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Determination of Charge or Polarization Distribution across Polymer Electrets
by the Thermal Pulse Method and Fourier Analysis
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Fourier analysis applied to the recently introduced thermal pulse method yields new

and unique relations between the time-dependent pyroelectric response of a thin specimen
and the Fourier coefficients of the charge or polarization distribution across its thick-
ness. The new analysis is applied illustratively to thermal pulse data for a vinylidene
fluoride copolymer electret.

Several new experimental methods have been
proposed in recent Letters' ' to probe the spatial
distribution of charge and/or polarization across
the thickness of thin (thickness of order 10 y m)
dielectric samples. These methods are current-
ly of interest as means for studying piezoelectric
and pyroelectric polymer s. The electron-beam
method of Sessler et a/. ' has a resolution of -1
pm, but is destructive in the sense that the meas-
uring process irreversibly changes the quantities
measured. Acoustical methods of generating a
propagating pressure step' across a, sample in
order to measure its inhomogeneous piezoelectric
response are nondestructive; but the step rise-
time requirements become severe if a resolution
of 1 p, m is desired (a resolution of 1 gm requires
a step rise time of ~ 0.5 ns assuming a sound
velocity of 2000 m/s). Thermal methods for pro-
ducing a transient inhomogeneous strain across a
sample, in order to measure its inhomogeneous
pyroelectric response, as, for example in Col-
lins's thermal pulse method, "are both nonde-
structive and comparatively easy to implement
experimentally (thermal-equilibration times
are -1 ms). However, because the thermal equil-
ibration process is diffusive rather than propa-
gative (wavelike), information contained in the
experimental data about charge and/or polariza-
tion distributions is convoluted with a time-de-
pendent temperature distribution and somehow
must be deconvoluted. The major and often-
quoted' ' objection to the Collins thermal pulse
method has been that the deconvolution proce-
dure 5 yields nonunique charge and/or polariza-
tion distributions.

In this Letter, we show that the Collins experi-
ment yields the first few Fourier coefficients of
the charge or pola. rization distribution, not the
charge or polarization distribution itself as may
be supposed from Collins's papers. " ' Further,
we present expressions for the response which
allow the Fourier coefficients to be determined
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However, for a general &T(x,0), the tempera-

from the experimental data by numerical or
graphical analysis. We apply the new expressions
to thermal pulse data for a copolymer of vinyli-
dene fluoride with tetrafluoroethylene. This ex-
ample illustrates both the power and the limita-
tions of the thermal pulse method.

Consider, first, the temperature T(x, t) at
time t across a sample regarded as a slab of in-
finite extent and of thickness d (see inset in Fig.
1) after a radiant heat pulse of duration t„has
been applied to the surface x =0. Assume that
(1) the aluminum electrodes have neglibible opti-
cal transmission and negligible thermal mass;
(2) heat flows in the x direction only; and (3) the
sample does not lose heat to the surroundings.
The initial temperature T (x,0) taken at the end
of the thermal pulse is written

T(x, O) =T, +&T(x,0),

where T, is the uniform temperature of the sam-
ple prior to the pulse, and hT (x, O) is the devia-
tion from T, . In practice, &T (x, O) is a sharply
localized function extending from x =0 with a
width $ «d. The temperature at i &0 is T(x, t)
=T, +&T(x,t), where'
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to charge, &V~, and that due to polarization, &~»
are
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where „, o.„and e~ are temperature coeffi-
cients (1/x)dx/dT, (1/e)de/dT, and (1/P)dP/dT,
respectively, e is the relative permittivity, and

e, is the permittivity of vacuum. Substitution of
(2) into the above equations gives
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FIG. 1. Inhomogeneous pyroelectric response of two
copolymer samples: (a) sample with pyroelectric ac-
tivity concentrated towards surface x = 0 and (b) sam-
ple with distributed pyroelectric activity. Signals
marked A are for thermal pulse applied to surface
x = 0 and those marked B are for thermal pulse applied
to surface x = d. Inset shows thermal pulse arrange-
ment. Polymer samples have vacuum-deposited, re-
flecting (partially absorbing, nontransmitting) elec
trodes. Polarizations a and b shown in the inset are
obtained from the first few Fourier moments of cor-
responding signals.
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A, =J, xp(x)dx,
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ture at the surfaces is described by

AT(0, t) =a, + Qa„exp(-n't/T, ) (6)

where

B,=J, P(x)dx

and

t T(d, t) =a, + Q(-1)"a„exp(-n't/7, ).
n ~].

(7) B„=J,P(x) cos(n~x/d)dx, n =1,2, ... .
Expressions (6) and (7) have been used previously
as the basis for thermal diffusivity measure-
ments. ' In the present case, the dimensionless
quantities &T (O, t)/a, and bT(d, t)/a, can be ob-
tained by measuring the transient resistance of
one or both electrodes as done by Collins. 4 Then
the a„/a, and v', can be determined without know-
ing the detailed shape of the light pulse.

Consider, now, the inhomogeneous pyroelectric
response. Assume that real charge of volume
density p(x) and elementary dipoles responsible
for polarization P(x) =xP(x) move reversibly
when the sample thermally expands or contra. cts.
Following Collins, ' the open-circuit voltage due

It should now be noted that a„, A„, and &„are
coefficients of Fourier series expansions for
DT(x, 0), p(x), and P(x), respectively, if these
are expanded as cosine, sine, and cosine series,
respectively.

The foregoing a.nalysis shows that the inhomo-
geneous pyroelectric response consists of ex-
ponentially decaying components with relaxation
times 7,/n'. Measurement of this response yields
Fourier coefficient combinations (a„/a, )(4„/A, )(d/
&) in the charge case, or (a„/ao)(B„/Bo) in the
polarization case (or a linear combination of
these in the mixed case). For sufficiently short
pulse duration (t„«7',/n' up to the highest n of
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interest), the approximation a„/a, = 2 can be
made. Otherwise, a„/a, can be obtained from a
separate measurement of the transient resistance
of the electrodes. Thus, Fourier coefficients of
the charge or polarization distribution, A„/A,
or B„/B„can be determined up to terms with n
of order N = (T,/t„)' '. The spatial resolution of
the thermal pulse experiment is roughly d/N

Limiting cases of charge and polarization dis-
tributions are of interest. Note that if p(x) —5(x),
then b, V~(t) -0 [i.e., charge on surface x =0 does
not contribute to b, V&(t)], while if p(x) -5(x —d),
AV &(t) becomes indistinguishable from AV~(t) for
uniform polarization. This is a manifestation of
the electrostatic equivalence of p(x) and dP/dx- .
Note also that if P(x) -5(x), then AV~(t) becomes
proportional to ET(0, t) in (7), while if P(x)
—&(x —d), then AV~(t) becomes proportional to
&T(d, t) in (8). This is a, consequence of the sym-
metrical roles played by a„and B„.

Figure 1 shows signals proportional to open-
circuit voltages for two copolymer samples 50
p, m thick (vinylidene fluoride with 270/o by weight
of tetrafluoroethylene). For each sample, curve
A is for light pulsed at x=0 and curve B is for
light pulsed at x =d, The difference in the sam-
ples is in the poling treatment. Both samples
were stored for long periods under short-circuit
conditions after poling. Sample (a) was poled at
room temperature by corona charging' with a
bias voltage of -2000 V. Curve A, shown in Fig.
1(a), is nearly proportional to the b, T(0, t) signal
(not shown) at times t »t„where t„=20 p, s while
curve B is nearly proportional to aT(d, t). These
observations indicate (assuming that all B„=O
for n &N) a sample with strong localization of
polarization towards x = 0 as shown qualitatively
by (a) in the inset (or a sample with a charge lay-
er imbedded just inside the sample close to x =0).
Sample (b) was poled during crystallization by
maintaining 300 V across the sample as it was
cooled from 130'C and crystallized for 6 h at
118.5'C before cooling further to 100'C (0.3 K/
min) followed by quenching to room temperature.
The signals for this case, shown in Fig. 1(b),
indicate a distributed asymmetric pyroelectric
activity.

Note that series (10) and (13) acquire alternat-
ing signs if the direction of irradiation is changed
[in which case a„changes to (-1)"a„]or if the
sample is reversed Iin which case A„and B„
change to —(-1)"A„and -(-1)"B„]. Thus, if
separate response signals are obtained by ther-
mally pulsing opposite surfaces in turn, the even
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FIG. 2. Graphical analysis of response of Fig. 1(b).
A andB, experimental data; A. +B andA-B are even
and odd response {see text). The relaxation time 7.

&

= 4.18 ms; coefficients aoBO ——5.1, a,B,= 7, a, B2
= 2.675, a383= 0.775, and a„B„=0 for n ~ 4 are de-
termined as explained in text. B' is a plot of Eq. (13)
with a „replaced by (- 1)"a„using these a„B„. C and D
represent the e = 2 and n = 3 terms, respectively.

and odd Fourier coefficients can be obtained sepa-
rately from the sum and the difference of the two
signals. Visual comparison of the two signals
also reveals whether the distribution of pyroelec-
tric responsivity is symmetric or asymmetric.

Figure 2 shows semilog plots of the curves A
and B from Fig. 1(b) together with A+B contain-
ing only even terms of the response and A —B
containing only odd terms of the response. As-
sume that the responses are associated with
polarization. Graphical analysis of the linear
part of the odd response gives T, = 4.8 ms (in
good agreement with the value expected from the
thermal properties and the thickness of the film)
and 2ayBy 14 Removal of this linear part gives
a remainder (curve D) with a slope 9/r, indicat-
ing that 2a,B,=1.5 and that 2a,B,=O. Similar
analysis of the even response gives 2a+, =10.2,
2a,B,~5 (from curve C), and 2a,B,=0. Since the
pulse duration of t„~20 p, s should allow about
ten terms to be observed [1V = (7,/t„)' '& 10], and
terms for n ~ 4 do not appear in the pyroelectric
response (though they appear in the x = 0 resis-
tance signal), it is concluded that the B„ for n & 4
are negligible compared to the four leading co-
efficients, The values of a,B, and a,B, are then
corrected to the values 2.675 and 0.775, respec-
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tively, by forcing coefficients a,B„-a,B„a,B„
and -a,B, when inserted into (13) to yield a curve
8 in Fig. 2 within experimental uncertainty of
measured curve B. The polarization distribution
obtained from the determined coefficients, assum-
ing a, = a, = a, = 2a„ is the distribution b in the
inset of Fig. 1.

The samples discussed in this Letter were
chosen to illustrate the theory. Other copolymer
samples and homopolymer (polyvinylidene fluo-
ride) samples under different poling conditions
can exhibit nearly uniform polarization. ' In such
cases, the response is nearly steplike and B„/Bo
=0 for all n.

The present work indicates the source of ambi-
guity in the Collins's deconvolution procedure.
The thermal pulse data (under conditions similar
to those in Collins's experiments) yield no more
than ten or fifteen coefficients [based on N =(T,/
f„)' 'j. Collins's electrical analog sought to ob-
tain discrete distributions characterized by
twenty adjustable parameters. Any discrete dis-
tribution (of which there are many) consistent
with the determinable Fourier coefficients would

reproduce the measured transients within the
noise in the data.
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A scaling theory is used to show that for temperatures T«U, the properties of the
asymmetric Anderson model (U» I Eq I, LQ are universal functions of the scaling invar-
lants 6 and Eg+ = Fg + (6/vr) ln(W, /6), where Wo is the conduction electron bandwidth or
U, whichever is smaller. Crossovers between various regimes of simple behavior as
the temperature changes are described, l E&*l & 6 is identified as the criterion for a
"mixed-valence" ground state, where the susceptibility =6 '. For —Ez*»4, there is
a local-moment regime with a Kondo temperature TK = 6 exp(m. E„*/2A).

There has been recent interest in the asymmet-
ric Anderson model' (U» IE& I, &) in connection
with the theory of "mixed-valence" rare-earth
materials. ' ' The numerical renormalization-
group technique pioneered by Wilson' allows the
thermodynamic properties to be calculated, ' but
the parameter space is large. Analytic results
can clarify the dependence of physical properties
on the model parameters, and provide a frame-
work for the numerical exploration of the "cross-
overs" between limits describable by a simple
effective Hamiltonian. This Letter reports a
scaling property of the asymmetric Anderson

model; that is, universality of model properties
as functions of the scaling invariants & and E&*

=Eq+ (&/n)1n()P'0/&'), where lt'o= U or the conduc-
tion electron bandwidth, whichever is smaller.
The scaling equations also allow a simple descrip-
tion of the temperature dependence of physical
properties.

The (nondegenerate) Anderson model is char-
acterized by the parameters Ez, U, and h(u'),
and is

H =H +E+ ng +Unpin')+Qp~V~g cg tcg +H.c.,


