nm p-
or s-polarized fundamental beam (320 mJ maximum energy,
7 ns pulse width, and 10 Hz repeating rate). The generated
second harmonic (SH) wave was detected by a photomultiplier.
The SH signal averaged on a gated integrator and boxcar
averager module was transferred to a microcomputer through
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Figure 1. Dependence of poling time on P,. Poling field is
1.3 MV/cm.

a computer interface module. The detailed experimental
procedure is described in refs 9 and 10.

Characterization. WAXS patterns of the films were
measured on a X-ray diffractometer with nickel-filtered Cu Ka
radiation.

Results and Discussion

Polymer Structure. WAXS profiles show that melt-
quenched and drawn sample has the intensity maxi-
mum at the angle (26) around 21.0° ascribed to the §'-
crystallite phase.l® The crystallite size of the ¢'-crystal,
52.7 A, was estimated from the half-width and peak
position using a Scherrer relation. A previous work*
reported that annealing gave rise to difficulty in dipole
switching and the resultant decrease of ferroelectricity
in Nylons 7 and 11 films. Therefore, no thermal
annealing was performed for the present film prepara-
tion process.

Polarization Current and Polarization Charge.
The polarization current and its time integral (polariza-
tion charge) for the drawn film were measured as a
function of sinusoidal applied electric field with various
maximum field at room temperature. A clear and large
polarization current is observed, which can be compared
with that for P(VDF-TrFE).” Current flows on the
external circuit are the summation of the currents due
to the polarization, capacitance, and conductivity,!? i.e.

dE
J=JD+Jp=d—P+eeod—tp+%

dt

where J is the poling current, Jp is displacement
current, J, is conduction current, ¢ is relative permit-
tivity, € is permittivity of vacuum, P is polarization,
Ep is applied electric field, and p is resistivity. Polariza-
tion current is the poling current reduced by the terms
of capacitance and conductivity. In the polarization
charge profile, the remanent polarization (P,) is the
value of polarization at zero applied field and the
coercive field (E.) is the applied field at zero polarization
after the last cycle of poling. E. values were in the range
0.5—0.6 MV/cm. The dependence of P, on poling time
is shown in Figure 1. The maximum poling field is 1.3
MV/cm. The P, value largely increased at 10 min of
sinusoidal poling and almost levels out at 60 min of
poling. The time of 60 min is enough to obtain the
maximum P, value at that poling field.

Internal Electric Field, Remanent Polarization,
and Pyoroelectricity. The internal electric field (E;)
which is created by the aligned dipole moments was
measured by the spectrum change of the probe molecule

1)
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Figure 2. UV-vis absorption spectra of DANS before and
after poling at 1.3 MV/cm.
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Figure 4. Plots of P, and E; as a function of E,.

of DANS dispersed in the Nylon 11 matrix, using the
electrochromic theory.1415 As we did before,”° the
difference between the absorption spectra before and
after poling can be expressed as a Taylor series expan-
sion with first, second, and higher orders of the deriva-
tives of the unperturbed spectrum (spectrum before
poling). The detailed derivation and calculation are
expressed in our previous literatures of refs 7 and 9.
Figure 2 shows the UV—vis absorption spectra of DANS
in the films before and after poling. Poling causes a
decrease of intensity due to orientation of DANS to the
film thickness and the spectrum red shift and broaden-
ing due to the change of electronic state by the internal
electric field.

An increase of the maximum applied field leads to a
larger remanent polarization and coercive field, which
is the same as in the case of P(VDF-TrFE).” Figures 3
and 4 show the plots of P, and Cpyr, and the plots of P,
and E;j, respectively, when a maximum applying field
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Figure 5. Plots of P, vs E;. The relation of E; = (P//eeo) is

plotted with € = 17 (solid line), e = 18 (dashed line), and € =
19 (dotted line).

Table 1. RI Values at Wavelengths of 632.8 and 830 nm
Measured and Those at 532 and 1064 nm Predicted

by Eq 2
wavelength (nm)
632.8 830 532 1064
Ny 1.539 1.535 1.543 1.533
ny 1.508 1.503 1.514 1.501
n; 1.498 1.493 1.503 1.491

(Ep) is changed. As shown in Figure 3, Py and Cpyro
nonlinearly increase with increasing Ep. As shown in
Figure 4, E; values also increase with increasing E,. As
discussed in our previous paper for the PVDF/PMMA
blend,® the nonlinear dependence is ascribed to an
increase in the ratio of crystallite/amorphous polariza-
tion with increasing Ep. The sample of interest consists
of amorphous and crystalline phases. The electric field
subjected to the two phases is not the same because the
amorphous and crystalline phases have respective dif-
ferent relative permittivities. At higher Ep, the crys-
tallite polarization is expected to contribute importantly
to Py, Cyyro, and E;. In Figure 5, E; is plotted as a
function of P,. As discussed in our previous paper for
the internal electric field created by the aligned S-crys-
tallite dipoles of P(VDF-TrFE),” the polarization charges
produce the internal electric field within the amorphous
regions of the polymer matrix where DANS dyes reside.
The electric field within such regions might be expected
to be (P/eeg).r® The lines drawn through the origin in
the figure are those with a slope of (1/eco) where e = 17
(solid line), ¢ = 18 (dashed line), and ¢ = 19 (dotted line).
These relative permittivities were obtained from the
analysis of the polarization current using eq 1. At the
P, region higher than 2.0 ©uC/cm?, the P,—E; profile is
well fitted by the relation of E; = (P//ecp). However, in
the relatively lower P, region, E; is higher than the value
expected from the relation. This might be attributed
to the space charges injected from the electrode when
the sample is sinusoidally poled.

Refractive Indices. The refractive indices (RI) for
transverse electric field (TE) and transverse magnetic
field (TM) modes are measured using a prism-coupling
method at wavelength of 632.8 and 830 nm. TM mode
measurement provides the RI value along the direction
of film thickness, and the TE mode measurement gives
the RI value in the plane of film. RI values at wave-
length of 632.8 and 830 nm were listed for the unpoled
polymer films in Table 1. Vector configuration of
refractive indices, ny, ny, and n; is shown in Figure 6.
Here ny, ny, and n, are RI values along the drawing
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Figure 7. Plots of RI at wavelengths of 632.8 and 830 nm
and the predicted plot curve of the wavelength dispersion of
Rl using eq 2.

direction, perpendicular to the drawing direction in
plane of film, and in the poling direction parallel to film
thickness direction, respectively. A large anisotropy of
Ny > Ny > n, is measured, and the anisotropy originates
from the alignment of polymer chain along the drawing
direction. The largest refractive index, ny, is obtained
along the drawing direction and the smallest one, n;, is
obtained in the direction of the film thickness, perpen-
dicular to the surface plane of the films. The wave-
length dispersion of RI, n; (1), can be fitted to a one-
oscillator Sellmeier-dispersion formula

2 _ q
ny (l)—l—ll/lz_lmz—i-A 2
0

where g is the absorption wavelength of the dominant
oscillator, q is a measure for the oscillator strength, and
A is a constant containing the sum of all the other
oscillators. Nylon 11 film has the first absorption
maximum at 215 nm due to the n—z* transition of
carbonyl group in amide bonding. Figure 7 shows the
plot of Rl at wavelengths of 632.8 and 830 nm and the
predicted curve of the wavelength dispersion of Rl using
eq 2 with 4o = 215 nm. RI values at 532 and 1064 nm
obtained from the predicted plots are also listed in Table
1.

Second-Order Optical Nonlinearity. As described
in the Experimental Section, SHG measurement was
carried out for the sample films without DANS. SHG
intensities of the sample films were measured by the
Maker fringe analysis.1”18 These measurements were
made relative to a Y-cut quartz plate (dy; = 1.2 x 107°
esu (=0.5 pm/V)) to determine SHG coefficients. In this
technique, a plane sample was rotated in the path of a
fundamental beam of wavelength of 1064 nm from a
Q-switched Nd:YAG pulse laser. The second harmonic
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power, P,,, detected is given by

3 2.2
_5127° .4 aIPO) p2grey (3

PZw fo ' 20 )
A (an _ r.'2(1)2 2

where A is the beam area, t, and T,, are the transmis-
sion factors for the incident fundamental and the second
harmonic light, respectively, n, and ny, are the refrac-
tive indices of the incident fundamental and the second
harmonic light, respectively, d is the second harmonic
coefficient, p(0) is the projection factor, P,, is the incident
fundamental laser power, and 6 is the angle between
the incident laser beam and the normal to the film being
measured.

Y= %I %(nw cos 6, — n,, cos 6,,) (4)

where | is the film thickness, 4 is the wavelength of the
fundamental laser beam, 6, and and 0,, are the angles
of refraction at w and 2w, respectively, and

sin 6, = (sin 6)/n,, sin 6,, = (sinB)/n,,, (5)

from Snell’s law.
Transmission factors are defined as

2 cos O

b = n, cos @ + cos 0, ©)
for the p-polarized fundamental light,
2 cos 0
(@)

“ n,cos6,+ cos 0

for the s-polarized fundamental light, and
T2(/) =
(n, cos 6 + cos 6 )(n,, cos 6, + n,cos 6,,)

2n,,, cos 0,
¢ ¢ (n,,, €os 6 + cos 6,,)°

8

for the p-polarized second harmonic light. The detailed
description from eq 3 to eq 8 appeared in ref 18.

The poling process induces a polar axis in the poled
polymer film. The axis is essentially an infinite-fold
rotational axis with an infinite number of mirror
planes.’® Undrawn and poled polymers belong to the
comm point group. Drawn and poled polymers belong
to the mm2 point group, where the symmetry operations
include a 2-fold axis along the film normal direction and
two mirror planes perpendicular to each other. In both
cases, nonlinear polarization Py is given by

000 0 dgo
v =| 0 0 0 dy 0 0 ©)
dy dy dyy 0 0 0

where there are five nonzero d coefficients. In the case
of as-prepared undrawn and poled polymer, the equiva-
lent relation between tensor components of

dy; = dgp =dy, = dys (10)
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Figure 8. Schematic configuration of SHG measurements.
Double-ended arrows represent the polarization of the wave.

can be obtained under the Kleinman symmetry restric-
tion.?% Thus second-order optical nonlinearity for as-
prepared undrawn and poled polymer films can be
characterized by two dependent d coefficients, ds3 and
ds;. In the poled random orientation of medium chains,
the ratio of dss/ds; is 3. On the contrary, drawn and
poled polymer films have the tensor component relation
of

dis = djy, dyy = dg, (11)

under the Kleinman symmetry restriction.2 The second-
order optical nonlinearity for drawn and poled Nylon
11 films is characterized by three independent nonzero
d coefficients, dss, d32, and ds;. The same type of tensor
components was reported in drawn and poled PVDF?1.22
and polyurea.?® As shown in Figure 8, the sample was
set on the Maker fringe measurement system so that
the drawing direction is parallel or perpendicular to the
rotation axis for tilting the sample. The tensor compo-
nents measured for each measurement mode are sum-
marized in Figure 8. Therefore, in the case that rotation
axis is perpendicular to the drawing direction in Figure
8a, projection factors are defined as

dp(6) = dgs sin? 6, sin 6,, +
d,, (cos® 6, sin 6, + 2 cos 6, sin 6, cos 6,,) (12)

for the p-polarized fundamental and p-polarized second
harmonic light and

dp(e) = d32 sin 020) (13)

for the s-polarized fundamental and p-polarized second
harmonic light. Whereas, in the case where the rotation
axis is parallel to the drawing direction in Figure 8b,
projection factors are defined as
dp(8) = d, sin® 6, sin 6,, +

da,(cos? 6,sin 6,, + 2 cos 6, sin 6, cos 6,,) (14)

for the p-polarized fundamental and p-polarized second
harmonic light and

dp(6) = dy, sin 6,,, (15)

for the s-polarized fundamental and p-polarized second
harmonic light.
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Figure 9. Typical Maker fringe patterns of the drawn and
poled films. Solid curve is the theoretical plots with n,, = 1.491,
ny, = 1.503, and | = 32.6 um. Theoretical plots in part a give
dss = 2.1 x 107° esu and d3; = 5.7 x 1071 esu and those in
part b give d33 = 2.0 x 107° esu and ds; = 0 esu.
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Typical Maker fringe patterns for a sample film with
P, = 6.4 uC/cm? are shown in Figure 9. The solid curve
in Figure 9 is the theoretical fitting using eq 3 with n,,
=1.491, ny, = 1.503, and | = 32.6 um. Theoretical plots
in Figure 9a give d33 = 2.1 x 10% esu and d3; = 5.7 x
10710 esu and those in Figure 9b give d33 = 2.0 x 107°
esu and ds; = 0 esu. Figure 10 shows the relative SHG
intensity measured at rotation angle of 50° plotted
against corresponding P, values. Each SHG intensity
increases with increasing P, value. Coherence length
lc (=A[4]n,, — ny,|]) is calculated using refractive indices
measured at 532 and 1064 nm. The coherence length
along the drawing direction in the plane of polymer film
I31 is 26.6 um and that parallel to the poling direction
|33 is 22.2 um.

The value of ds3 is calculated from both egs 12 and
14, and the values are comparable to each other. In
Figure 11, SHG coefficients ds3, ds», and d3; are plotted
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Figure 11. Plots of SHG coefficients, dss, dsz, and dai, vs Py.

as a function of P, value. The values of ds;; and ds;
proportionally increase with increasing P, value. Good
correlation between the d value and P, implies that the
second-order optical nonlinearity originates from the
noncentrosymmetrically aligned polar crystallite di-
poles, which are also responsible for the significant
polarization reversal and remanent polarization. The
obtained dz3z value of (2.0—2.1) x 10° esu at P, = 6.4
uClecm? is comparable to ds; of 3.2 x 1079 esu for fully
polarized P(VDF-TrFE).° The value of dg3 is the largest
d coefficient, which means that dipole moments largely
align along the poling direction (z direction in Figure
6). The average ratio dss/ds; = 3.8 is obtained, whereas
ds, value is nearly zero irrespective of the P, value.
These results imply that the sample film is anisotropic.
SHG coefficients of ds3(PVDF) = 2ds;1(PVDF) = di-
(quartz), and ds(PVDF) = 0 were measured for drawn
and poled PVDF films,2122 which also have the mm?2
point group. The proportionality between the ds; value
and P, was also reported for P(VDF-TrFE).24

Conclusion

The internal electric field and second-order optical
nonlinearity were investigated for cold-drawn and poled
Nylon 11 films. Both physical values are related well
to the remanent polarization determined by the polar-
ization reversal. Second-order optical nonlinearity can
be expressed by three different tensor components, dss,
dsz, and ds;. Further interesting study of the depen-
dence of these values on drawing ratio is in progress.
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