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We directly measured a spin diffusion length (�s) of 13.3 nm in amorphous organic semiconductor (OS)
rubrene (C42H28) by spin polarized tunneling. In comparison, no spin-conserved transport has been
reported in amorphous Si or Ge. Absence of dangling bond defects can explain the spin transport behavior
in amorphous OS. Furthermore, when rubrene barriers were grown on a seed layer, the elastic tunneling
characteristics were greatly enhanced. Based on our findings, �s in single-crystalline rubrene can be
expected to reach even millimeters, showing the potential for organic spintronics development.
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The emerging field of organic spintronics is merging the
two hot fields—organic electronics and spintronics [1].
Chemical tunability of electrical properties in OSs with a
bottom-up approach, along with the mechanical flexibility
and low-cost fabrication processes [2], has given rise to
organic-electronic devices, such as light-emitting diodes
(OLED) and field effect transistors (OFET). From the
spintronics viewpoint, of growing interest is the potential
to transport and manipulate spin information in OSs. Spin-
orbit and hyperfine interactions, the main cause of spin-
decoherence, being weak in OSs [3], suggest a large �S in
these materials. However, only a few studies to date ex-
plore the spin transport properties in OSs [4–7]. Xiong
et al. [5] reported spin transport through a thick layer of
tris-8-(hydroxyquinoline) aluminum at low temperature in
La0:7Sr0:3MnO3=tris-8 -�hydroxyquinoline�aluminium=Co
spin valve (SV) structure. We demonstrated spin-conserved
tunneling through ultrathin tris-8-(hydroxyquinoline)
aluminum barriers at room temperature in magnetic
tunnel junctions (MTJs) [6]. Recently, Pramanik
et al. [7] estimated a long �S using a Co=tris-8 -
�hydroxyquinoline�aluminium=Ni nanowire SV structure.
Here, we carried out spin transport studies through rubrene,
and directly measured �S using the Meservey-Tedrow spin
polarized tunneling (SPT) technique to obtain spin polar-
ization P (the ratio �n" � n#�=�n" � n#�, where n"�#� are spin
up (down) tunneling electrons) [8].

Rubrene (5,6,11,12-tetraphenylnaphthacene) is a
�-conjugated molecular semiconductor having high
charge-carrier mobility (�20 cm2=V s) as seen from
OFET studies [9]. The mechanism of charge injection
and transport through an OS is yet to be well understood
[10]: in the polaronic model, electrical conduction is by
hopping through the weakly-coupled, localized molecular
levels [11,12]. In our tunneling studies, using various
thicknesses of rubrene (down to a few monolayers) as
barriers, a large �S is observed at low temperature.
Although Mott’s Variable Range Hopping (VRH) theory
[13] seem to fit the transport behavior at high temperatures,

we see significant spin-conserved tunneling through ru-
brene even at room temperature.

Full description of in situ thin film junction fabrication is
discussed in earlier publications [6,8]. All film layers for
the tunnel junctions (area 200 �m� 200 �m) were ther-
mally evaporated in a high vacuum deposition chamber
(base vacuum �10�8 torr), onto clean glass substrates
using shadow masks. Rubrene (Aldrich, sublimed) barrier
films with six different thicknesses (4 nm to 18 nm) were
grown in a single run, ensuring the same growth condi-
tions. For SPT junctions, Al=rubrene=Co was used without
(rubrene junction) or with (hybrid junction) a �0:5 nm
thick seed layer of Al2O3 by a short oxygen plasma expo-
sure of the bottom Al film. MTJs were created by replacing
Al with Fe. SPT junctions were cooled to 0.45 K in a 3He
cryostat and the conductance vs bias was measured to
obtain P. Al was superconducting (SC) below 2.9 K and
acted as the spin detector in presence of a magnetic field,
applied parallel to the film plane [8].

Figures 1(a)–1(d) show the cross-sectional transmission
electron microscope (XTEM) image of junctions grown at
either 80 or 295 K for both rubrene and hybrid junctions.
Film thickness was monitored in situ using a quartz crystal
sensor, and the nominal thickness of rubrene was 2.2 nm
(assuming a density of 1:35 g=cm3) for all these XTEM
samples. These micrographs show rubrene layers to be
amorphous, with complete coverage having smooth and
sharp interfaces with metal electrodes (no visible intermix-
ing). It is seen that the actual thickness of rubrene grown at
80 K is twice the nominal value (for both rubrene and
hybrid junctions) compared to 295 K growth. This is
attributed to a higher sticking coefficient at 80 K, where
the van der Waals forces at the substrate surface can be
expected to dominate over the thermal energy of the ad-
sorbed OS molecules. Moreover, these images also show
that the thickness of the rubrene films nearly doubled when
grown on Al2O3, than when grown directly onto the metal.
This may be due to a different growth mode for the rubrene
layer, influenced by the dielectric/OS interface [14].
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Below, we use the film thickness inferred from our XTEM
studies.

Inelastic tunneling spectroscopy (IETS), d2I=dV2 vs V,
was adopted to probe the quality of rubrene barrier [15]. In
the IETS data shown in Fig. 1(e), peaks match with the
molecular vibrational modes in Raman spectrum for ru-
brene single crystal, corresponding to the intramolecular
interactions [16]. This shows that the rubrene molecules
are not chemically altered during our thin film growth.

As expected for tunneling, there was an exponential
increase of junction resistance as a function of rubrene

thickness. The junctions showed parabolic conductance
vs bias dependence, with no zero bias anomalies at any
temperature, confirming the sharpness of Co=rubrene in-
terface, without any intermixing (as also seen in XTEM)
[6]. At 0.45 K, far below the SC transition of Al, the tunnel
conductance vs bias in zero field [Fig. 2(a)] shows negli-
gible conductance at zero bias, confirming the high quality
of the tunnel barriers. The observation of a clear SC energy
gap in Al shows that the conduction is by tunneling [8].
However, for the rubrene junctions, the shape of the con-
ductance with bias in the SC gap region (slightly faster
increase with bias) suggests the existence of inelastic con-
duction mechanism [17,18]. The smaller SC gap here is
due to slightly thicker Al film (not oxidized) [8].

The Zeeman-split asymmetric conductance curve in an
applied field allowed us to determine P values of 30% and
10% for electrons tunneling from Co through the rubrene
and hybrid barriers, respectively. (Similarly, PCo for Co
with Al2O3 barrier is 40–42% [19].) This is remarkable
since tunneling appears to occur in multiple steps between
the localized states in the OS, as will be shown later. The
significantly lower value of P for rubrene junctions can be
attributed to spin-flip scattering at the M-OS interface, in
addition to inelastic hopping that may occur within the
barrier. In Fig. 2(b), the determined P values for different
thicknesses of rubrene in hybrid junctions show nearly an
exponential decay with increasing rubrene thickness, and
remarkably, P> 12% is observed even for a 15 nm thick
rubrene barrier. From an exponential fit to the data taking
PCo as 42%, �S comes out as 13:3��0:6� nm. This is a
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FIG. 2. Tunnel conductance vs bias at 0.45 K with and without
an applied magnetic field for two types of junctions:
3:8 Al=barriers=15 Co with 0:5 Al2O3=5:5 rubrene or 6.0 rubrene
as barriers. (b) Measured P vs rubrene film thickness d, showing
the exponential dependence.

FIG. 1. XTEM images for 8 Co=barrier=10 Fe junctions
(thickness in nm) for barriers grown on �100�Si=
SiO2: 0:5Al2O3=2:2 rubrene deposited at 80 K (a), 295 K (b),
only rubrene deposited at 80 K (c) and 295 K (d). The layers are
identified in (d). IETS for a 15 Al=0:5 Al2O3=4:4 rubrene=20 Al
junctions taken at 4.2 K and the Raman spectrum (lines) for
single-crystalline rubrene are shown (e). The peaks due to Al
phonon modes and Al-O bond-stretching mode are identified.
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direct and clear measurement of �S in an OS. At higher
temperatures, inelastic transport or hopping through local-
ized molecular and/or trap states in disordered films reduce
the mobility and hence can decrease �S [1].

In the past, spin transport studies with amorphous Si and
Ge tunnel barriers spin polarization was absent [18,20].
But recent reports on single-crystalline Si show �S �
100 �m [21,22]. In analogy with Si, our observation of
long �S in an amorphous OS is noticeably significant. A
carrier mobility of �10�6 cm2=V s is reported in amor-
phous rubrene, whereas in single crystals, the mobility is 7
orders of magnitude higher [23]. Thus, a �S of 13.3 nm in
amorphous rubrene is highly promising, and one can ex-
pect orders of magnitude improvement in crystalline
rubrene.

For the SPT junctions, from the current-voltage (I-V)
curve, the effective barrier height � and thickness d were
extracted using the BDR tunneling model [24]. The I-V
data at 4.2 K (see Fig. 3 inset) yielded � (and d) of 0.45 eV
(4 nm) for hybrid and 2.2 eV (2 nm) for rubrene junctions,
with an asymmetry ��� 0:2 eV for the hybrid junctions
(which is due to the Al2O3 present in this case, creating a
trapezoidal barrier [24]). The barrier parameters were tem-
perature independent. Insertion of Al2O3 seed layer de-
creased � due to the interfacial dipolar modifications
[6,25], whereas the deviation of d from the actual thickness
suggests that inelastic processes (more for rubrene junc-
tions) contribute significantly to the conduction process
[18]. This is seen as well in the steeper conductance
increase with bias in the SC energy gap region of Al [see
Fig. 2(a)].

The observation of lower P value (significantly lower for
rubrene junctions) is not unexpected since in these amor-
phous barriers, a higher defect concentration at the M=OS
interfaces can be expected [12]. There may be several types
of defects at the interface and in the OS. Any mechanism
that adds or removes the pz electron from contributing to
the � system gives rise to energy states within the energy
gap, leading to defect formation such as a C-H2 by adding
H to the C-H bond, an OH defect by replacing H with O, or
a dangling bond defect (C42H27) formed by loosing a H
atom [26]. In amorphous Si or Ge, a large number of the
dangling bonds (� 1019 cm�3) exist with their unpaired
electron [27], which can be a strong source of spin scat-
tering, as seen experimentally [18,20]. However, in OS, the
formation energy for dangling bonds is much higher com-
pared to the other defects mentioned above and hence less
dangling bond defects are expected [26]. This can explain
our observation of moderately spin-conserved transport in
amorphous rubrene.

Transport behavior can be dominated by hopping pro-
cess for barriers containing localized molecular states and/
or structural defects. The low bias junction conductance
(G) measured as a function of temperature is shown in
Fig. 3. G for the rubrene junctions decreased dramatically
from 295 to 4.2 K, compared to a small decrease for the
hybrid junctions. Mott’s VRH model was adopted to sat-
isfactorily explain our G vs T data [18,20,28]. This model
predicts that ‘VRH, the variable range hopping length,
increases with decreasing temperature as T�1=4 for
3-dimensional case. G, proportional to the probability of
such a hop, is given by: GVRH / exp��2�‘VRH� 	

G0 exp
��T�=T�1=4� [13]. For constant density of localized
states within a barrier, the parameter T� scales with �
(where ��1 is the localization length, ‘loc) and is calcu-
lated from the slope of conductance versus T�1=4 plot at
higher temperatures. For similar rubrene thickness, ob-
tained value of T� was �4500 K for rubrene junction
compared to �15 K for the hybrid junction; in the latter
case, the fitting was only for a small temperature range.
This implies that the electronic states contributing to con-
duction in OS have different ‘loc, consistent with different
growth modes for rubrene and hybrid junctions. Inelastic
tunneling (via hopping) can occur when the barrier thick-
ness is greater than ‘loc. Thus for hybrid junctions, ‘loc is
large with conduction occurring mostly by elastic and reso-
nant tunneling, resulting only in a marginal increase of G
with T. On the other hand, for the rubrene junctions having
a smaller ‘loc, the conduction appears to occur via inelastic
hopping through localized states, resulting in a stronger
G�T� dependence. Thus, with increase in rubrene film
thickness, especially in a disordered layer, the probability
of direct tunneling diminishes, and the conduction is domi-
nated by inelastic transport in a wider temperature range.

The above results show that having Al2O3 seed layer
greatly enhances the spin transport in the OS. As a further
confirmation, we performed tunnel magnetoresistance
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FIG. 3. Temperature dependence of tunnel Conductance for
3:8 Al=6 rubrene=15 Co and 3:8 Al=0:5 Al2O3=5:5 rubrene=
15 Co junctions. Mott’s VRH theory fit (line) to the data at
higher temperatures for rubrene-only barrier is shown. Inset
shows junction I-V curves at 4.2 K and the fit.
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(TMR) measurements in hybrid barrier MTJs: TMR is
defined as �R=R 	 �RAP-RP�=RP, where RAP and RP are
the junction resistances for antiparallel and parallel mag-
netization of the Co and Fe, respectively [29,30]. Julliere’s
model predicts a large TMR in an MTJ as a result of spin-
conserved tunneling [8,29]. Figure 4 shows the TMR for an
MTJ measured at 10 mV, with values of 6, 13, and 16% at
295, 80 and 4.2 K, respectively. In contrast, no TMR was
observed in rubrene junctions. The decrease in TMR with
increasing temperature is common in MTJs and is dis-
cussed in the literature, whereas a stronger temperature
dependence can be expected due to the larger defect den-
sity in the barrier [31]. In addition, as mentioned earlier, at
higher temperatures, inelastic transport in these disordered
films would decrease �S, leading to a lower TMR. The
slow decrease of TMR with applied voltage (shown in
Fig. 4 inset) and the parabolic conductance vs bias behav-
ior, with no zero bias anomalies, support the MTJs are of
high quality [19].

In summary, our studies of spin tunneling and transport
in junctions with rubrene barriers show a long �S, despite
the amorphous nature of the OS barriers. Rubrene barriers
with an Al2O3 seed layer enhanced the spin transport and
attributed to improved growth of OS. These observations
can be expected to provide a platform for future investiga-
tions as well as the development of OS based spin devices
with rubrene or other high mobility organic compounds.
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FIG. 4. Resistance variation with applied magnetic fields for
the MTJ structure 8 Co=0:5 Al2O3=4:6 Rubrene=10 Fe=1:5 CoO
junction showing TMR. The data at 4.2 K shows the exchange
bias due to the antiferromagnetic CoO over Fe. The lines through
the data points are guides to the eye. The inset shows the bias
dependence of TMR. The arrows indicate the magnetic configu-
ration of Co and Fe electrodes at various applied fields.
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