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Spin-dependent space-charge-limited carrier conduction in a Schottky barrier diode 
using polycrystalline p-type π-conjugated molecular pentacene is explored using  
multiple-frequency electrically detected magnetic resonance (EDMR) spectroscopy 
with a variable-angle configuration. The measured EDMR spectra are decomposed into 
two components derived, respectively, from mobile and trapped positive polarons. The 
linewidth of the EDMR signal for the trapped polarons increases with increasing reso-
nance magnetic field for an in-plane configuration where the normal vector of the device 
substrate is perpendicular to the resonance magnetic field, while it is independent of  
the field for an out-of-plane configuration. This difference is consistent with the penta-
cene arrangement on the device substrate, where pentacene molecules exhibit a uniaxial 
orientation on the out-of-substrate plane. By contrast, the mobile polarons do not show 
anisotropic behavior with respect to the resonance magnetic field, indicating that the 
anisotropic effect is averaged out owing to carrier motion. These results suggest that the 
orientational arrangements of polycrystalline pentacene molecules in a nano thin film play 
a crucial role in spin-dependent electrical conduction.

Keywords: spintronics, electrically detected magnetic resonance, organic semiconductor, morphology,  
electron spin resonance, spin-dependent process, polaron, pentacene

inTrODUcTiOn

Organic semiconductors exist in various polycrystalline forms, the morphologies of which affect 
the characteristics of electronic devices incorporating such semiconductors (Thorsmølle et  al., 
2009). In particular, for π-conjugated molecules, the device structure determines the optimal 
orientation of π-stacking planes, since carrier mobility varies depending on whether the direction 
of carrier transport is aligned with the direction of π-stacking (Lee et al., 2006). For example, for 
devices in which electrical current flows in-plane, such as typical field-effect transistors, an edge-
on orientation of plate-like π-conjugated molecules on the substrate surface, with the direction of 
π-stacking parallel to the surface, is appropriate (Sakanoue and Sirringhaus, 2010). On the other 
hand, for structures such as typical solar cells and light-emitting devices, a face-on orientation of 
plate-like molecules, with the direction of π-stacking perpendicular to the substrate surface, is 
appropriate. Therefore, control of molecular orientation and arrangement on substrate surfaces is 
of particular importance in the fabrication of electronic devices.

Organic semiconductors have also attracted interest in the field of spintronics, because they have 
longer spin coherence times than inorganic semiconductors (Sanvito and Dediu, 2012), owing to 
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their generally smaller hyperfine interactions (HFI) and spin–
orbit coupling (SOC) (McCamey et al., 2008). However, despite 
their relative weakness, HFI and SOC play important roles in spin 
relaxation (Yu, 2012; Malissa et  al., 2014) and in the spin Hall 
and inverse spin Hall effects (Ando et al., 2013; Sun et al., 2016). 
Furthermore, HFI and SOC have anisotropic Hamiltonians, and 
therefore, clarification of the effect of molecular arrangements 
upon spin carrier dynamics is important for realizing homogene-
ous device fabrication and improving performance.

Pentacene (the chemical structure of which is shown in 
Figure 2C) is a p-type organic semiconductor with high crystal-
linity and carrier mobility (~1 cm2 V−1 s−1). Because of these lat-
ter properties, thermally evaporated thin films of pentacene have 
been considered for use as active layers in organic field-effect 
transistors (OFETs), and in this context, the relationship between 
the morphology of these films and carrier mobility has been the 
subject of a number of studies (Yang et  al., 2005; Gershenson 
et  al., 2006; Honsho et  al., 2013; Kim et  al., 2014). Thin films 
produced by thermal evaporation contain both crystalline grains 
and disordered regions at the grain boundaries, with the degree 
of crystallinity being controllable by altering the evaporation 
conditions. The presence of disorder at the grain boundaries 
leads to a bottleneck for carrier conduction in these regions and 
is thus of particular importance with regard to device perfor-
mance. Knowledge of the aggregation states of polycrystalline 
thin films is, therefore, indispensable for attempts to improve 
performance.

Additionally, optically detected magnetic resonance (ODMR) 
spectroscopy (Köhler et  al., 1993) of pentacene has revealed a 
large difference in occupancy rate between excited triplet 
sublevels. This is the origin of the large spin polarization of pen-
tacene, leading to its application as a spin polarization material 
for dynamic nuclear polarization (DNP) (Takeda et  al., 2001; 
Tateishi et al., 2014). Furthermore, pentacene is of importance 
not only for electronics but also for spintronics, as exemplified 
by the generation of a pure spin current on a pentacene film 
(Tani et al., 2015) and by spin-dependent electrically conduction 
(Fukuda and Asakawa, 2017). It is known that spin relaxation 
in organic semiconductors depends on their carrier transport 
mechanisms. Carrier transport in pentacene is believed to 
be intermediate between band-like and hopping conduction 
(Sakai et  al., 2016; Nakayama et  al., 2017), varying depending 
on the morphology of the material. Therefore, determination 
of the relation between carrier transport and morphology is a 
central issue for spintronic applications of pentacene. Of course, 
the importance of morphology in organic spintronics is widely 
recognized. Nevertheless, the effects of molecular arrangements 
of π-conjugated molecules remain elusive.

Electrically detected magnetic resonance (EDMR) spectros-
copy is a candidate for acquiring information about the relation 
between spin states of a carrier and carrier transport, because 
this method directly measures carrier conduction in a device. 
Separate information about HFI and SOC on a π-conjugated 
polymer can be obtained from multiple-frequency EDMR (mf-
EDMR) measurements (Joshi et al., 2016). However, the limita-
tions of the methodology used in previous work have precluded 
determination of the orientational distributions of HFI and SOC, 

and there have not been any reports of the orientational and 
resonance frequency dependences of HFI and SOC in organic 
semiconductors. Furthermore, in order to obtain more details 
of the influence of molecular arrangements, it would be desir-
able to use mf-EDMR to study the effects of the orientation of 
device elements with respect to an applied static magnetic field. 
However, the mf-EDMR instruments necessary for this task have 
not previously been available.

Various methods are available for multiple-frequency electron 
spin resonance (mf-ESR), using, for instance, a series of ESR 
instruments with a fixed microwave frequency (Krinichnvi et al., 
2004) or stripline-type rather than resonator-type instruments 
at high frequency (>100 GHz) (Noe et al., 2013). Additionally, 
solenoid coils instead of a microwave cavity have been used in an 
mf-ESR apparatus at low frequencies of 1–60 MHz (Mizoguchi, 
1995). For all of these mf-ESR instruments, however, various 
problems remain. First, since the measurement frequency is 
discrete and fixed, special equipment is required to vary the 
resonance frequency in a quasi-continuous manner. Second, they 
are not suitable for simultaneous ESR/EDMR measurements, 
the ESR part of which is needed for calibration of the external 
resonance magnetic field strength. With EDMR, it is difficult to 
make anisotropy measurements, even using mf-EDMR with a 
stripline (Baker et al., 2012) or a coplanar waveguide resonator 
(Joshi et  al., 2016), and cylindrical cavity with a short plunger 
(Seck and Wyder, 1998), partly because the angle between the 
device element and the applied microwave direction has to be 
fixed.

In the previous paper published by us, we developed a 
custom-built mf-EDMR system with waveguide windows and 
simultaneous ESR/EDMR measurements were presented using 
the combined sample of P–N junction-type Silicon diode with 
DPPH powder (Fukuda and Asakawa, 2016). In another previous 
paper published by us, we focused on the relationship between 
EDMR line and J-V characteristics (Fukuda and Asakawa, 2017), 
but we did not perform mf-EDMR measurements on the penta-
cene device. In this article, we unravel the influence of molecular 
arrangements on the carrier spin state for space-charge-limited 
conduction in a pentacene Schottky barrier diode (PSBD), using 
the custom-built mf-EDMR system and a variable-angle mecha-
nism for the device element. Here, we shall describe the very first 
example to implement multiple-frequency EDMR with a mecha-
nism of angle-dependency. In details, we report on variation in 
the linewidth of EDMR peaks measured with two perpendicular 
orientations of the magnetic fields. The linewidth of the magnetic 
resonance for the Au/pentacene/Al device element with respect 
to external magnetic field is broader at θ = 0°, where θ is an angle 
between magnetic field vector and normal vector of the device 
substrate, than that at θ = 90°, which is due to a broadening of 
the Gaussian sub-peak, which is attributed to trapped polarons, 
compared to angular-independent Lorentzian component due to 
mobile polarons.

MaTerials anD MeThODs

Figure  1A shows a schematic illustration of the fabricated 
PSBD with a three-layer structure in which the pentacene thin 
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FigUre 1 | (a) Schematic structure of the pentacene Schottky barrier  
diode (PSBD). (B) Conceptual scheme of mf-EDMR. (c) PSBD mounted in 
the cavity.
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film is sandwiched by electrodes. Pentacene was purchased 
from Wako Pure Chemicals (Tokyo, Japan) and used as 
received. First, an Au bottom electrode was vapor-deposited 
using a custom-built resistive-heating thermal evaporator on 
a cleaned soda lime glass substrate (S1111, Matsunami Glass 
Ind. Ltd., Japan) under a pressure of 5  ×  10−3  Pa achieved 
using a turbo molecular pump (YTP-50M, ULVAC, Kanagawa, 
Japan). Next, a pentacene thin film (of thickness 150–170 nm; 
see below) was deposited using another custom-built thermal 
evaporator at room temperature. Finally, an Al top electrode 
was deposited using yet another evaporator. The dimensions 
of the glass substrate were 20 mm × 20 mm, and this was cut 
into four pieces in order to mount it into the EDMR/ESR 
cavity(Figures 1B,C), with each device element having dimen-
sions of 10 mm × 10 mm. The effective cross-sectional area of 
the single PSBD was 2 mm × 8 mm. Prior to Al deposition, an 
additional Au electrode was deposited under the Al electrode 
in order to reduce the contact resistance between the electrode 
and the external circuit by preventing the oxidized Al surface 
from making direct contact with the latter.

In order to determine the electrical properties of the PSBD, 
current density versus voltage (J–V) curves were measured 
using a source-measurement meter (2612A, Keithley), with the 
Au and Al electrodes acting as anode and cathode, respectively 
(Figure 1A).

For the fabricated PSBD, out-of-plane grazing incidence wide-
angle X-ray diffraction (GIWAXD) experiments were performed 
(Rint Ultima III, Rigaku, Tokyo, Japan), working at 40 kV and 
40  mA, with Ni-filtered Cu Kα radiation (λ  =  0.15418  nm) to 
confirm the crystalline structure and orientation of the pentacene 
molecule with respect to the substrate surface. 2θ scans were 
performed over an angular range of 3–25° at a rate of 0.08° min−1, 
with an angle of incidence α1 of 0.2°.

The thickness of the pentacene thin film in the PSBD was 
measured using tapping-mode atomic force microscopy (AFM; 
Nanopics 1000, Seiko Instruments, Inc.) of the film surface 
scratched by metal tweezers.

EDMR measurements were performed on the PSBD in 
two configurations determined by the angle θ between the 
external magnetic field vector H0 and the normal vector n to 
the substrate surface plane: parallel (θ = 0°) and perpendicular 
(θ = 90°). A custom-built mf-ESR/EDMR instrument based on 
the modified ESR/EDMR spectrometer reported in our previ-
ous work (Fukuda and Asakawa, 2016) was used. The resonance 
frequency was varied using a microwave cavity mounted with 
double waveguide windows of the same thickness, as shown in 
red in Figure 1B. The mf-EDMR measurements were performed 
by incorporating a multiple-frequency cavity in the EDMR 
system (Fukuda and Asakawa, 2016, 2017). Three independ-
ent measurements were repeated for three PSBDs, which were 
prepared using the same fabrication process, in order to clarify 
anisotropic behavior and magnetic field dependence. As shown 
in Figures 1B,C, the PSBD was mounted on a sample holder that 
could be rotated within the cavity (the sample holder can be seen 
above the PSBD in Figure 1C). The sample holder incorporated 
a wire supplying current to the PSBD and was equipped with 
four electrodes, the outer two of which provided the current 
path from the external constant-current circuit to the device, 
while the inner two were connected with ground to decrease 
noise. The multiple-frequency measurements were carried out at 
five microwave frequencies in the C-band. The voltage between 
two terminals of the PSBD under a forward constant-current 
density of J  =  1.6  µA cm−2 was measured during a magnetic 
field sweep. The applied microwave irradiation of 3  W power 
was modulated with a rectangular amplitude of 800 Hz through 
a PIN diode switch, and the voltage variations induced by this 
irradiation were detected in a phase-sensitive manner by a lock-
in technique. Furthermore, to improve the signal-to-noise ratio, 
the EDMR spectra were obtained by 100-times integration. The 
magnetic field was calibrated by magnetic field modulation ESR 
measurements of an N-doped Ib-type diamond (Sumicrystal 
CD2016(111)W, Sumitomo Electric Hardmetal, Japan). All 
measurements were performed at room temperature under 
ambient atmospheric conditions.

resUlTs anD DiscUssiOn

Figure 2A shows a typical J–V characteristic of the PSBD. This 
indicates the formation of a Schottky barrier at the pentacene/
Al interface (Voz et  al., 2005), thus confirming the successful 
fabrication of the device. The inset in Figure 2A shows a log–log 
plot of the J–V characteristic over the forward-bias range, with 
the horizontal dashed line corresponding to the current density 
of 1.6 µA cm−2 that was employed for the EDMR measurements. 
The forward current density lies in the so-called trap-free space-
charge-limited conduction (SCLC) regime (Sze, 1981).

We also performed out-of-plane GIWAXD measurements 
on the PSBD. Figure 2B shows a typical 2θ profile, which can 
be attributed to both the thin-film and bulk structures of the 
pentacene (Mattheus et al., 2003; Westermeier et al., 2014). The 
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FigUre 2 | (a) Typical current density (J)–voltage (V) characteristic for the 
Au/pentacene/Al (PSBD) device at room temperature. The inset shows a 
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space-charge-limited conducting regime. The horizontal brown dashed line 
indicates the current density that was employed for the EDMR 
measurements. (B) Out-of-plane GIWAXD profile of the PSBD [reproduced 
from Fukuda and Asakawa (2017) with permission, copyright IOP Publishing]. 
(c) Chemical structure of pentacene.
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crystallographic axes of the pentacene molecule are shown in 
Figure 2C: the z-axis is parallel to the π-orbital and the y-axis 
is perpendicular to both the π-orbital and the C–H bonds. It 
is found that for pentacene in the thin films of the fabricated 
PSBDs, the y-axis is parallel to the normal vector of the sub-
strate plane, while the x- and z-axes are randomly distributed in  
the plane, thus resulting in a uniaxial arrangement normal to the 
plane, which is derived from the fact that only (00n) and (00ń ) 
peaks are visible in the X-ray diffraction chart.

Next, we carried out mf-EDMR measurements with θ = 0° and 
90°. Figure 3 shows the EDMR spectra of PSBD. The linewidths 
at θ =  0° are broader than those at 90° for all experiments at 
the five microwave frequencies, indicating that the linewidth 
exhibits a clear anisotropy. Although the spectral change intui-
tively seems to be quite small, the difference of linewidth is an 
order of 1–10  Gauss, which corresponds to 3–30  MHz. Since 
ESR spectroscopy employs sinusoidal microwave of gigahertz 
range with precision of 1 Hz, we do not think the difference of 
3–30 MHz as artifact. This anisotropy is consistent with previ-
ous observations at a microwave frequency of 5.5 GHz (Fukuda 

and Asakawa, 2017) (for the other spectra, see Figures S1–S3 
in Supplementary Material). Anisotropic HFI with the protons 
in the pentacene molecule (Morton, 1964) and the molecular 
arrangement of the pentacene on the device substrate are 
responsible for the anisotropic linewidth of the EDMR spectra 
(Fukuda and Asakawa, 2017).

To shed light on the correlation between molecular arrange-
ment and spin-dependent electrical conduction in pentacene, 
we considered the EDMR spectra in greater detail. Our previous 
research (Fukuda and Asakawa, 2017) showed that the observed 
EDMR signal is derived from spin-dependent processes that can 
be attributed to bipolaron formation arising from the encounter of 
mobile positive polarons with trapped positive polarons (Fukuda 
and Asakawa, 2017). The EDMR spectrum consists of two com-
ponents originating from the two kinds of polarons: mobile and 
trapped. We, therefore, carried out signal decomposition into two 
signals for these polarons as a function of the resonance magnetic 
field. Figure 3 also shows a typical signal decomposition of each 
EDMR spectrum. It was revealed that the EDMR spectrum 
consists of two components with Lorentzian and Gaussian line-
shapes (Silva et al., 2001; Behrends et al., 2010). The Lorentzian 
and Gaussian components are attributable to mobile and trapped 
polarons, respectively (Fukuda and Asakawa, 2017).

Molecular arrangements have an effect on the linewidths of 
the EDMR signals for the two kinds of polarons, and therefore, 
we investigated the dependence of the two components of the 
EDMR signals on the resonance magnetic field strength and the 
angle θ. Figure 4 shows the full width at half maximum (FWHM) 
at the two external magnetic field angles θ  =  0° and 90°. The 
EDMR signal is decomposed into two lineshapes: Lorentzian 
(Figure 4A) and Gaussian (Figure 4B). We first examined the 
FWHM of the Gaussian component, which can be seen to be 
smaller for θ = 90° than for 0° at all resonance frequencies. This is 
because carriers on the π-orbital of the pentacene molecule inter-
act with protons bound to the carbons via anisotropic hyperfine 
coupling (Marumoto et al., 2006). For θ = 90°, EDMR measure-
ments using three independently fabricated PSBDs showed a 
broadening of the resonance signal with increasing magnetic 
field. It is known that because of the presence of anisotropic 
SOC, the pentacene molecule has an anisotropic g-tensor with 
principal values (gx, gy, gz)  =  (2.0027, 2.0031, 2.0025) (Shimoi 
et al., 2012). The GIWAXD results show that the x- and z-axes 
are randomly distributed on the substrate plane. Therefore, the 
EDMR signal is an inhomogeneously distributed line derived 
from spin packets with g-values ranging from gx to gz. The 
linewidth increases with increasing magnetic field, because the 
distribution of the resonance frequency is proportional to the 
resonance magnetic field strength; that is, the line broadening 
with increasing field reflects the distribution of g-values resulting 
from the molecular arrangement of the pentacene. By contrast, 
the Gaussian component of 0° (Figure  4B) is insensitive to 
the resonance magnetic field strength. Again, the pentacene 
molecules are oriented in the out-of-plane direction. Therefore, 
uniform gy spin packets contribute to the EDMR signal. In other 
words, the distribution of g-values should be narrow, resulting in 
the Gaussian components at 0° being independent of magnetic 
field strength. In summary, the magnetic field dependence of 
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the Gaussian components reflects the molecular orientation of 
pentacene in the PSBD.

The Lorentzian components are almost insensitive to magnetic 
field strength for both θ = 0° and 90° (Figure 4A). Based on the 
fact that the Lorentzian component is attributable to mobile car-
riers, we conjecture that the anisotropic g-value can be averaged 
by carrier motion.

These results suggest that the spin-dependent processes 
investigated here are influenced by the molecular arrangement 
of the pentacene through anisotropic HFI and SOC. However, 
the degree of this influence varies with the mobility of the rel-
evant carriers, with the molecular arrangement having a weak 
effect in the case of mobile carriers but a strong one for trapped 
carriers.
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Since fluctuations in HFI and SOC generate a random local 
magnetic field, they play a role in the mixing of singlet states with 
triplet states (Yu, 2012). Therefore, these magnetic interactions 
can be important for spin-dependent recombination processes 
of excitons in organic light-emitting diodes or in solar cells. 
Additionally, carrier transport phenomenon in electronic devices, 
particularly organic devices, may be influenced by so-called Pauli 
spin blockade (Bobbert et al., 2007; Danon et al., 2013).

Furthermore, HFI are also important in experimental investi-
gations of molecular dynamics, since carrier spin can be influenced 
by molecular dynamics, and the latter should involve nuclear spin 
motion through HFI. We predict that variable-temperature/angle 
mf-EDMR measurements could become a valuable tool for prob-
ing molecular dynamics in electronic/spintronic devices.

SOC is at the origin of the spin Hall effect (SHE), which allows 
the production of pure spin currents (Kato et  al., 2004), and 
molecular arrangements are important in this context because 
spatially inhomogeneous SOC due to molecular disorder is 
likely to lead to deterioration of the spin current (Majumdar 
and Majumdar, 2012). We also suggest that for realization of 
the inverse spin Hall effect (ISHE) in pentacene-based devices, 
a high degree of orientation of the pentacene molecules in the 
direction of the spin-current flow is desirable. For spintronic 

applications of pentacene, such as generation of spin currents 
by SHE and their detection by ISHE, its crystallinity along the 
direction of carrier transport and spin flow should be taken into 
account.

We now turn to the relevance of our results to the conduction 
efficiency of spin currents. The carrier transport mechanism in 
our polycrystalline based PSBD should be thought of as hop-
ping rather than band-like conduction. For hopping transport 
of carriers in an organic semiconductor, the higher mobility 
resulting from improved crystallinity increases the degree of 
exposure of carrier spins to magnetic interaction. Thus, the 
effects of an increased diffusion coefficient (i.e., increased 
mobility) of carriers could be canceled by the increased expo-
sure to magnetic interaction (Yu, 2012; Watanabe et al., 2014). 
Therefore, from the perspective of spin-current applications of 
pentacene, although the in-plane mobility due to π-stacking 
is higher than the out-of-plane mobility, it is crucial that spin 
states be de-mixed via the magnetic interaction rather than via 
the differences in mobility.

In this article, we have supposed that the spin dependence of 
electrical conduction in pentacene results from hindrance of car-
rier transport due to the Pauli spin blockade effect of the precur-
sor triplet state produced by pairs of mobile and trapped positive 
polarons. Since, for trapped carriers, spin relaxation by SOC with 
electron scattering is reduced, the spin states of the trapped car-
riers should persist for long times (Watanabe et al., 2014). The 
high spin-current flow in pentacene makes Pauli spin blockade 
more likely, and consequently decreased carrier mobility should 
lead to a reduced spin current. Since trapped sites probably exist 
in the disordered regions in pentacene thin films, spin-current 
flow in the out-of-plane direction should be more favored than 
in-plane flow. In addition, to improve the spin-current flow, the 
use of highly crystalline pentacene with fewer disordered regions 
at the grain boundaries would be desirable.

The results of the spectral decomposition indicate that sig-
nal intensity for the Gaussian component is larger than that for 
the Lorentzian (Figure 3; see Figures S1–S3 in Supplementary 
Material). We infer from this that more trapped polarons 
are participating Pauli spin blockade than mobile polarons. 
Furthermore, we found that the Lorentzian lines for θ  =  0° 
give smaller signal than those for θ = 90°. This may be due to 
anisotropic relaxation time of the Lorentzian lines. Generally, 
electronic spins with the longer spin relaxation time are easier 
to saturate using continuous-wave microwave irradiation than 
those with the short relaxation time. At the same time, the 
larger time-fluctuation in local field perpendicular to an exter-
nal magnetic field causes the smaller longitudinal (T1) spin 
relaxation time. In our case, for the configuration of θ = 0°, the 
fluctuation of local field around a pentacene molecule is likely 
to be generated in the x- and z-directions, which is originated 
from g-factor value fluctuated over the range between gx and gz.  
This is due to random reorientation of the principal axis 
system (PAS) of g-tensor between x- and z-directions during 
carrier hopping transport between crystalline grains, of which 
transport is along y-direction. Eventually the fluctuation in the 
x–z-plane accelerates the spin relaxation, which leads to fast 
spin relaxation for the Lorentzian component and difficulty 
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in magnetization saturation by microwave irradiation. By 
contrast, for the configuration of θ  =  90°, time-fluctuation 
of local field is produced by random reorientation of the PAS 
of g-tensor in the perpendicular projection component of 
the x–z-plane to the direction of external magnetic field. The 
fluctuation of the y-direction is negligible because of molecular 
arrangement of pentacene fixed to y-direction. Therefore the 
fluctuation of local field for θ  =  90° should be smaller than 
that for θ = 0°. The difference in saturation efficiency between 
two configurations gives smaller EDMR signal for θ = 0° than 
for θ = 90°.

It is also worth noting that although our EDMR measurements 
were carried out in the trap-free SCLC regime, the spin-dependent 
processes were detected by trapped carriers; in other words, a 
quasi-equilibrium-like situation was experimentally confirmed 
by the EDMR measurements, suggesting that this EDMR method 
could become a valuable probe for trapped states.

The likely existence of trapped carriers in the disordered 
regions means that the spin-dependent processes observed in 
our device should reflect the effect of molecular arrangements 
through the trapped-carrier EDMR signal. By contrast, for solar 
cell applications, where the dominant spin-dependent process is 
probably recombination, the EDMR signal of the photocurrent 
should reflect the effects of the molecular arrangements not only 
in the disordered regions but also in the crystalline grains. In the 
grains, a greater degree of anisotropy is likely because crystalline 
regions of molecular semiconductors generally exhibit a higher 
degree of order than do disordered regions. We, therefore, believe 
that it should be possible to study molecular arrangements in 
the crystalline grains and the disordered regions independently 
via measurements of different spin-dependent processes. 
Furthermore, it may be possible to determine the influence of 
anisotropic magnetic interactions on carrier spins both inside 
and outside grains.

cOnclUsiOn

We have studied the influence of molecular arrangements on 
spin-dependent space-charge-limited conduction in a pentacene 
Schottky barrier diode using spectral analysis of the anisotropy 
of mf-EDMR spectra. These EDMR spectra can be decomposed 
into two components due to mobile and trapped polarons, 

respectively. We have also analyzed the dependence of the 
linewidth and the degree of anisotropy on the resonance magnetic 
field for the two components. To the best of our knowledge, this 
article is the first to describe how the EDMR linewidth reflects 
pentacene molecular arrangements and how these arrangements 
affect spin-dependent electrical conduction. We have also shown 
that angle-dependent mf-EDMR measurements can provide 
information about the influence of molecular arrangements 
on electrical conduction and that it is necessarily to consider 
these arrangements in the structural design of devices. Complex 
molecular systems such as π-conjugated polymers often show 
polymorphic behavior, leading to a variety of complex effects on 
the phenomena studied here, and these should be the subject of 
future studies.
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