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We investigate the influence of poly�3,4-ethylenedioxythiophene�-poly�styrenesulfonate� �PEDOT:PSS� on
the optoelectronic properties of polymer light-emitting diodes containing poly�9,9-dioctylfluorene� �PFO�.
Electromodulation and IV luminance measurements are reported for a series of devices with bare indium tin
oxide �ITO� or PEDOT:PSS-coated ITO anodes and Ba or Al cathodes. The ITO/PFO/Al, ITO/PFO/Ba, and
ITO/PEDOT:PSS/PFO/Al devices all exhibit conventional field-induced electromodulation behavior, in both
forward and reverse bias, consistent with the Stark effect �SE�. The ITO/PEDOT:PSS/PFO/Ba devices by
contrast exhibit conventional behavior only for applied biases below the flat-band voltage; at higher biases, the
field-induced SE features vanish and are replaced by anomalous charge-induced electromodulation features.
This anomalous behavior is observed only when PEDOT:PSS is used in conjunction with a strongly electron-
injecting cathode such as Ba, and is attributed to the presence of trapped electrons at the PEDOT:PSS-emitter
interface, which screen the electric field from the bulk of the device. The enhanced field at the interface
increases the rate of field-assisted hole injection into the highest occupied molecular orbital �HOMO� of the
PFO, resulting in lower drive voltages and increased electroluminescence efficiencies.
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INTRODUCTION

Semiconducting polymers are of scientific and commer-
cial interest owing to their applications in optoelectronic de-
vices such as light-emitting diodes, solar cells, and thin-film
transistors.1 There has been significant progress in the devel-
opment of polymer devices in recent years with, for example,
displays based on polymer light-emitting diodes �LEDs� now
entering the market place as viable contenders to LCDs. To
some extent, however, attempts to optimize the efficiencies
and performance of polymer LEDs have been hindered by
the relative absence of detailed models describing device op-
eration. The fundamental processes governing device charac-
teristics are the subject of debate and there is considerable
interest in experimental measurements that provide insight
into device operation.

In previous studies, we used electromodulation
�EM� spectroscopy to investigate the internal electric-
field strength in operational polymer light-emitting
diodes containing poly�3,4-ethylenedioxythiophene�-
poly�styrenesulfonate� �PEDOT:PSS�.2–5 These measure-
ments indicated that, for many polymer LEDs under light
emission conditions, screening effects by injected charge car-
riers lead to near-complete cancellation of the internal field.
In the absence of a sizeable bulk field—and hence drift
current—carrier transport is mediated primarily by diffusion
in a manner similar to light-emitting electrochemical cells.6

More recently, by fabricating two device types in which the
cathode material was selected to provide either efficient �Ba�
or inefficient �Al� electron injection, we were able to show
that injected electrons trapped close to the anode are respon-
sible for the field redistribution.5 In short, only the Ba de-
vices exhibited screening effects, indicating that efficient
electron injection is a necessary condition to observe screen-
ing. The trapped electrons close to the hole-injecting contact

cause the potential to drop preferentially at this location,
thereby reducing the magnitude of the bulk field. The high-
field strength at the PEDOT:PSS-polyfluorene interface re-
sults in efficient hole injection even when sizeable energy
offsets exist between the Fermi level of the PEDOT:PSS and
the highest occupied molecular orbital �HOMO� of the active
layer. These conclusions are in agreement with independent
studies by Murata et al.,7 Van Woudenbergh et al.,8 and
Poplavskyy et al.9 who, based on analysis of current-voltage
characteristics and other measurements, also found evidence
for electron accumulation close to the hole-injecting contact.

In previous papers we noted that we had only observed
anomalous electromodulation effects in devices containing
PEDOT:PSS at the hole injecting contact.2–5 In this paper, we
investigate this issue in more detail by comparing the elec-
tromodulation response of a series of devices, fabricated with
and without a PEDOT:PSS hole injection layer. Since PE-
DOT:PSS is found in practically all “state-of-the-art” poly-
mer LEDs, its influence on device operation is an issue of
considerable pertinence, and electromodulation studies offer
a potentially powerful means of investigating this issue.

EXPERIMENTAL OVERVIEW

A series of devices with and without PEDOT:PSS were
fabricated using poly�9,9-dioctylfluorene� �PFO� as the ac-
tive layer. The PEDOT:PSS-free devices were fabricated by
spin-coating 130-nm layers of PFO onto indium tin oxide
�ITO� coated glass from a 15-mg/ml solution of PFO in
chloroform. The deposited films were then annealed in a dry
nitrogen atmosphere at 60 °C for 2 h prior to thermal depo-
sition of a Ba or Al cathode. The choice of cathode material
determines the efficiency of electron injection, with Ba pro-
viding good injection and Al providing poor injection. The
PEDOT:PSS devices were fabricated in the same manner, but
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an 80-nm layer of as-received PEDOT:PSS �Baytron P for-
mulation from H. C. Starck GmbH� was spin coated onto the
ITO anode �and subsequently annealed in a dry nitrogen at-
mosphere at 200 °C for 8 min to drive off residual water�
prior to deposition of the PFO layer. The completed devices
were encapsulated in a nitrogen atmosphere glovebox. In the
following text and the associated figures, the various devices
are denoted by the labels �a�, �b�, �c�, and �d�, which corre-
spond, respectively, to the structures ITO/PFO/Al, ITO/PFO/
Ba, ITO/PEDOT:PSS/PFO/Al, and ITO/PEDOT:PSS/PFO/
Ba. The corresponding current-voltage characteristics were
measured using a Keithley 2410 Source Measure Unit and
the luminance was measured with a calibrated TOPCON Lu-
minance Meter.

EM spectroscopy has been widely used to investigate in-
ternal electric fields in organic devices.10–16 In a typical EM
measurement, a combined ac and dc bias V=Vdc
+Vac sin��t� is applied to the device and changes in the
transmission of a probe beam are monitored using phase sen-
sitive lock-in detection. If the origin of the EM signal is
electroabsorption �i.e., the Stark effect�, the fractional change
in transmission is proportional to the third-order dc Kerr
nonlinear susceptibility and the square of the electric field.
�Please note, the terms electroabsorption �EA� and Stark ef-
fect �SE� are used interchangeably in this paper.� The differ-
ential transmission is therefore modulated at both the first-
and second-harmonic frequencies in accordance with Eqs.
�1a� and �1b�,

I1� = ��T

T
�

1�

� 2 Im �3���EdcEac sin��t� , �1a�

I2� = ��T

T
�

2�

�
1
2 Im �3���Eac

2 cos�2�t� . �1b�

Under conditions of low carrier injection, the bulk field
Edc is related to the dc component of the applied voltage Vdc
by Edc= �Vdc−Vbi� /d where Vbi is the built-in potential, and d
is the width of the device. I� therefore varies linearly with
Vdc �passing through zero at V=Vbi�, and I2� is independent
of Vdc; any deviations from this behavior indicate nonuni-
form internal fields arising from the presence of substantial
charge in the device �or, in the case of multilayer devices,
contributions from different layers that have distinct spectral
characteristics�.

The measurement of electromodulation spectra in opera-
tional LEDs is complicated by the presence of strong modu-
lated electroluminescence �EL� that is typically several or-
ders of magnitude larger than the EM signal. All
measurements reported here were therefore obtained using
the double modulation approach of Pires et al.,17 which per-
mits the measurement of EM signals as small as one part in
107 even for highly emissive operational devices. In this ap-
proach, the applied bias is modulated at a frequency �osc and
the probe beam is modulated with an optical chopper at a
lower frequency �probe. Two lock-in amplifiers are used, the
first acting as a �low time-constant� prefilter tuned to �osc
and the second locking into the �probe frequency component
of the prefiltered signal. This procedure is slightly different

from the double modulation technique we used in previous
papers, in which �probe��osc and the first and second lock-in
amplifiers were locked into �probe and �osc, respectively. This
latter arrangement is convenient because the dc component
of the filtered signal from the first lock-in provides a direct
measurement of the transmitted signal T, obviating the need
for a separate measurement. However, it has the disadvan-
tage that �osc must be significantly lower than �probe, which
in practical terms limits the bias modulation frequency to
around 1 kHz when a mechanical chopper wheel is used for
optical modulation. The alternate arrangement used here ne-
cessitates a separate measurement of the transmission T but
does not impose any upper limit on �probe.

RESULTS

Figure 1 shows approximate values for the work functions
of ITO, PEDOT:PSS, Ba, and Al and for the HOMO and
lowest unoccupied molecular orbital �LUMO� energies of
PFO. The approximate barrier height for hole injection into
the HOMO level of PFO is 1.0±0.2 eV for ITO and
0.7±0.2 eV for PEDOT:PSS, both of which are relatively
large values that would ordinarily be expected to inhibit hole
injection substantially. The approximate barrier height for
electron injection from Al into the LUMO level of PFO is
1.6±0.2 eV—a very large value that would result in minimal
electron injection under ordinary circumstances. In the case
of Ba, the Fermi level lies approximately 0.1 eV above the
LUMO level of PFO so Ohmic electron injection is ex-
pected. Hence on the basis of simple energy considerations,
for both ITO- and ITO/PEDOT:PSS-based devices, we
would expect devices with Al cathodes to show low currents
�due to poor electron and hole injection� and devices with Ba
cathodes to show high currents �due to good electron injec-
tion� but low EL efficiencies �due to poor hole injection�.

The IV luminance characteristics of devices �a� �ITO/
PFO/Al�, �b� �ITO/PFO/Ba�, �c� �ITO/PEDOT:PSS/PFO/Al�
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FIG. 1. A schematic energy-level diagram for the device mate-
rials used in this work.
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and �d� �ITO/PEDOT:PSS/PFO/Ba� are shown in Figs.
2�a�–2�d�, respectively. A delay of 10 s between initial appli-
cation of the step voltage and each measurement was em-
ployed to allow reasonable time for steady state to be
achieved. The ITO/PFO/Al device was by far the most resis-
tive of the four devices, consistent with the large barrier
heights for both electron and hole injection. The ITO/
PFO/Ba device exhibited much higher current densities than
the ITO/PFO/Al device due to the greatly improved electron
injection, and weak light emission was detectable above
17 V. The ITO/PEDOT:PSS/PFO/Al device also exhibited
much higher current densities than the ITO/PFO/Al device,
with detectable light emission above 8 V. Interestingly, the
current density and EL intensity of the ITO/PEDOT:PSS/
PFO/Al device were both substantially higher than for the
ITO/PFO/Ba device. This is somewhat surprising since
energy-level considerations suggest the Ba/PFO interface
should form an Ohmic contact for electron injection whereas
a 0.7-eV barrier to hole injection should exist at the
PEDOT:PSS/PFO interface, significantly impeding hole in-
jection. Time-of-flight measurements, however, indicate that
hole transport is much better than electron transport in PFO
due to shallow trapping of electrons in the polymer bulk.18 In
the present devices, it therefore appears that the injection-
limited hole current in the ITO/PEDOT:PSS/PFO/Al device
wins out over the bulk-limited electron current in the ITO/
PFO/Ba device. The IV luminance characteristics of the ITO/
PEDOT:PSS/PFO/Ba device are shown in Fig. 2�d�, and
stand out clearly from the other devices. There is an ex-
tremely sharp current threshold at 3 V that coincides closely
with the onset of measurable light emission. The intensity of
this emission is much stronger than for the ITO/PFO/Ba and
ITO/PEDOT:PSS/PFO/Al devices, even though the current
densities are comparable in the range 10–20 V, indicating
significantly enhanced EL efficiencies in the ITO/
PEDOT:PSS/PFO/Ba device. This sharp threshold, which re-
sults in greatly improved power efficiencies due to the lower

operating voltage and higher EL quantum efficiency, is a
common feature of devices containing both PEDOT:PSS and
a low work function cathode.

Further insight into the anomalous behavior of the ITO/
PEDOT:PSS/PFO/Ba device, and in particular the cause of
the sharp threshold, can be obtained from EM spectroscopy.
Figure 3 shows for a variety of applied biases the first har-
monic electromodulation spectra for the four device struc-
tures described above. The EM response of the ITO/PFO/Al
and ITO/PFO/Ba devices are shown in Figs. 3�a� and 3�b�.
The devices have similar oscillatory electromodulation fea-
tures with common peaks at �375 and 415 nm and common
nodes at 350 and 395 nm �although in the case of the ITO/
PFO/Al device the profile of the 350-nm feature is consider-
ably more symmetrical�. In addition, the ITO/PFO/Ba device
shows two additional weak subband-gap features centered at
446 and 470 nm �with symmetric and asymmetric profiles,
respectively�. The EM response of the ITO/PEDOT:PSS/
PFO/Al device �Fig. 3�c�� is qualitatively similar to the
PEDOT:PSS-free devices, showing the same dominant fea-
ture at 415 nm but lacking the nodes at 350 and 395 nm. The
EM response below 390 nm is dominated at all biases by a
single broad feature, centered at around 350 nm. The re-
sponse beyond 440 nm is devoid of the low-energy features
observed in the ITO/PFO/Ba device. For each of the devices
�a�, �b�, and �c�, the magnitude of the EM features vary ap-
proximately linearly with the applied dc bias, and the nor-
malized profiles of the individual spectra are largely indepen-
dent of dc bias. The EM response of the ITO/PEDOT:PSS/
PFO/Ba device, however, again stands out as strikingly
different �see Fig. 2�d��. The reverse bias EM response is
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FIG. 2. IV luminance measurements for the �a� ITO/PFO/Al, �b�
ITO/PFO/Ba, �c� ITO/PEDOT:PSS/PFO/Al, and �d� ITO/
PEDOT:PSS/PFO/Ba devices. Device �d� shows a sharp threshold
for current injection at 3 V that is not observed in the other devices.
This sharp threshold is observed only in the presence of a PEDOT-
:PSS anode and a low work-function cathode such as Ba or Ca.
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FIG. 3. The 6-kHz first-harmonic electromodulation spectra of
the �a� ITO/PFO/Al, �b� ITO/PFO/Ba, �c� ITO/PEDOT:PSS/PFO/
Al, and �d� ITO/PEDOT:PSS/PFO/Ba devices at a variety of dc
biases. The EM spectra of devices �a�, �b�, and �c� scale approxi-
mately linearly with the dc bias but otherwise do not change sig-
nificantly in shape, consistent with electroabsorption. The reverse
bias EM spectra of device �d� are similar to those of the other
devices but, in forward bias, the spectra change completely and the
EM features are replaced by new absorption features due to injected
charge. These anomalous forward bias features are observed only in
the presence of a PEDOT:PSS anode and a low work-function cath-
ode such as Ba or Ca.
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comparable to that of the ITO/PEDOT:PSS/PFO/Al, with the
same dominant feature at 415 nm and the same broad high-
energy feature centered at 350 nm but the spectra change
radically in forward bias. In particular, the dominant electro-
absorption feature at 415 nm disappears in forward bias, and
is replaced by a broad electromodulation feature with a peak
wavelength of 390 nm. This feature increases rapidly with
applied bias until 3.2 V, above which it starts to diminish
and a new 440-nm subgap feature starts to appear.

The behavior of the ITO/PEDOT:PSS/PFO/Ba device is
complex and we do not yet have a complete understanding of
the electromodulation response. However, it is possible to
draw some broad conclusions from the data. The similarity
of the reverse bias responses of the ITO/PEDOT:PSS/
PFO/Ba and ITO/PEDOT:PSS/PFO/Al devices �and the clear
differences from the PEDOT:PSS-free devices� suggest that
the broad 350-nm feature is directly attributable to the pres-
ence of PEDOT:PSS. Moreover, since the conductivity of the
PEDOT:PSS is high compared to the �undoped� PFO, the
350-nm feature is unlikely to arise from the electromodula-
tion response of the bulk PEDOT:PSS �since the electric po-
tential will be dropped preferentially across the resistive PFO
layer�. The 350-nm feature is therefore attributable either to
a thin surface region in the PEDOT:PSS close to the
PEDOT:PSS/PFO interface or to chemical modification of
the PFO at the interface by the PEDOT:PSS. The surface of
PEDOT:PSS is known to contain an excess of PSS, which is
both insulating and acidic,19 so both explanations are fea-
sible. The electromodulation response of the ITO/
PEDOT:PSS/PFO/Al device varies linearly with dc bias over
the full bias range, consistent with the Stark effect. In the
case of the ITO/PEDOT:PSS/PFO/Ba device, however, the
spectrum changes dramatically in forward bias, under which
conditions carrier injection is substantial, and it is therefore
reasonable to attribute this behavior to the influence of the
injected carriers. This inference is supported by recent work
on LUMATION green 1300 Series LEPs,20 in which we were
able to suppress the anomalous forward-bias features and
restore the conventional electroabsorption response by re-
ducing the operating temperature of the devices in order to
lower the circulating current: when operating at 100 K, the
anomalous charge-induced features did not appear until ap-
plied dc biases of 5.5 V compared with 1.2 V at room
temperature.21

The suppression of EA features in forward bias is an in-
teresting effect that we have seen in a wide variety of devices
containing PEDOT:PSS and which we have previously at-
tributed to screening of the internal field by injected
charges.2–5 In order to screen the bulk semiconductor from
the external field, the injected charges must accumulate at the
counter electrode with electrons building up at the anode
and/or holes building up at the cathode. The loss of EA sig-
nal in the ITO/PEDOT:PSS/PFO/Ba device but not in the
weakly electron injecting ITO/PEDOT:PSS/PFO/Al device
indicates that trapped electrons are responsible for the
screening effect in agreement with previous measurements
we have reported for LEDs containing blends of PFO and
poly�9,9-dioctylfluorene-alt-benzothiadiazole� �5BTF8�.5
Moreover, the absence of comparable effects in the ITO/
PFO/Ba device indicates that the presence of both PEDOT-

:PSS and Ba �or comparable low work-function metal� is
required for significant field redistribution to occur.

In Fig. 4 we show the dc bias dependence of the first-
harmonic EM response for the four devices, measured at the
417-nm EA peak using a 6-kHz, 0.35-V rms ac bias. The
response of the ITO/PFO/Al, ITO/PFO/Ba, and ITO/
PEDOT:PSS/PFO/Al devices all vary linearly with the dc
bias in agreement with Eq. �1a�, passing through zero at 1.1
and 1.9 V, respectively. The 6-kHz EM response of the ITO/
PEDOT:PSS/PFO/Ba device, denoted by the filled circles in
Fig. 4�d�, however, is again strikingly different. The signal
varies linearly with dc bias until �0.8 V, at which point it
deviates significantly in the direction of negative �T /T as
charge-induced absorption effects become important. The
emergence of the charge-induced features obscures the be-
havior of the EA peak at 417 nm making it difficult to draw
conclusions about the internal field. In Refs. 3 and 4 we
reported that the charge-induced features show a strong re-
duction in intensity with increasing modulation frequency
whereas the EA signal is frequency independent due to the
near-instantaneous nature of the Stark effect. The dc bias
dependence of the EA signal is therefore best measured at
high frequencies where contamination from charge-induced
contributions is minimal. As discussed above, the experimen-
tal configuration used in previous work4,5 placed a practical
upper limit of 1 kHz on the ac bias frequency due to the
ceiling imposed by the optical chop frequency. In this work,
however, using the modified configuration described above,
we were able to perform measurements up to 20 kHz �with
the upper frequency now being determined by the bandwidth
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FIG. 4. The dc bias dependence of the 6-kHz 417-nm first-
harmonic electromodulation response of the �a� ITO/PFO/Al, �b�
ITO/PFO/Ba, �c� ITO/PEDOT:PSS/PFO/Al, and �d� ITO/
PEDOT:PSS/PFO/Ba devices. The 417-nm signals vary linearly
with dc bias for devices �a�–�c�, consistent with electroabsorption.
In the case of device �d�, the signal varies linearly with dc bias in
reverse bias but deviates sharply from linearity in forward bias due
to charge-induced modulation. The contribution from charge-
induced modulation is eliminated at high modulation frequencies �
20 kHz, open circles�, leaving an electromodulation signal that is
due primarily to the Stark effect. This SE-only signal falls linearly
to zero at 2.9 V �which is the approximate threshold for current
injection�, and remains at zero for higher biases.
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of our photodetector�. At this higher frequency, the EM re-
sponse of the ITO/PEDOT:PSS/PFO/Ba device is found to
decrease linearly with applied bias until the zero crossing is
reached at 2.9 V in a similar manner to the EM response of
the other devices. However, the signal does not subsequently
rise in magnitude as would be expected for the formation of
a forward biased electric field in the device. Instead, it re-
mains at zero indicating full neutralization of the internal
field due to the trapped electrons �see Ref. 4 for a detailed
discussion of the screening effect�. This is consistent with
previous low-frequency ��1 kHz� measurements we re-
ported on a commercial red-emitting polyfluorene-based co-
polymer in which spectral regions could be identified where
the measured EM signal was due entirely to the Stark effect,
with negligible contamination from charge-induced
modulation.22

The anomalous behavior of the ITO/PEDOT:PSS/PFO/Ba
device in Figs. 3 and 4 provides valuable insight into the
improved charge injection and EL efficiencies seen in Fig. 2.
Above the turn-on voltage, the Ohmically injected electrons
accumulate in trap sites close to the PEDOT:PSS/PFO inter-
face, which causes the potential to be dropped preferentially
in this location and leaves the bulk semiconductor screened
from the applied electric field. The enhanced electric field at
the PEDOT:PSS/PFO interface increases the rate of field-
dependent hole injection, resulting in a sizeable hole current
even at low drive voltages despite the substantial barrier to
hole injection. The enhanced hole injection improves the bal-
ance of electron and hole injection currents in the device
resulting in greatly improved EL efficiencies. A detailed de-
scription of this mechanism can be found in Ref. 4. Impor-
tantly, the measurements outlined here add to our previous
work by providing direct evidence that the electron traps are
due to the presence of PEDOT:PSS. The role of PEDOT:PSS
in electron trapping has also been postulated by Poplavskyy
et al.9 and Van Woudenbergh et al.23 The latter authors found
that polymer light-emitting diodes �LEDs� containing
poly�9,9-dioctylfluorene� �PFO� and a PEDOT:PSS hole in-
jection layer exhibited strongly enhanced hole currents com-
pared to devices with uncoated Ag and ITO anodes. In prac-
tical terms, devices that incorporate a PEDOT:PSS hole
injection layer represent the present state of the art in terms
of polymer LED power efficiencies and operational life-
times. However, the chemical and physical nature of the trap
sites that are responsible for the improved performance are

still unclear, and future studies will seek to shed light on this
issue, with a view to developing new materials with im-
proved performance. The ultimate objective of such work
would be the creation of a new generation of polymer LEDs,
in which electron and hole traps are deliberately introduced
close to the anode and cathode, respectively, to improve elec-
tron and hole injection simultaneously.

CONCLUSION

In conclusion we have fabricated ITO/PFO/metal and
ITO/PEDOT:PSS/PFO/metal devices, where the top metallic
electrode was chosen as either Ba or Al to provide respec-
tively efficient or inefficient electron injection. The ITO/
PFO/Al, ITO/PFO/Ba, and ITO/PEDOT:PSS/PFO/Al de-
vices had similar oscillatory first-harmonic EM spectra that
scaled linearly with dc bias, consistent with conventional
field-induced electroabsorption. The ITO/PEDOT:PSS/
PFO/Ba devices by contrast showed conventional SE behav-
ior only at low applied biases; above turn-on, the SE features
vanished due to screening of the internal field and were re-
placed by charge-induced absorption features. The occur-
rence of these anomalous features only when both PEDOT:
PSS and a low work-function cathode are present in the de-
vice indicates that the screening is due to trapped electrons at
the PEDOT:PSS/PFO interface. The high field strength at the
anode due to the trapped electrons is beneficial for device
operation since it increases the rate of �field-dependent� hole
injection, resulting in balanced injection of electrons and
holes and higher device efficiencies. PEDOT:PSS is found in
practically all state-of-the-art polymer LEDs, and we con-
sider that its widespread utility is a direct consequence of the
anomalous behavior outlined in this and previous papers.
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