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a b s t r a c t

The effect of an external magnetic field on electrical impedance was measured on tris-(8-
hydroxyquinoline) aluminum (Alq3) based OLEDs at different temperatures. Magnetic field effects
(MFEs) were responsible for significant changes on the real and imaginary components of the imped-
ance, and for the intensification of the negative capacitance (NC) effect. The observed MFEs do not
present a strong temperature dependence. Simulations via equivalent circuits and numerical solutions of
Boltzmann transport equations in a drift-diffusion approximation and employing small sinusoidal signal
analysis indicate that such effects are consistent with an enhancement of the carrier mobilities and a
quenching of the recombination rates. Such changes lead to reduced resistance and more intense NC
effects on the device. The results were interpreted in terms of the currently accepted OMAR models:
electron-hole pair model, triplet-polaron reaction mechanism and bipolaron model.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic magnetoresistance (OMAR) is an intriguing phenome-
non where variations in the electrical conductivity of organic ma-
terials can be induced by small external magnetic fields. The effect
is observed in carbon based materials that typically have a small
spin-orbit coupling, with non-magnetic electrodes, and is observed
at room temperature for a varied set of polymeric and molecular
materials [1].

In addition to the relevance of such magnetic field effect (MFE)
for basic science, OMAR has also emerged as a potential tool for
different technological applications, including displays [2,3], flex-
ible magnetic field sensors [4,5], spin OLEDs [5], and devices for
energy storage [6]. Indeed, in essence OMARmay have an unlimited
field of action, for example, in the area of organic-based nano-
composites [7e9]. However, in spite of the academic and
agin-Neto).
technological interest, until now the mechanism associated with
this phenomenon is not completely understood.

In general there is a consensus in the literature that the effect is
associated with changes promoted by an external magnetic field on
the interaction of spin carriers with local fields [10e15]. In the
absence of an external magnetic field these local fields have
random orientations, so that a significant spin mixing is generally
observed between the precursor states that governs the spin carrier
dynamics. The application of an external field promotes a reduction
in the mixing, leading to changes on the carriers dynamics and
consequently on the electrical and optical responses of the devices.

Basically two categories of models have been proposed to
explain the origin of OMAR: the bipolaron model [16] and the
excitonic models [17e24]. In the excitonic models it is considered
that the magnetic field can either modulate the inter-conversion
between singlet and triplet electron-hole pairs (electron-hole pair
model) or interfere in reactions involving triplet excitons and free
carriers (triplet-polaron reaction model); while in the bipolaron
model it is proposed that the response of the device depends on the
formation of bipolarons during the hopping processes in the
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organic material.
As a matter of fact, a variety of physical processes that can be

influenced by an external magnetic field are supposed to happen in
OLEDs under working conditions [25e27]. Since these processes in
general present distinct response times, the use of techniques in
the frequency domain can be a very interesting tool to identify the
MFEs that indeed dominate the electrical response of the device in
distinct frequency ranges. Moreover, additional information can
also be obtained by the phase analysis of these responses. In this
context, OMAR studies in the frequency domain have been carried
out [26e32].

Wagemans et al. [28], Janssen et al. [30] and Wang et al. [29]
have investigated frequency dependence of OMAR in Alq3-based
devices by applying a DC bias voltage and a modulated magnetic
field. They have observed that the magnetoconductance decreases
when the frequency is increased, and this dependence is stronger at
lower voltages. The role of minority carriers dynamics was high-
lighted in theseworks, as well as that negative capacitance could be
associated with the effect. Since magnetic field modulation was
used, it was difficult to understand and separate the electrical and
magnetic frequency contributions.

These setbacks were overcome by Rogachev and coworkers that
investigated the MFEs induced on the admittance spectra of MEH-
PPV-based OLEDs under weak static magnetic fields [31,32]. In this
approach it was considered that the external magnetic field induces
a constant change on physical parameters of the device, allowing a
more direct interpretation of the electrical responses. Djidjou et al.
identified that theMFE observed on their device could be attributed
to two relaxation processes with distinct time scales, linked to trap-
assisted monomolecular recombination and bimolecular recombi-
nation [31]. They also observed that changes induced in the device
admittance by small magnetic fields are similar to the changes
promoted by small variations in the bias voltage at zero magnetic
field, which were attributed to changes in the carrier concentration
[31,32]. In this work the effect of temperature was not investigated.
As a matter of fact it is known that the OMAR effect generally
presents aweak temperature dependence [33], however changes in
this parameter could disturb spin dependent mechanisms with
specific response times, providing additional information in the
frequency domain.

In this report, the effect of a static magnetic field in the electrical
impedance was measured in Alq3-based OLEDs as a function of
temperature. Changes on the real and imaginary components of the
impedance and capacitance were observed. Simulations employing
equivalent circuits and small signal analysis via numerical solutions
of Boltzmann transport equations in the drift-diffusion approxi-
mation were employed. The results suggest that the MFEs are
responsible for (at least) two distinct phenomena on the AC elec-
trical response of the device: i) changes on the carrier mobility (in
particular an increased hole mobility) that lead to an increase in the
current and ii) quenching in the bimolecular recombination rate
and/or an increase on the minority carrier mobility that lead to an
intensification of the negative capacitance effect at low frequencies.
It was also observed that the magnetic field induced changes do not
present a strong dependence on temperature. The results were
interpreted in terms of current models for OMAR.

2. Methodology

2.1. Experimental section

The organic light emitting diode was prepared by thermal
evaporation under high vacuum ð<5� 10�7mbarÞ. All processing
outside the vacuum chamber were performed inside an inert gas
glove box. Indium tin oxide (ITO) coated glass substrates were
cleaned in a sequence of ultrasonic baths using: ethanol, acetone,
detergent and Milli-Q water, respectively. The organic layers were
deposited as follows: (i) 12nm thick copper phthalocyanine (CuPc)
layer (to improve hole injection); (ii) 40nm thick N,N0-Di(1-
naphthyl)-N,N0-diphenyl-(1,10-biphenyl)-4,40-diamine (a-NPD) (as
a hole transporting layer - HTL) and (iii) 60nm thick Alq3 (electron
transporting and emissive layer - ETL). For the top electrode a
0:8nm thick LiF layer was deposited followed by a 100nm thick Al
layer. In order to avoid oxidation processes the device was electri-
cally connected and sealed within a quartz tube with diameter
5mm typically employed in electron spin resonance (ESR)
experiments.

Electrical impedance spectroscopy (EIS) was measured in a
homemade apparatus. The device was subjected to a DC bias
voltage (typically VDC ¼ 3:5V) superimposed with a small AC
voltage with an amplitude of VAC

pp ¼ 100mV (peak-to-peak) and in
the frequency range 10Hz� 200kHz. In-phase and quadrature
components of the AC current were detected using phase sensitive
techniques via a Lock-in amplifier. The magnetic field was gener-
ated in a X band ESR spectrometer (MiniScope MS300 - Magnet-
tech). The temperature control was performed with the aid of the
cryogenic system of the ESR spectrometer.

The experimental frame was composed of 21 consecutively
collected electrical impedance spectra (each one comprising the
entire frequency range: 10e200kHz, see Fig. 2a). The 21 spectra
were collected by alternating the magnetic field applied on the
sample between H0 ¼ 5:5mT and H1 ¼ 450mT (minimum and
maximum values of the employed apparatus). By employing a non
zero H0 we intend to avoid ultra-small magnetic field effects at the
same time that we keep the external magnetic field at the same
order of typical molecular fields (hyperfine interactions) [33].

EIS were measured at different temperatures, ranging from 233
to 333K; the DC bias voltage for each temperature was adjusted in
order to fix the DC current at 35mA (with this we always kept the
emitting state of the device). During the experiments the DC
voltage and temperature were held constant. In all measurements
the applied magnetic field was perpendicular to the device
substrate.

Since the electric current of these devices typically presents
temporal variations, the analysis of the MFEs in electrical response
of the device was determined by averaging the differences between
the spectra obtained for H0 (named herein as low field condition -
LFC) andH1 for the entire frequency spectra. For this purpose, linear
interpolations were performed for each frequency by considering
H0 and H1 points separately. The changes induced on the real
ðDZ0ðf ÞÞ and imaginary ðDZ 00 ðf ÞÞ components of impedance were
calculated by subtracting each collected point and the intermediary
interpolated value. The average MFE on the impedance were then
estimated for each frequency based on 21 values of DZ0 and DZ

00
(see

Supplementary Material for an illustrative representation).
The performance of the device was evaluated via JxV curve and

voltage dependent optical power emission. Complementary studies
on the MFEs induced on device electroluminescence were also
performed (see Supplementary Material).

2.2. Simulations

2.2.1. Drift-diffusion approach
In order to assess more information regarding the microscopic

mechanisms associated with the MFEs in our system, small signal
analyses were performed for a simplified unidimensional bipolar
monolayer device via the Drift-Diffusion approach (SSA/DD). Fig. 1
highlights the differences between the real and simplified model
device employed in the simulations.

Eqs. (1)e(3) present the relations employed in both steady state



Fig. 1. a) Chemical structure of the main constituting molecules of the OLED, and b) energy-level alignments associated to the layers. Architecture of c) real device and d) simplified
model device employed in SSA/DD simulations.
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and SSA/DD studies of the device:

FjðjðxÞ;nðxÞ; pðxÞÞ ¼ ε

d2

dx2
jðxÞ � q½nðxÞ � pðxÞ� (1)

FnðjðxÞ;nðxÞ; pðxÞÞ ¼ 1
q

d
dx

JnðxÞ � RðnðxÞ; pðxÞÞ (2)

FpðjðxÞ;nðxÞ;pðxÞÞ ¼ �1q
d
dx

JpðxÞ � RðnðxÞ; pðxÞÞ (3)

where ε represents the dielectric constant of the organic layer, q is
the elementary charge; jðxÞ represents the electric potential dis-
tribution inside the device (at x position); nðxÞ and pðxÞ represent
the density of free electrons and holes. Jn and Jp represent,
respectively, the electron and hole current densities given by:

JnðxÞ ¼ �qmnðxÞnðxÞ
d
dx

jðxÞ þ qDnðxÞ ddx nðxÞ (4)

JpðxÞ ¼ �qmpðxÞpðxÞ
d
dx

jðxÞ � qDpðxÞ ddx pðxÞ (5)

The diffusion coefficient (D) was described by Einstein relation
[34,35]:

DkðxÞ ¼
kBT
q

mkðxÞ; (6)

and a Poole-Frenkel behavior of charge carriers mobilities (m) was
considered for electrons and holes [36]:

mkðxÞ ¼ m0kexp

 ffiffiffiffiffiffiffiffiffi
EðxÞ
E0k

s !
: (7)

where kBT represents the thermal energy (taken as 0:025 eV), EðxÞ
represents the electric field inside the device at x position, E0k a
constant factor (considered as 7� 105 V=m), and m0k represents the
field independent carrier mobility coefficient.

The recombination was described via Langevin equation [37]:

RðnðxÞ; pðxÞÞ ¼ RL
q
ε

h
mnðxÞ þ mpðxÞ

i
nðxÞpðxÞ (8)

where RL is a pre-factor, initially considered as 1.
Steady state conditions were set up by considering

Fjðj;n; pÞ ¼ 0, Fnðj;n; pÞ ¼ 0 and Fpðj;n; pÞ ¼ 0 in Eqs. (1)e(3).
Scharfetter-Gummel approach was employed for the discretization
of the current densities [38]. The boundary conditions j1 ¼ 0 and
jN ¼ Vappl � Vb were employed for the potentials; where Vappl
represents the applied voltage and Vb the internal built-in voltage.
The charge densities at the vicinities of the electrodes were
calculated by using Gauss-Fermi integrals involving the estimated
frontier energy levels of the organic materials (EHOMO and ELUMO),
the work function of the electrodes (Wanode and Wcathode) and a
Gaussian density of states (with sHOMO ¼ sLUMO ¼ 0:1eV). The
charge injection was performed by considering an effective injec-
tion barrier of 4pð4nÞ ¼ EHOMOðELUMOÞ �WanodeðWcathodeÞ [39].
Initial steady state solutions were iteratively obtained via Gummel
method and refined via Newton method.

SSAs were performed by setting Fjðj;n; pÞ ¼ 0,
Fnðj;n; pÞ ¼ dn=dt and Fpðj;n; pÞ ¼ dp=dt in Eqs. (1)e(3). The time
dependent response of the system was calculated by the lineari-
zation around the stationary solutions ðj0;n0; p0Þ of Eqs. (1)e(3)
subjected to a small perturbation [40]:

ðjðtÞ;nðtÞ; pðtÞÞT ¼
�
j0;n0; p0

�T þ �jAC ;nAC ; pAC
�T

$eiut (9)

Expanding the DD equations around Fjðj0;n0; p0Þ ¼ FDCj ¼ 0,
Fnðj0;n0; p0Þ ¼ FDCn ¼ 0 and Fpðj0;n0; p0Þ ¼ FDCp ¼ 0 the resulting
system of equations was solved by:
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where Fk, j
AC , nAC , pAC represent vectors whose components are

associated with N � 2 discretized sites, excepting the boundary
conditions set as jAC

1 ¼ jAC
N ¼ nAC1 ¼ nACN ¼ pAC1 ¼ pACN ¼ 0.

After obtaining JACn and JACp , the displacement current
JACd ¼ ε:ðvEAC=vtÞ (where EAC is the AC electric field on the device)
was added to obtain the total current density of the device
JACt ¼ JACn þ JACp þ JACd .

The influence of the external magnetic field was incorporated in
the model by considering small changes induced on m0n, m

0
p (Eq. (7)),

RL (Eq. (8)), 4n and 4p parameters. These changes are consistent
with most of the MFEs predicted by the currently accepted OMAR
models [16e24]. Such effects were incorporated in the model by
performing small percentual changes on the initial parameters set
(employed to simulate the impedance and capacitance spectra at
LFC) and comparing the resulting changes with those experimen-
tally observed. It is important to highlight that such approach is just
possible because the experiment was conducted by considering a
constant influence of the magnetic field on the electrical response
of the device. Modulated magnetic perturbations would require
more sophisticated approaches [28,30].
Fig. 2. Experimental (full circles) and simulated curves obtained via EC (open circles)
and SSA/DD (full lines) approaches for Alq3-based OLED at 293K and H0 ¼ 5:5mT (LFC).
a) Real ðZ0Þ and the negative of the imaginary ð�Z 00 Þ components of the standardized
impedance spectra (taken in relation to Z0 at 10Hz, i.e. Z0ðf Þ=Z0ð10HzÞ and
Z
00 ðf Þ=Z0ð10HzÞ), and b) normalized capacitance spectra (based on geometric capaci-

tance, Cgeo ¼ 1:35nF).
2.2.2. Equivalent circuit approach
Complementary equivalent circuit (EC) analyses were also per-

formed to evaluate the AC response of the OLED. For this purpose
the system was simulated by considering a parallel RC circuit in
such away that the real ðZ0ðf ÞÞ and imaginary ðZ 00 ðf ÞÞ components of
the impedance were described by Eq. (11).

Zðf Þ ¼ Z0ðf Þ þ Z
00 ðf Þi ¼ R

1þ ð2pfRCÞ2
� 2pfR2C

1þ ð2pfRCÞ2
$i (11)

The influence of the external magnetic field was incorporated in
the system by performing small percentual changes on the total
resistance (R) and capacitance (C) of the system (i.e. X1 ¼ X0 þ aX0,
for X ¼ R or C).

The frequency dependent resistance ðRðf ÞÞ and capacitance
ðCðf ÞÞ were estimated via Eq. (11) by:

Cðf Þ ¼ Im
�

1
2pfZðf Þ

�
(12)

Rðf Þ ¼ 1
Re½1=Zðf Þ� (13)
3. Results and discussions

3.1. Experimental

Fig. 2 shows a typical impedance spectra obtained at LFC
(normalized in relation to Z0ð10HzÞ) and the respective capacitance
spectrum (normalized in relation to the geometric capacitance,
Cgeo). Full circles represent the experimental data points, open
circles represent the curves coming from EC fitting and the full lines
from SSA/DD simulations (see Section 3.2 for details).
As evidenced in Fig. 2b, the effect of negative capacitance (NC) is
observed for frequencies below 30Hz. This phenomenon is
commonly reported for OLEDs, being mainly associated with the
dynamics of the charge carriers in the device and space charge
[30,41]. In general NC is more pronounced at low frequencies,
where the response times of the charge carriers (mainly the less
mobile ones) are of the same order of the external AC excitation
(see Ref. [41] for details).

Fig. 3 illustrates the changes induced by the magnetic field on
the capacitance and resistance spectra of the device, obtained via
Eqs. (12) and (13). The percentual changes of the parameters Rðf Þ
and Cðf Þwere calculated in relation to the resistance at 10Hz ðRref ¼
Rð10HzÞÞ and the geometric capacitance ðCref ¼ CgeoÞ, both at the
LFC (DXðf Þ ¼ X1ðf Þ � X0ðf Þ=Xref , where Xi represents the parameter
X in the presence of the field Hi, for X ¼ R and C).

In general it is observed that the external magnetic field induces
a reduction on both parameters, Cðf Þ and Rðf Þ. For the capacitance,
the major changes are observed at low frequencies (up to �20%), at
the same region where NC effects are noticed (see Fig. 2b), inten-
sifying it. On the other hand, a constant change on the device
resistance is observed for the whole spectra (around �1%).

Similar changes in Cðf Þ have been reported by Djidjou et al. and
attributed to changes induced on the trap-assisted and bimolecular



Fig. 3. Frequency dependent changes induced on the capacitance (black) and resistance (red) spectra of the device by the external magnetic field. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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recombinations [31,32]. The changes observed in the resistance are
compatible with previous results reported by G�omez et al. for a
similar device [42].

Fig. 4 illustrates the average changes induced by the external
magnetic field on the real and imaginary components of the
impedance spectra. The continuous lines show the adjusted curves
for DZ0 ðZ01 � Z00Þ and DZ

00 ðZ 001 � Z
00
0Þ obtained via EC approach (dis-

cussed in Section 3.2).
Note that the magnetic field induces a quenching in Z0 for fre-

quencies below 7kHz, while an emergent asymmetric peak is
observed for DZ

00
(which is not at the same position of Z

00
peak

shown in Fig. 2a). At first these results suggest that the magnetic
field influences the electrical response of the device on a broader
frequency range. Note that the lineshapes can be associated to
Kramers-Kronig relation [43].

Fig. 5 shows EIS and capacitance spectra acquired at different
temperatures: 233, 273, 293, 313 and 333K . In these experiments
the DC current densities were kept constant in the device (by
appropriate adjustment on the applied voltage) in order to mini-
mize any influence of changes in the carriers mobility (see
Supplementary Material).

As can be seen a decrease in the amplitude of the real and
Fig. 4. Average values of DZ0 and DZ
00
induced by MFE on the device at 293K . Circles

represent the experimental data and continuous lines represent the curves estimated
via EC simulation.
imaginary components of the impedance spectra is observed with
increasing temperature, which means that the OLED becomes less
resistive as expected. It is also observed a shift of the Z

00
peak to-

wards higher frequencies ðfpÞ for higher temperatures, which evi-
dences small changes on the carrier mobilities [44]. By contrast,
Cðf Þ has a similar trend independent of the temperature, especially
at low frequencies; some systematic dependence is observed at
intermediate frequencies (from 200Hz to 20kHz).

Regarding the MFEs, the same pattern for DZ0 and DZ
00
are

observed, independently of the temperature used. In general DC
presents the same trends at different temperatures. For DZ, some
systematic changes can be observed only for the parameter fc (the
cutoff frequency, for which DZ0ðfcÞ ¼ 0) which are compatible with
the changes observed in fp (the frequency associated with the Z

00

peak position for EIS at LFC) highlighted in Fig. 5. Indeed, as can be
seen in the inset of Fig. 5c, these parameters present a similar
dependence with temperature, which suggest that the changes
induced in fc and fp have the same origin, and can be associated
with small changes on carrier mobilities on temperature. This hy-
pothesis is reinforced by preliminary SSA/DD simulations per-
formed by supposing a temperature dependence on charge
injection (Fermi-Gauss integral) and carrier mobilities ðm0k ¼ m0kðTÞÞ
[36] (not shown here for simplicity). Given these considerations,
we can conclude that the observed MFEs have a very weak tem-
perature dependence, at least in the current density employed.

As a matter of fact Bagnich et al. have shown that MFEs can
present different temperature dependences depending on the
current density, which was attributed to electron-hole pairs life-
times [45]. In particular it was shown that it is possible to observe a
very weak temperature dependence in a wide current density
range, which is compatible with the results presented in Fig. 5.
3.2. Simulations

Given the number of static and dynamic variables involved in
the charge transport/recombination and their interdependence, it
is very difficult to underline the exact mechanism associated with
the observed MFEs in the device AC response. In order to interpret
the results, simulations employing EC and SSA/DD approaches were
carried out.

For this purpose an initial optimization of parameters was per-
formed in order to reproduce the typical spectra presented in Fig. 2.
For EC simulation R0 ¼ 13:78±0:08kU and C0 ¼ 1:35±0:01nF had
provided the best agreement. Table 1 presents the set of parameters
employed in the SSA/DD approach.



Fig. 5. Impedance spectra, capacitance spectra and associated MFEs at distinct temperatures (a), c) and e) curves were acquired at LFC).

Table 1
Physical parameters that better represent a real device, reported by Tutiŝ et al. [46]
and the adjusted values employed in our simplified model device.

Parameters Real multilayer
device [46]

Simplified model device

Work function ðeVÞ ITO/CuPc �5:24 Wanode �5:45
Al/LiF �3:51 Wcatode �3:26

EHOMO ðeVÞ a-NPD �5:50 Organic layer �5:80
Alq3 �5:70

ELUMO ðeVÞ Alq3 �3:00 Organic layer �3:00
mp ðm2=VsÞ a-NPD 10�9 Organic layer 3:88� 10�11

Alq3 10�13

mn ðm2=VsÞ Alq3 10�12 Organic layer 1:08� 10�15
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SSA/DD parameters were obtained from a systematic study by
initially considering some optimized parameters reported for a
similar device [46]. It is interesting to note that despite of themodel
simplicity, in general the optimized values were not so dissonant
from those expected for real devices, excepting for mn. In the
present case, the large deviation associatedwith this parameter can
be associated with the presence of interfaces in the organic layer of
the real device, where negative charges are supposed to accumu-
late during the device operation [46]. Such feature, associated with
the lower mobility of electrons expected in a-NPD (trap limited
transport [47]) could indeed lead to the reduced mobility obtained
in our model device.

Nevertheless it is important to stress here that, given the
simplicity of the employedmodel, themain objective of the SSA/DD
simulations is not establishing a reasonable set of parameters for
device simulation or even provide precise curve fittings, but only
evaluate the main role of MFEs on some device descriptors in order
to identify which are associated with the observed responses.
Additional studies considering the interfaces (and exciton dy-
namics) are necessary for a more in-depth analysis.

As can be noticed in Fig. 2, the electrical behavior of the device is
well described by a simple EC simulation in awide frequency range.
Large deviations are observed in the capacitance spectra at low
frequencies ðf <100HzÞ, just where the NC phenomenon starts (and
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then the use of a pure RC system is no longer applicable). On the
other hand, despite the simplicity of our monolayer device, the
simulation via SSA/DD was able to reproduce the experimental
curves, including the NC effect. In this case larger deviations are
observed in an intermediary frequency range (between 25 and
100 Hz) that can be associatedwith the trap assisted recombination
contribution [31], that is not considered in our simplified model.

For the simulation of DZ0 ðZ01 � Z00Þ and DZ
00 ðZ 001 � Z

00
0Þ via EC

approach (Fig. 4) the variations employed, which are associated
with the magnetic field induced changes, were DR ¼ �0:01R0 (�1%
of change) and DC ¼ 0:0. The good fits obtained indicate that the
predominant behavior of DZ0 and DZ

00
curves can be ascribed to a

constant variation on the resistance of the device, which is also
compatible with DR=R0 � �1 % as presented in Fig. 3. Larger de-
viations are observed below 1 kHz, mainly for DZ0, where fluctua-
tion are observed around the predicted value (that is also observed
for different temperatures, see Fig. 5). In fact, the interpretation of
such effect is not simple. Preliminary SSA/DD studies suggest that it
could be associated with trap effects, however more studies are
necessary.

In order to evaluate the changes promoted in the device
response due to small changes on m0n, m

0
p , RL, 4n and 4p parameters

(induced by the static magnetic field), the impedance and capaci-
tance spectra of the model system were simulated considering
systematic variations of the values initially associated with the LFC
(SSA/DD spectra shown in Fig. 2aeb obtained via the parameters
presented in Table 1). Fig. 6 illustrates the influence of each
parameter on the impedance and capacitance of the device. The
curves were normalized by Z00ð10HzÞ and Cgeo. For each analysis,
just one parameter (X) was changed by a small factor a

ðX ¼ ð1þ aÞ:X0Þ, while the others were kept constant (obtained for
LFC).

As can be noticed, the modifications on mp and 4p lead to larger
changes on the impedance spectra as compared to mn, 4n and RL. In
general, an increase on m0p ða ¼ þ1:25%Þ or a decrease on 4p
parameter ða ¼ �0:15%Þ appropriately describes the observed
changes on Z0 and Z

00
, however the effects on the capacitance are

underestimated for both, with an opposite effect associated with
D4p. On the other hand, despite the small effect induced by mn and
RL on the impedance spectra, these parameters dominate the
changes on device capacitance, which is compatible with the re-
sults reported by others [28e32]. In particular, an increase in the
electron mobility and a decrease of the Langevin recombination
parameter of around 1% can lead to capacitance changes of the
same order of that observed in Fig. 3. In general changes in the
injection barriers lead to non compatible behaviors for DZ0, DZ 00 and
DC.

The results presented in Fig. 6 suggest that variations on mp, mn
and RL are compatible with the MFEs observed in the impedance
and capacitance spectra. Fig. 7 illustrates the curves DZ0,DZ 00 and DC
as a result of the variations concomitantly imposed to these three
parameters. An increase for the mobilities and a decrease for the
recombination of 1% and 1:25% were considered. Note that for
jaj ¼ 1:25%, that provided the best fit for individual changes (Fig. 6),
overestimates the overall effect, indicating an expected interde-
pendence of the parameters. The best fit is obtained for jaj ¼ 1%. A
similar study was performed by considering concomitant changes
on 4p and RL parameters (see Supplementary Material).

Such results show that the MFEs observed in our device can be
associated (at least) with two concomitant effects: i) device resis-
tance reduction, induced by an increase on themobility of the more
mobile carriers, and ii) frequency dependent capacitance changes,
promoted by an increase on the mobility of the less mobile carrier
and/or a reduction on the bimolecular recombination rate.

Regarding the changes on the device capacitance, the reduction
of RL parameter is indeed compatible with the intensification of the
NC effect. As a matter of fact, in a series of theoretical studies on NC
employing DD equations, Gommans and collaborators [41] have
shown that reduced Langevin recombination rates lead to more
intense NC effect at low frequencies, similar to that observed in
Fig. 3. It is argued that the reduction of the carriers recombination
leads to amore significant interpenetration of negative and positive
carriers, reducing the effective space charge, and intensifying the
NC effects [30,41]. The reduction of RL is also compatible with the
MFEs reported by Li et al. which have attributed the changes on the
electroluminescence of a similar Alq3-based device to a reduction
of the bimolecular recombination coefficient [48].

In this context it is important to note that in the framework of
the employed DD approach, a reduction in the bimolecular
recombination rate can be associated to changes on the free charge
density. The precursor pairs associated with the formation of ex-
citons can recombine (leading to the generation of excitonic states)
or dissociate at specific rates, and Rðn; pÞ represents the balance
between these rates. Thus a reduction in the RL obtained in our
simulation is not in contradiction with the electroluminescence
enhancement typically observed in Alq3 based OLEDs [21,48e50]
(as a matter of fact, positive magnetoelectroluminescence effects
were also observed in our device, see Supplementary Material).

Finally, the association of MFE with the dynamics of the slowest
carrier (called minority carriers in devices with well balanced e-h
injection) is also described in the literature [28e30]. In particular,
the association of less mobile carriers with DC in organic devices is
mainly due to the frequency range where this MFE is observed (low
frequency domain) that is of the same order of the transit time of
these carriers. Indeed, our simulation shows a significant influence
of Dmn on the intensification of NC effect.

3.3. Considerations regarding the current OMAR models

Despite the above mentioned changes being compatible with
our experimental results, it is important to keep in mind that they
can in fact be associated with very complex processes, that can not
be described by our simple model (such as interaction of accumu-
lated carriers at the interfaces, exciton dynamics, charge-exciton
reactions, etc). However it is possible, at least, to underline mech-
anisms associated with the currently accepted OMAR models that
could lead to such concomitant MFEs in the device. In this context,
we present below an analysis of our main results based on these
models.

Let us start with the bipolaron (BP) model. In this model it is
supposed that the external magnetic field decreases the probability
of BP formation. If the formation of bipolarons is a relevant inter-
mediate mechanism for charge transport, the net effect induced by
the magnetic field is a negative change in the device current by
hopping blockage (spin blocking mechanism) [51]. On the other
hand, positive changes are expected if BP formation act as an
effective trapping mechanism in the device [26,27]. In this context,
decreasing BP formation increases the free charges density,
increasing the total current [16]. In our device a positive current
response is observed, in such a way that BP trap mechanism could
be involved, leading to an increase in the carriers density in the
transport layers (in particular, given charge accumulation at the
organic/organic interface, positive BP can be consideredmore likely
in our device).

In our simulations such effect is well described by the changes
promoted in 4p, specially because interfaces effects or exciton-
charge reactions are not relevant to this transport layer. However
despite that the changes on impedance are compatible with an
increase in the density of holes (decrease in 4p) the changes in the
capacitance are not compatible with the experimental results,



Fig. 6. Systematic study of the changes induced on the standardized Z0ðf Þ, Z 00 ðf Þ and Cðf Þ, due to small variations on the parameters: a) m0p , b) m
0
n (for a% ¼ �1:00, 0.25, 0.50, 0.75,

1.00, 1.25, 1.50, 1.75, and 2.00), c) RL (for a% ¼ �2:00, �1:75, �1:50, �1:25, �1:00, �0:75, �0:50, �0:25, and 1.00), d) 4p and e) 4n (for a% ¼ �0:20, �0:15, �0:10, �0:05, 0.05, 0.10,
0.15, and 0.20). The arrows indicate the effect promoted by an increase in a% parameter.
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Fig. 7. The best fit obtained for the standardized DZ0ðf Þ, DZ 00 ðf Þ and DCðf Þ via SSA/DD approach. Concomitant changes on the parameters m0p , m
0
n , and RL were considered: i) jaj ¼

1:00% (red lines) and ii) jaj ¼ 1:25% (green lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which undermines this hypothesis.
However, the crucial problem of the BP model to interpret our

results is the explanation of magnetic field induced changes on the
recombination rate. For this purpose it should be necessary to
consider a mechanism in which a reduction in the BP population
could lead to changes in the recombination. In this context, the
suppression of bipolaron/polaron (BP/P) reactions could be an
alternative.

Interestingly such mechanism is often disregarded in the
explanation of OMAR, in spite of its known influence on electro-
luminescence [52e54]. In general, BP/P reactions involve different
microscopic mechanisms, but the net effect can be described by Eq.
(14) [53].

BPþþð��Þ þ P�ðþÞ/hnþ Pþð�Þ: (14)

Bipolarons are generally formed in the singlet configuration, so
BP/P reactions can be considered a spin-independent process,
though BP generation is a spin dependent event [55]. This and the
higher Coulomb interaction among the involved species, turn the
BP/P reactions more efficient than Pþð�Þ=P�ðþÞ ones, so that a
reduction of BP population could lead to a quenching in the effec-
tive recombination. Nevertheless BP/P reactions are not plausible in
our case. Considering charge accumulation [46], such mechanisms
should be more relevant at the electron and hole transport layers
(ETL and HTL) interface. In our device it is expected to involve
positive BP ðBPþþÞ and electrons ðP�Þ, so an effective BP/P reaction
supposes a hopping of BPþþ into the emissive layer, which is not a
probable mechanism, given the energy level alignments of Alq3 and
a-NPD frontier orbitals [46] as well as the lowmobility expected for
this specie. We believe, however, that the plausibility of such
mechanisms deserves more detailed studies.

In this context, double-carrier mechanisms, such as the ones
involving electron-hole pair (e-h pair) and triplet/polaron reaction
(TPR), provide a more direct interpretation of our data. In the e-h
pair model it is supposed that electrons and holes form correlated
pairs (called e-h pairs) during the charge transport process, which
despite being coulombically (weakly) bound are far enough from
each other so that the exchange effects are negligible compared to
the hyperfine interactions. The e-h pairs are supposed to recom-
bine, forming singlet (S) or triplet ðTþ1;0;�1Þ excitons, or dissociate
back into free charge carriers with specific rates. The model pre-
dicts that an external magnetic field can change the population of S
and T precursor pairs in the device, modifying the balance of singlet
and triplet excitons at steady state, and consequently the electrical
and optical responses. The net effect depends on the intrinsic
transition rates associated with S and Te-h lifetimes, tSr and tTr (that
lead to the formation of S and T excitons), as well as their respective
dissociation rates (kSd and kTd). In particular Bagnich et al. in their
study about the MFE on PPV-based devices demonstrated that an
enhancement of the device current (compatible with a reduction in
the resistance) and electroluminescence (typically also observed in
Alq3 based OLEDs, see Supplementary Material) could be obtained
by considering tSr=t

T
r >1 and kTd=k

S
d � 1 which suggest that S e-h

pairs have a longer lifetime and higher dissociation rate than T [45].
Indeed, positive MFEs in electroluminescence have been

observed for Alq3-based OLEDs, suggesting that the magnetic field
leads to an enhancement of S population in these devices
[21,48e50]. By considering that kTd=k

S
d � 1, which is compatible

with the proposition of Hu and collaborators that singlet e-h pairs
are more easily dissociated than triplet ones, given the more ionic
nature of the wave function associated to them [23], the increase in
the S e-h pairs can reduce the effective formation of excitons
(despite of increasing the proportion of S:T excitons), leading to an
effective reduction in the bimolecular recombination rate, that is
compatible with the reduction of the RL parameter in our simula-
tions. Additionally, as already stated, it leads to a higher interpen-
etration of positive and negative charges, leading to a
intensification of the NC effect.

However it is difficult to interpret changes in the charge carriers
mobilities via the e-h pair model. In this model, positive magne-
toconductance is generally associated with the current coming
from pair dissociation [17] or release of trapped charges induced by
T excitons [24]. In our simulations, pair dissociation is already
considered in RL changes and it is not able to reproduce the
experimental results. On the other hand, an increase in T popula-
tion that could lead to significant release of trapped charges is not
compatible with positive MFE in electroluminescence (at least in
conjunction with the kTd=k

S
d � 1 condition).

Let us consider the TPR model. This model was initially pro-
posed by Desai et al. and states that a large number of T excitons is
present in OLEDs under steady state condition (since they present a
long lifetime compared to S excitons), which diffuse through the
organic material. It is claimed that such T excitons could interact
with free carriers (P) according to the following mechanism [21]:

T þ P�����! �����k1 ðT/PÞ����!k2 P þ S�0 (15)

where ðT/PÞ represents an intermediate state and S�0 represents an
excited vibrational level of themolecule ground state. The first term
of Eq. (15) represents the free charge scattering by a triplet exciton,
which is assumed to promote a decrease in the carrier mobility. The
last one represents the triplet-polaron quenching effect associated
with non-radiative decay of T excitons.

According to the TPR mechanism, the external magnetic field
changes the interconversion between S and T excitonic states,
leading to a decrease in the T excitons population. Such an effect
reduces the probability of triplet-charge reactions, leading to a
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reduction of scattering processes and, consequently, to an effective
increase on the carrier mobilities. By increasing the S exciton
population, it also leads to positive changes on the device
electroluminescence.

Thus, the TPR mechanism can explain the increase in the car-
riers mobility, but not the changes on RL. TPR involves the inter-
conversion between excited neutral states (T and S excitons), that
are in principle monomolecular species, so this mechanism is not
supposed to induce changes on the bimolecular recombination rate
Rðn; pÞ. In this context, an interesting question is: If Eq. (15) rep-
resents a plausible mechanism associated to the T excitons dy-
namics, the reduction of T e-h pairs (and consequently T excitons)
proposed in the e-h pair model could not lead to the same
quenching in the scattering processes proposed in the TPR mech-
anism? Or, in other words, could the e-h pair mechanism be
associated to the carrier mobility enhancement induced by TPR
quenching?

As a matter of fact, in the framework of the double-carrier
mechanisms, Hu et al. describe the role of TPR in a distinct way,
where scattering effects are not (explicitly) considered [23,56]. On
the other hand, recently Cox et al. proposed that trions could be
considered as one of the causes of OMAR, whose main effect is
compatiblewith carriers scattering via TPRmechanism [57]. So that
the real role of TPR in OMAR is not well defined.

In a relatively recent work Peng et al. have suggested that TPR is
not the dominant mechanism for the MFE in Alq3-based OLEDs
[50]. Transient electroluminescence experiments were performed
in an ITO/NPB/Alq3/LiF/Al device and no difference on delay time
ðtdÞ between the application of the pulse voltage and the inter-
section of the rising edge of the pulse EL signal was observed for
different offsets and pulse voltages. Since the formation of triplet
excitons should be expected due to the applied voltage offset, it was
proposed that the TPR could not be associated to significant
changes on the carrier mobilities. However, the interpretation of
transient spectra of multilayer devices is quite complex, and en-
compasses charge accumulation effects as well a variety of in-
teractions that turns the td interpretation difficult. In particular, for
the electric field range considered in Ref. [50], Barth et al. have
already pointed out that td is associated with holes accumulation at
organic/organic interface rather than charge carriers transport [58],
undermining its direct association to MFEs that are supposed to
occur in the Alq3 layer. In this context, the results reported by Peng
et al. can be better associated to the absence of the BP mechanisms,
since these species are more likely present close to the interface (in
particular HTL, due to the high hole density at the organic/organic
interface [46]).

Dark injection (DI) experiments can provide more reliable data
and are easier to interpret. In this context, Song et al. have shown
that TPR can induce changes on the carrier mobilities in N,N0-
diphenyl-N,N0-bis(3-methylphenyl)-(1,10-biphenyl)-4,40-diamine
(TPD), attesting the significant influence of TPR in OMAR effect [59].

Given this scenario, TPR can indeed be considered a relevant
mechanism associated to MFE in organic devices. Once its influence
is associated with changes induced on the T excitons density, and
considering that it depends on the population of T e-h precursor
pairs, we consider that it can be easily evaluated using e-h pair
models, such as the ones proposed in this work. In this sense, we
can conclude that the observed MFEs in our device can be directly
understood in terms of e-h pairs interconversion which leads to an
increased S e-h pairs population. Such effect, in turns, promotes: i)
an enhancement of S exciton population, leading to a positive
change in the device electroluminescence (see Supplementary
Material); ii) a higher interpenetration of positive and negative
charges, since S e-h pairs present a more pronounced dissociation
rate, that leads to an intensification of NC effect and reduced
bimolecular recombination rate; and iii) a decrease in the T exciton
population that leads to a reduction of free charges scattering,
which leads to an increase in charge mobility and positive mag-
netoconductance. In this framework the changes induced on the
current density and electroluminescence have the same origin.

In fact, distinct and more complex scenarios could be specu-
lated, since the presence of organic/organic interfaces in the device
could change the interdependence between charge mobilities and
recombination rates. In this context, more sophisticated simulation
models including interfaces, charge accumulation and exciton dy-
namics could provide a more detailed picture, however it is out of
the scope of this paper.

4. Conclusions

Electrical impedance spectroscopy measurements were per-
formed in the presence of external magnetic fields on Alq3-based
OLED at different temperatures. Magnetic field effects were
observed on the impedance and capacitance spectra of the device.
Changes of up to 20% have been observed on the capacitance
spectra at low frequencies (below 100Hz), while smaller variations
were identified on the real and imaginary components of the
impedance spectra. The results showed that the involved MFEs do
not present a strong temperature dependence. Simulations
employing SSA/DD approach (on a simplified device model) and RC
equivalent circuits suggest that the observed electrical changes
(induced by an external DC magnetic field) can be associated with
an enhancement of the carriers mobility and a quenching of the
recombination rates, that leads to a reduced resistance and a more
intense NC effect in the device. The results were interpreted in
terms of the currently accepted OMAR models and the best
agreement was with the so called e-h pair model. Given the
magnitude of the changes observed in the impedance and capaci-
tance of the device, our results also suggest that OMAR effect can be
employed for the development of magnetic-field dependent low-
pass filters.
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