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Simulation of thermally stimulated polarization current (TSPC)
based on the Frohlich two-state model and the complexity

of the amorphous phase
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Abstract Numerical simulations of thermally stimulated
polarization current profiles have been performed using
rate expressions based on the Frohlich two-state model.
The qualitative behavior of simulations previously pub-
lished by other researchers can be reproduced. The
important feature examined is a peak in the evolution of
polarization with temperature, which results in a change in
sign for the polarization current profile. The previous
researchers have assigned this to a crossover of the kinetic
transient polarization with the equilibrium polarization
described by the Langevin approximation. The origin of the
peak in the evolution of polarization has been reexamined
and found to be the kinetic consequence of the structure of
the Frohlich model. When the field is applied, the two-state
model requires that half the available dipoles are initially
polarized. This high level of polarized dipoles contributes
to an increased rate of the reverse process, depolarization,
at high temperatures and results in the calculated decrease
in polarization. The constraints of the Frohlich two-state
model are too severe to represent the kinetics of a physi-
cally plausible polar solid. Further the multiple modes of
aggregation in the amorphous state impose complications
on the computation of polarization current.
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Introduction

Thermally stimulated current, TSC, is the general term
applied to a category of thermal analysis techniques that
involve the measurement of current generated by the
temperature activated relaxation of charged structures in
response to the application of a static electric field. For
organic materials, the basic unit of material structure is
the molecule, and in the idealized description of the
behavior of molecular materials, the charged structure of
interest is the structural dipole. The application of a
static electric field to a molecular material results in a
torque stress on the structural dipoles that tends to dis-
place them in a manner that brings them in alignment
with the electric field. That alignment reduces the stress
on the dipole and thus is referred to as a dipole relax-
ation. The physical motion involved in the reorganization
of the molecular dipoles that occurs as a result of this
stress can be experimentally detected a dipole displace-
ment current.

Thermally stimulated polarization current, TSPC, is the
term most often given to experiments that involve the
observation of current generated as the dipolar structures
orient in response to the application of the field [1].
Thermally stimulated depolarization current, TSDC, is the
term given to experiments that involve the observation of
the current generated when the static field is removed and
the dipolar structures fall away from the orientation
imposed by the previous application of the field [2]. Both
these techniques are non-isothermal in that the displace-
ment current is observed as a function of temperature. It
must be pointed out that in response to the applied electric
field, only the mobile dipoles can respond. The mobile
dipoles will be those dipoles in the amorphous phase of a
material.
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Based on what is available in the technical literature,
TSDC has been much more widely applied to research in
solid materials than TSPC [3, 4]. Irrespective of this dif-
ference in the number of articles available, both techniques
involve polarization. In TSDC, the dipoles must first be
polarized in order to observe a depolarization, and in
TSPC, it is the polarization that is observed directly.
Because the initial state of the dipoles is well defined in
TSDC experiments, quantitative descriptions of depolar-
ization have been developed. In TSPC experiments, how-
ever, there is an ambiguity on the initial state of the dipoles
which imposes a difficulty on the development of compu-
tational models for polarization. A detailed understanding
of the factors controlling polarization of structural dipoles
in the molecular framework of solid organic materials
would be fundamentally useful for interpreting results from
TSPC experiments.

Theory

Frohlich [5] has summarized the simplified, basic theory of
the behavior of dipoles in the solid state in the presence of
an electric field in his classic monograph. In the Frohlich
treatment, the dipoles are considered to have two equilib-
rium positions with opposite directions separated by a
potential barrier. An electric field is applied in the direction
on one of the dipoles, which means that the other dipole is
180° opposed to the direction of the field. His analysis
proceeds to articulate the factors that control the transition
of the dipole from one direction to the other with respect to
the field.

The essential features of the analysis are represented in
Fig. 1. Before the field is applied, the bistable Frohlich
model is depicted in terms of two configurations, State 1
and State 2, with the same potential energy. The transition
from State 1 to State 2 or from State 2 to State 1 requires
the input of sufficient energy to surmount the potential
energy barrier indicated by the solid curve with height E,.
The rate of transition from one state to the other can be
expressed in terms of the statistical formalisms from tran-
sition state theory [6]. Using this structure, rate of change
of the number of dipoles from State 1 to State 2 and from
State 2 to State 1 can be expressed as

dnN,; Ey Ey

N NuwoExp( —2) + NavoExp( -2 1
& Nivg XP< kT) + Navg XP( kT> (1)
dN2 E() EO

C2  NivoExp( =2 ) — NowoExp | —2 2
o Xp( kT) 200EXP ( kT> @)

where N; and N, are the number densities of idealized
dipoles in configuration 1 and configuration 2, respectively.
Since these two dipoles differ only in their relative
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directions, the pre-exponential factor, vy, is taken to be the
same for transitions in both directions.

Frohlich simplifies these relationships and maintains
uniform charge distribution for the physical system before
the field is applied by assuming the following relationships.

No =N + N, 3)
Nl(l‘:O):Nz(l:O):% (4)

Before the field is applied, the rate of transmission from
State 1 to State 2 is the same as the rate of transmission
from State 2 to State 1. As a consequence, there is a kinetic
steady state with no net accumulation of one state or the
other. There is no preferred state, and in the absence of a
field, polarization cannot be defined. It is only when the
field is applied that this situation is altered.

The electric field and the dipole have a directional nat-
ure to them, and thus are described as vectors. These
directional aspects are manifested in the physical interac-
tion of the dipole with the field. A stress is imposed that
tends to orient the dipole in the direction of the field. In the
Frohlich analysis, the field is taken to be in the direction of
the dipole in State 2. In Fig. 1, the dotted lines for States 1
and 2 represent the impact of the field on the potential
energy each of the configurations. Because the field is
directional, it affects dipoles in State 1 and State 2 differ-
ently. In the direction opposite to the field, State 1, the
initial potential is destabilized by the pf, where u in the
dipole moment and f'is the electric field. In the direction of
the field, State 2, the potential energy is lowered by the
amount pf. State 1 and State 2 no longer differ only by
direction, they also differ by potential energy. In the
presence of the field, State 2 is more stable and can be
defined as the polarized state. The activation energy for the
transition of State 1 to State 2 is now (Ey — 1), and the

v

lﬂlf State 2

Fig. 1 Potential energy diagram for the Frohlich two-state model of
dipoles in the solid state
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activation energy for the transition of State 2 to State 1 is
now (Ey + pf). Polarization will be retained because, in the
presence of the field, the height of the barrier for loss of
polarization is higher.

Using these new values for activation energy and the
conditions represented in Eqgs. 3 and 4, Eqs. 1 and 2 can be
rewritten as

% = —N,voExp <(E0 - ,uf)>

dr kT
+ (No — Nl)l)()EXp (-W) (5)
% = (No — N2)voExp <—w
— NgUoEXp (-W) (6)

In the Frohlich model, polarization is given as
proportional to (N, — Ny); more specifically, the time
dependence of polarization in the presence of a field will be
given by

P(t) = u(N2(t) — Ni(1)) = u(No — 2N (1))

dv,
No—2 | —
0 dt

0

(7)

= U

Using the assumptions of this model, Eq. 7 provides a
means to calculate polarization. Expressed in this manner,
the evolution of polarization with increasing temperature is
defined in terms of the loss of unpolarized dipoles.

Simulation of thermally stimulated polarization current

Equation 5 can be rearranged to a more convenient form,

dN
cTzl - |:_N1EXP(ZJ;~) + (No — Ni)Exp (_ZJTC”

Ey
x voExp (_ﬁ>

Vanderschueren et al. [7, 8] have used an expression
similar to Eq. 8 to implement a numerical simulation of
polarization. The expression they used has the form (see
Eq. 3, reference [8]),

@ = |:—N1 + (N() — N1 )EXp (—'Z—J;Y):| U()EXP (—EVO)

(8)

dr kT
9)

where E,q and f,, respectively, are the activation energy
and electric field as formulated in the Vanderschueren
treatment. Equations 8 and 9 will yield identical results as
long as the barrier height and field are chosen in a manner
such that

Eo—1f _ Ew
EO + .uf Ev() + ﬂfv

(10)

Recognizing this similarity, the analysis can proceed
using the Vanderscheuren expressions.

Thermally stimulated polarization current is a thermal
analysis method that profiles the evolution of polarization
as the temperature of the test specimen is uniformly
increased using a linear heating program. The heating rate
can be specified as

T =T+ pt (11)

where T is the initial temperature and f is the linear
heating rate. By employing the differential relationship
known as the chain rule, Eq. 9 can be expressed in terms of
the change in temperature,

dN, dr dNV;

= 12
dr dT dt (12)
v, 1
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E,
X voExp(—k;)

Equation 13 has been written to explicitly indicate that N,
is a function of temperature. The polarization as a function
of temperature can be expressed using Eq. 7,

(13)

t

P(T) = u(No — 2Ny (T)) = e[ No — 2 /
0

e I
dr

In TSPC experiments, it is the polarization current that
is detected and not the polarization. As stated in the
“Introduction” section, the incremental polarization
current originates from the motion of the dipole as it
changes its configuration from its initial direction to the
direction in alignment with the field. This allows the
polarization current to be expressed in terms of the rate of
change in polarization,

dP(T) _dT dP(T) dn,

iT) = = —2pugt (15)

Using appropriate values for Ny, vo, Eyo, i, fv, and f3, the
behavior of a TSPC experiment can be simulated.

dr ~ dr dT

Analysis of theory and simulation

The numerical solution of Eq. 13 has been implemented
using the NDSolve object in Mathematica 3.0 [9]. This
utility allows N{(7T) to be determined at specified values of
T. Using this method and the values for the parameters
listed in the Vanderschueren publications, the qualitative
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features of the simulated TSPC reported previously could
be reproduced.

Figure 2a shows the calculated evolution of polarization
with increasing temperature. Figure 2b shows the simu-
lated TSPC that results from that evolution according to
Eq. 15. The calculated behavior reported here is qualita-
tively similar to Fig. 1 in reference [8]. The important
feature of the Vanderschueren simulation and the simula-
tion given in Fig. 2 is the calculated increase in polariza-
tion followed by a decrease, resulting in a peak in the
polarization profile. The impact of this on the TSPC is to
produce a negative current at high temperature, because the
dP(T)/dT changes sign.

It is of primary interest to understand the origin of the
TSPC current reversals embodied in the kinetic equations.
The Vanderschueren researchers have asserted that the
peak in polarization that produces the current reversal
occurs at the temperature where the numerically calculated
buildup in polarization is the same as the polarization
calculated from the approximation of the Langevin for-
mulation of the equilibrium polarization. In their view,
there is a crossover from behavior controlled by discrete
kinetics to behavior controlled by a temperature-dependent
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Fig. 2 a Polarization calculated using Eq. 14 with parameters from
Vanderschueren et al.: Ny = 2.0 x 10*/m>, N;(0) = 0.50N,, vo =
25 x 10°Hz, Eo =04eV, u=660x 10" Clbsm, f, =
10° V/im and f = 1°K/min, k= 1.38 x 1072 J/°K. b Current
calculated using Eq. 15
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equilibrium in a continuum. Implicit in this assertion is that
there is a change in the behavior of the system of such
magnitude that it imposes a change in the model required
to describe it.

That there is a peak in the polarization calculated in this
manner cannot be questioned, but the reason for it must be
examined more closely because of its fundamental impor-
tance in understanding how this model describes orienta-
tional polarization. The Frohlich two-state model is an
extreme idealization of a dipolar solid. It requires that the
dipoles exist only in one of two discrete states. The
numerical simulation of polarization using the conditions
of this model is discrete in the sense that polarization is
calculated by counting the number of dipoles that change
their state to the polarized direction. The Langevin for-
mulation of equilibrium polarization starts with randomly
oriented dipoles that are free to continuously rotate into the
direction of the field when it is applied opposed only by
thermal agitation. The Langevin polarization expression
applies to gases and low viscosity liquids in thermal
equilibrium [10]. It would seem that a transition of the
system of dipoles from the discrete behavior of an assumed
solid state configuration to the free rotation of gases or low
viscosity liquids would imply the occurrence of a phase
transition. The computation of polarization current in this
treatment and the Vanderschueren treatment is performed
under non-isothermal conditions over a temperature range
within which the only changes allowed are those deter-
mined by the initial conditions and the given kinetic
equations. On this basis, the Vanderschueren assertion
must be questioned.

The polarization defined by Eq. 14 depends on N;(7).
Figure 3 shows the calculated values of Ny(7) and N»(T) as
functions of temperature. In Fig. 3a, the numerical simu-
lation clearly indicates that the density of N; dipoles
decreases and then increases within the constraints to the
Frohlich model. Figure 3b shows that the N, dipoles
increase and then decrease. In terms of the kinetics, this can
occur because the rate of the reverse process, State 2 to
State 1 in Fig. 1, becomes larger than the forward process
at higher temperature. The number of dipoles in each state
and the transmission rate over the barrier in each direction
controls the rate in either direction. Examining the initial
conditions for the number of dipoles in each state, a severe
constraint of the Frohlich bistable model is revealed. The
Vanderschueren simulation and the simulation reported
here in Fig. 2 started with the initial dipole densities as
represented in Eq. 4, which means that half of the initial
density was in one configuration and half was in the
opposite configuration. With this constraint, it is unavoid-
able that half the available dipoles are in the polarized state
when the field is applied. The stress of the field initially
causes a further accumulation of dipoles in the polarized
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state, but at higher temperatures, the kinetic condition of a
high number of dipoles in the polarized state and a high
reverse transmission rate results in polarized dipoles being
converted to the unpolarized state.

This kinetic situation can be explicitly examined by
evaluating the rate of each component. The rate of con-
version of unpolarized dipoles to polarized dipoles as a
function of temperature is given by Eq. 13. Since this is a
two-state model, the rate of conversion of polarized dipoles
to unpolarized dipoles is simply the negative of Eq. 13,

dNy  dN,
dr —  dr

In Fig. 4, the calculated rates of formation for polarized
and unpolarized dipoles are plotted together. The
derivative of Eq. 14 with respect to temperature will give
Eq. 15 with the heating rate factor, f§, removed. It is clear
from this derivative that polarization will increase as long
as dN,/dT is negative. If dN,/dT becomes positive,
polarization will decrease. In Fig. 4 at about —71 °C, the
sign of dN,/dT changes from negative to positive. It is clear
from the crossover of the rates at this temperature that the
rate of generation of unpolarized dipoles becomes greater
than the rate of generation of polarized dipoles. The
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Fig. 3 a Number density of unpolarized dipoles, Ny, as a function of
temperature. b Number density of polarized dipoles, N,, as a function
of temperature

consequence of this is a peak in the evolution of
polarization with temperature as observed in Fig. 2a.

The overall process changes from increasing polariza-
tion to decreasing polarization. The peak in the temperature
evolution of the polarization is kinetic in origin. It repre-
sents the temperature-induced shift in the kinetic ratio of
the forward and reverse processes. Polarization is lost to
maintain the kinetic conditions as defined by the model
equations at the higher temperatures. No changes in the
model are required to account for this behavior. This sit-
uation is encountered because in the Frohlich model, when
the field is applied, half the dipoles are already polarized.

The constraint represented by Eq. 4 is too severe for a
semi-quantitative description of physically plausible solids.
In no typical real solids are half the dipoles already
polarized when the field is applied. The difficulty can
easily be shown by varying the initial number density of
the unpolarized dipole, N(0). If N;(0) is increased, it
means that in the initial state, there are a higher number of
dipoles that are opposed to the field than are aligned with
the field. Figure 5a shows the behavior of the calculated
polarization with N;(0) = 0.51N,. It is immediately obvi-
ous that this small increase in N;(0) eliminates the previ-
ously observed peak in the evolution of polarization. The
absence of that peak is reflected in the TSPC shown in
Fig. 5b that does not change sign over the calculated
temperature range. It should be noted that, however, the
polarization in Fig. 5a is negative over the entire calculated
temperature range. This is a direct consequence of polari-
zation defined by Eq. 14, which reflects the Frohlich con-
straints. If N;(0) > 0.50N,, then the initial charge is not
uniformly distributed. There exists a net initial polarization
in the direction opposite to the applied field.

A more dramatic consequence of the Frohlich con-
straints can be observed if N;(0) < 0.50N,. Figure 6a
shows the calculated polarization with N{(0) = 0.49Nj.
Under these conditions, once again, the initial charge is not
uniformly distributed. There is an excess of dipoles initially
in the direction of the field. The calculated kinetic adjust-
ment of this system is to reduce the number of dipoles in
the field direction. The result shown in Fig. 6a is that
polarization does not occur. Only loss of polarization is the
calculated result. The current observed in Fig. 6b is not a
polarization current. It is a depolarization current and, by
the Vanderschueren convention, is negative.

Considerations in summary
While the Frohlich two-state model is very useful in
articulating the conceptual structures that are necessary to

describe dipole polarization in the solid state, care must be
exercised when the attempt is made to employ it to
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Fig. 5 a Polarization calculated using Eq. 14 with N;(0) = 0.51N,.
b Current calculated using Eq. 15 with N;(0) = 0.51N,

describe physically plausible systems. The conceptually
simplifying assumption that dipoles exist in only two states
with opposite directions requires that before the field is
applied, the number of dipoles in one direction equals the
number of dipoles in the other direction. This condition is
necessary in order to preserve the initial uniform charge
distribution.

The basic conceptual structure involved in the kinetic
treatment of polarization is that the rate of orientation will
depend on the number of unoriented dipoles and the factors
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Fig. 6 a Polarization calculated using Eq. 14 with N;(0) = 0.49 Nj.
b Current calculated using Eq. 15 with N;(0) = 0.49N,

that influence the height of the potential barrier for that
change. Similarly, the rate at which an oriented dipole will
become unoriented will depend on the number of oriented
dipoles and the factors that influence the height of the
potential barrier for that change. The Frohlich assumptions
require that initially, the number of oriented and unoriented
dipoles be equal. With these conditions, the kinetics of
polarization is determined only by the difference in the
potential barriers of the polarized and unpolarized states. If
that difference is relatively small, the rate of the reverse
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process, loss of polarization, becomes large at high tem-
perature. From the numerical simulations presented here, it
appears that this kinetic feature calculated directly from the
constraints of the Frohlich model is what accounts for what
has been observed as a reversal in the polarization current
versus temperature curves. The Frohlich assumptions
impose the constraint that half the available dipoles are
already polarized when the field is applied. To depart from
this assumption means a departure from the conceptual
simplicity of the Frohlich model.

In solids that do not exhibit piezoelectric behavior, it
less restrictive to assume that dipoles are initially randomly
oriented. By adopting an initial state with randomly ori-
ented dipoles, Fig. 1 is no longer adequate to describe the
impact of the application of the field on the potential bar-
riers. The situation, however, is even more complex
because of the nature of the amorphous phase where the
mobile dipoles will reside. Debenedetti and Stillinger [11]
have described the formation of amorphous materials in
terms of the distribution of minima on the potential energy
hypersurface. The consequence of this description is that
the amorphous state is more accurately described as mul-
tiple states of aggregation characteristic of this distribution
of minima on the hypersurface. This means that the dipole
response to the external electric field cannot be described in
terms of single activation energy. There must be a distri-
bution of activation energies. To account for this Eq. 15
would have to be revised to reflect this distribution,

" dN; 1 E;
3T = 280> N g S N(E) exp( ’ )
2a 2. R,

(17)

where E; represents the activation energy of the individual
dipoles in a particular state of aggregation.

Using single molecule microspectroscopy, Deschenes
and Vanden Bout [12] have provided experimental evi-
dence that indeed there are multiple states of aggregation in
the amorphous state.

Conclusions

The evolution of polarization with temperature and TSPC
profiles from Vanderschueren et al. has been examined.
Numerical simulations have been performed using the same
parameters used in the Vanderschueren calculations pro-
ducing qualitatively similar results. The important feature
pointed out is a peak in the evolution of polarization, which
results in a change in sign for the TSPC profile. The Van-
derschueren researchers have assigned this behavior to a
crossover from polarization behavior controlled by the dis-
crete kinetics to behavior controlled by the Langevin
approximation.

Based on the analysis of the kinetic behavior, the peak in
polarization and the resulting change in sign of the TSPC
originate in the kinetic behavior of the system as defined by
the Frohlich assumptions. The constraint of the basic model
that in the initial number of polarized and unpolarized
dipoles is equal has consequences in the kinetic computa-
tion. The impact of the initial high number density of
polarized dipoles is that the reverse process of depolar-
ization becomes important at high temperatures resulting in
the observed loss in polarization. The observed peak in the
calculated evolution of polarization with temperature is a
kinetic consequence of the Frohlich model itself. Consid-
ering the complex nature of the amorphous phase with
multiple states of aggregation, any computational descrip-
tion of TSPC experiments would have to account for both a
random distribution of dipole orientations as well as mul-
tiple activation energies characteristic of each mode of
aggregation.

The computations performed here and by Vanderschu-
eren represent idealizations. The behavior of this idealized
system is completely determined by the equations that are
formulated to describe it. It has been shown here that the
kinetic equations can describe what was previously thought
to be a fundamental change in polarization behavior. It
should be pointed out that while the behavior of this model
system is deterministic, in the performance of TSPC
experiments on real materials, the situation can be quite
different. Over the temperature range of a TSPC experi-
ment, it is possible that a real material can undergo struc-
tural relaxations, mechanical relaxations or phase changes
that can, indeed, alter the fundamental polarization
behavior. Under those circumstances, at the temperatures
where those processes take place, the equations that
describe polarization would have to be altered to account
for those changes in polarization behavior.
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