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Spin injection/detection using an organic-based
magnetic semiconductor
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The new paradigm of electronics, ‘spintronics’, promises to
extend the functionality of information storage and processing
in conventional electronics1. The principal spintronics device,
the ‘spin valve’, consists of two magnetic layers decoupled
by a spin-transporting spacer, which allows parallel (on) and
antiparallel (off) alignment of the magnetizations (spins)
of the two magnetic layers. The device resistance then
depends on the spin alignment controlled by the external
magnetic field. In pursuit of semiconductor spintronics2,
there have been intensive efforts devoted to develop room-
temperature magnetic semiconductors3 and also to incorporate
both inorganic semiconductors4 and carbon-based materials5–11

as the spin-transporting channels. Molecule/organic-based
magnets, which allow chemical tuning of electronic and
magnetic properties, are a promising new class of magnetic
materials for future spintronic applications12,13. Here, we report
the realization of an organic-based magnet as an electron
spin polarizer in the standard spintronics device geometry.
A thin non-magnetic organic semiconductor layer and an
epitaxial ferromagnetic oxide film were employed to form
a hybrid magnetic tunnel junction. The results demonstrate
the spin-polarizing nature of the organic-based magnetic
semiconductor, vanadium(TCNE: tetracyanoethylene)x (x∼ 2;
Tc ∼ 400 K), and its function as a spin injector/detector in
hybrid magnetic multilayer devices.

Molecule/organic-based magnets are relatively new materials
created by chemical synthesis targeting magnetic properties at
the macroscopic and/or molecular level. These materials, ranging
from solely organic to organic/inorganic hybrid complexes,
exhibit scientific richness in both physics and chemistry. The
flexibility of organic chemical methodology, which can adjust
molecular units within these systems, introduces tunability of
tailor-made magnetic and electronic properties12. The presence
of large molecular units generally leads to a low spin density,
which makes these materials difficult to use in practical
applications of conventional magnets. However, strong on-
site Coulomb interaction together with ‘weak’ intermolecular
overlapping within these materials can lead to highly spin-
polarized bands with a relatively narrow bandwidth13. This
anticipation of high spin polarization in metal-(TCNE) magnets
has been broadly supported by both experimental studies14–16
and theoretical calculations16–18 indicating that these materials
are promising candidates for future spintronics applications. An
intriguing challenge arises concerning whether these materials
can be incorporated into the platform of conventional magnetic
multilayer devices.
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V(TCNE)x (x∼2, magnetic ordering temperature (Tc)∼400K)
is the earliest developed room-temperature molecule-based
magnet19. The magnetic order of this material is due to direct
exchange coupling (J ) between the unpaired electrons in the π∗
orbitals of (TCNE)− anions, in which the spins are distributed over
the entire anions20, and the spins in the transitionmetal VII ions. J is
antiferromagnetic, yielding a netmagneticmoment∼1µB from the
antiparallel configuration between spins in two (TCNE)− anions
(each S= 1/2) and one VII (S= 3/2) (ref. 19). The determined 1µB
in V(TCNE)x indeed suggests that all spins in VII ions and (TCNE)−
anions have collinear alignments respectively. Thismaterial can also
be grown as a thin film by low-temperature (40 ◦C) chemical vapour
deposition21 (CVD). Although the CVD film of V(TCNE)x is not
crystalline, extended X-ray absorption fine-structure studies show
homogeneous octahedral coordination of six nitrogens around each
vanadium, with a V–N length of 2.084(5) Å (ref. 22).

Besides its robust room-temperature magnetic ordering,
V(TCNE)x also has a unique electronic structure, as it is proposed
to be half-semiconductor-like13, that is, fully spin-polarized valence
and conduction bands. Figure 1 shows a schematic view of the
proposed spin-resolved electronic structure of V(TCNE)x (ref. 13)
with a modification based on surface analyses14,15,23. Owing to
on-site Coulomb repulsion (Uc) within (TCNE)− anions, the π∗
levels of (TCNE)− anions split into two sublevels, one occupied (π∗)
and the other empty (π∗+Uc), with opposite spin polarizations.
The splitting (Uc) was estimated to be∼2 eV (ref. 23). The occupied
3d levels of VII lie inside the Hubbard gap 1.5 eV above the π∗ levels
and 0.5 eV below the π∗+Uc levels of (TCNE)− as derived from
resonant photoemission results14. The temperature dependence of
the conductivity in V(TCNE)x film is well described by Arrhenius
law with an activation energy of ∼0.5 eV at room temperature13.
Magnetic circular dichroism14,15 and spin-polarized photoemission
spectroscopy16 in metal-(TCNE) magnets support the presence of
non-overlapping spin-polarized bands in thesematerials.

Recent spintronic research has focused on integrating control
of electron spin into conventional semiconductor electronics2.
Intensive efforts over the past decade have been made to develop
room-temperature magnetic semiconductors following theoretical
prediction3. One of the main impetuses to develop a magnetic
semiconductor is to avoid the conductivity mismatch problem24

for efficient spin injection at the interface. Organic-based magnets
such as V(TCNE)x may represent an alternative to dilute magnetic
semiconductors because of the demonstrated coexistence of
both semiconductor character and magnetic ordering at room
temperature. Meanwhile, there is increasing research activity in
carbon-based spintronics. Exploration of π-conjugated organic
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Figure 1 | Schematic view of a density of states in the organic-based magnetic semiconductor V(TCNE)x. On the basis of X-ray, electron and neutron
spectroscopies14,15,20,22,23, it is determined that the valence band (v.b.) of V(TCNE)x is derived from the 3d(t2g) levels of vanadiums and the conduction
band (c.b.) stems from the π∗+Uc levels of TCNEs. The density of states in V(TCNE)x features highly spin-polarized valence and conduction bands with
the same spin orientation and non-overlapping spin-polarized bands.
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Figure 2 |Magnetoresistance and device characteristics of a hybrid magnetic tunnel junction. a, Schematic view of a hybrid magnetic tunnel junction of
V(TCNE)x/rubrene/LAO/LSMO. The two ferromagnetic layers of different coercivity Hc1 and Hc2 are decoupled by the hybrid barrier of rubrene/LAO.
b, The magnetoresistance curves of a V(TCNE)x(500 nm)/rubrene(5 nm)/LAO(1.2 nm)/LSMO(80 nm) junction measured at 100 K with a bias field of
0.5 V. The blue (red) line and uptriangles (downtriangles) are the data collected with increasing (decreasing) field. The magnetizations of V(TCNE)x

(500 nm) and LSMO (80 nm) on pseudo-cubic (001) NdGaO3 substrate are measured from individual films by SQUID magnetometry. c, The
magnetoresistance curves of a magnetic tunnel junction (V(TCNE)x/insulator/LSMO) for a hybrid insulating barrier (rubrene(5 nm)/LAO(1.2 nm)) and a
single LAO insulating barrier (LAO(1.2 nm)) at 100 K with a bias field of 0.5 V. d, The I–V curves for a hybrid magnetic tunnel junction of
V(TCNE)x/rubrene/LAO/LSMO are strongly nonlinear and temperature dependent. Inset: Temperature-dependent device resistance of the hybrid
magnetic tunnel junction for biases of 0.1, 0.2 and 0.5 V.
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Figure 3 | Temperature dependence of magnetoresistance. a, The magnetoresistance curves of a hybrid magnetic tunnel junction of
V(TCNE)x(500 nm)/rubrene(5 nm)/LAO(1.2 nm)/LSMO(80 nm) at different temperatures with a bias field of 0.5 V. b, The magnetoresistance curves of a
hybrid magnetic tunnel junction of V(TCNE)x(500 nm)/LAO(1.2 nm)/LSMO(80 nm) at different temperatures with a bias field of 0.5 V. c, Hc versus T for
both V(TCNE)x(500 nm)and LSMO(80 nm) magnetic layers. Hc is determined from individual magnetic films by SQUID magnetometry. The steps of each
magnetoresistance curve correspond well to the coercivities of V(TCNE)x(500 nm) and LSMO(80 nm) films over all temperatures. d, Magnetoresistance
as a function of T for both a hybrid barrier (rubrene/LAO) and a LAO barrier, with a bias field of 0.5 V. The magnetoresistance is determined from the
resistance at peaks (antiparallel) and the resistance at H= 500 Oe (parallel). The magnitude of the magnetoresistance increases as T is reduced owing to
the increase in surface polarization of the LSMO film and shows a maximum value at around 100 K. The decrease in magnetoresistance below 100 K can be
attributed to the high bulk resistance of V(TCNE)x film at low T (Supplementary Fig. S5).

materials5–11 as a medium of spin transport introduces a new phase
of organic electronic research following successful applications of
organic light-emitting diodes and organic field-effect transistors.
Generally, the spins in carbon-based materials are perceived to
have a long lifetime because of the extremely low spin–orbit
coupling and weak hyperfine interaction. The application of
organic-based magnets in spintronics offers several advantages.
Among these are the unique spin-polarized semiconducting
electronic structure, modulations of magnetic/electronic properties
by chemical methodologies, and low-temperature processing. In
addition, many of these materials exhibit magnetic bistabilities,
which are often controlled by optical excitations as well as other
external stimuli25. Indeed, V(TCNE)x film also shows a light-
induced change of bothmagnetization and conductivity26.

In this study, we demonstrate that the room-temperature
organic-based magnetic semiconductor V(TCNE)x functions well
as the ferromagnetic layer in a hybrid magnetic tunnel junction
device. Figure 2a shows a schematic view of our hybrid magnetic
tunnel junction (see Supplementary Methods). An epitaxial
La2/3Sr1/3MnO3 (LSMO) thin film was employed as a second
ferromagnetic layer to detect spin-polarized tunnel current from
V(TCNE)x as the LSMO films have been widely used in various
organic/inorganic hybrid magnetic devices6–8,11. Three different
types of barrier, a thin oxide (1.2 nm), a thin organic semiconductor
layer (5 nm) and an oxide/organic semiconductor (1.2 nm/5 nm)
hybrid barrier, were studied as tunnelling barriers. The rubrene

(C42H28) small-molecule thin film was used for the organic
semiconducting barrier as it was shown to be highly efficient
for spin-polarized tunnelling9. For our 5 nm rubrene spaced
devices, the tunnelling current dominates the device current across
the barrier as seen in comparison with the carrier injection
and transport limit in rubrene spaced spin-valve devices11. We
employed a three-unit-cell layer of LaAlO3 (LAO) as the thin oxide
barrier. Insertion of this ultrathin oxide insulating layer (1.2 nm)
excludes the formation of a dipolar barrier at the metal/organic
interface, which might interfere with spin-conserved tunnelling10.
In addition, capping with a thin LAO layer results in superior
protection of surface polarization of the LSMO film than capping
with a thin SrTiO3 layer27. The device resistance for each type
of barrier varies by nearly one order of magnitude, which is a
typical spread for tunnel junctions. The devices with a hybrid
barrier usually have a higher magnetoresistance and a higher
resistance than single-LAO-barrier devices (see Supplementary Fig.
S3). However, at low T typically below∼ 100 K, the bulk resistance
of V(TCNE)x seems to control the total resistance of the devices
(Supplementary Fig. S5).

Figure 2b shows typical magnetoresistance curves for an in-
plane magnetic field in the hybrid magnetic tunnel junction of
V(TCNE)x(500 nm)/rubrene(5nm)/LAO(1.2 nm)/LSMO(80 nm)
at 100K with an applied bias of 0.5 V. All magnetoresistance curves
in this Letter are raw experimental data without any averaging. The
magnetization curves for individual magnetic layers of V(TCNE)x

640 NATUREMATERIALS | VOL 9 | AUGUST 2010 | www.nature.com/naturematerials

© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nmat2797
http://www.nature.com/naturematerials


NATURE MATERIALS DOI: 10.1038/NMAT2797 LETTERS

0

2

4

6

8

H (Oe)

a cb0.5 V
0.6 V
0.7 V
0.8 V
0.9 V
1.0 V

100 K
110 K
120 K

0.3 V
0.4 V
0.5 V
0.6 V
0.7 V

0

0.5

1.0

1.5

2.0

2.5

200¬400 ¬200 0 400

H (Oe)
200¬400 ¬200 0 400

0

0.2

0.4

0.6

0.8

1.0

1.2

Vb (V)
¬1.0 ¬0.5 0 0.5 1.0

M
ag

ne
to

re
si

st
an

ce
 (

%
)

M
ag

ne
to

re
si

st
an

ce
 (

%
)

M
ag

ne
to

re
si

st
an

ce
 (

%
)

Figure 4 | Bias dependence of magnetoresistance. a, Magnetoresistance curves for a hybrid magnetic tunnel junction of V(TCNE)x/rubrene/LAO/LSMO
at 100 K for different applied biases. The steps of the magnetoresistance curves are well reproducible for each measurement at different biases.
b, Magnetoresistance curves for a hybrid magnetic tunnel junction of V(TCNE)x/LAO/LSMO at 100 K for different applied biases. c, The
magnetoresistance as a function of Vb at T= 100, 110 and 120 K for a hybrid barrier (rubrene/LAO) device. Each curve is determined from the difference in
the I–V curves for parallel (at 500 Oe) and antiparallel (at−60 Oe) alignments.

and LSMO films were recorded by superconducting quantum
interference device (SQUID) magnetometry and are overlaid on
Fig. 2b. The tunnelling current in magnetic tunnel junction devices
is proportional to the sum of the products of the densities of
states of the two ferromagnetic layers for each spin orientation, up
and down, respectively. A higher tunnelling rate occurs when the
spins of higher density of states at or close to the Fermi energy in
both magnetic layers are parallel. Therefore, the device resistance
changes with respect to the parallel and antiparallel configurations
controlled by an external magnetic field. The magnetoresistance
is defined here as MR = (RAP − RP)/RP, where RP and RAP are
the device resistance for parallel and antiparallel alignments,
respectively. The LSMO film has a higher density of states for
majority spins at the Fermi energy as shown by spin-resolved
photoemission28. For V(TCNE)x, the electronic structure has a
unique spin-polarized structure as shown in Fig. 1. The carriers
in both the valence band and conduction band have the same
polarization as the majority spins. The blue line and uptriangles
represent the data recorded during a positive sweep of the magnetic
field. The red line and downtriangles represent the data collected
during negative field sweeping.

With sweeping of the magnetic field, the device resistance
becomes higher when the magnetizations of two magnetic layers
become antiparallel. Themagnetoresistance curves correspond well
to the magnetization steps of both V(TCNE)x and LSMO films and
clearly represent the shape of hysteresis curves of each individual
magnetic layer. This unambiguously demonstrates spin filtering
through a V(TCNE)x magnetic semiconductor film, wherein
spin-polarized carriers tunnel through the hybrid rubrene/LAO
barrier while effectively conserving their spin polarization. In
fact, the shapes of the magnetoresistance curves in our hybrid
magnetic tunnel junctions are strongly contingent on the thickness
of the LSMO bottom electrodes, as the domain structures of the
LSMO films depend on the thickness of the films. The 80 nm
LSMO films on NdGaO3 substrates show particularly sharper
steps of magnetoresistance curves as well as magnetizations (see
Supplementary Fig. S6). The magnetoresistance of our hybrid
magnetic tunnel junction is strongly dependent on the barrier,
as shown in Fig. 2c. A substantial reduction of magnetoresistance
was observed for the single thin LAO barrier, which is probably
due to defects/pinholes of the thin LAO barrier. This suggests
that employing double barriers more effectively decouples the
two magnetic layers and mediates the spin-polarized tunnel
current as previously shown for tunnelling magnetoresistance
for hybrid oxide/organic semiconductor thin-film barriers9–11.
In addition, the effectiveness of adding thin small-molecule
layers is probably in part due to efficient covering of defects

and pinholes in the thin insulating LAO barrier because these
molecules tend to sit on metallic surfaces. Figure 2d shows
nonlinear I–V curves for the magnetic tunnel junction of
V(TCNE)x(500 nm)/rubrene(5 nm)/LAO(1.2 nm)/LSMO(80 nm),
which are strongly temperature dependent. The inset in Fig. 2d
shows the temperature dependence of the total device resistance.
At high T , carrier injection through the barrier controls the
device resistance, whereas the bulk resistance of the V(TCNE)x
film limits the total device currents at low T < 100K (see
Supplementary Fig. S5).

The magnetoresistance of hybrid magnetic tunnel junctions
of V(TCNE)x/barrier/LSMO strongly depends on the tempera-
ture. The temperature-dependent magnetoresistance curves at an
applied bias of 0.5 V are shown in Fig. 3a for a hybrid bar-
rier (rubrene/LAO) and Fig. 3b for a single LAO barrier. Each
magnetoresistance curve at a different temperature corresponds
well to the coercivities of individual magnetic layers as shown
in Fig. 3c. The coercivities of individual V(TCNE)x and LSMO
films in Fig. 3c are measured by SQUID magnetometry. Figure 3d
shows the temperature-dependent magnetoresistance for both the
thin hybrid barrier of rubrene/LAO and the thin LAO barrier
devices. The magnetoresistance as a function of temperature shows
a maximum at ∼100K. The decrease of magnetoresistance, as
temperature increases above 100K, is attributed to the decrease
of surface spin polarization of the LSMO film29. Similar tem-
perature dependencies of magnetoresistance were commonly re-
ported for hybrid organic/inorganic spin valves using LSMO films
(Supplementary Fig. S7). This suggests that magnetoresistance
at a higher temperature can be achieved in magnetic tunnel
junctions with an organic-based magnet V(TCNE)x in tandem
with other ferromagnets. The magnetoresistance of our devices
decreases as the temperature decreases below 100K. As shown
in Supplementary Fig. S5, the bulk resistance of the V(TCNE)x
film starts to dominate the total device resistance as T decreases
below 100K. Therefore, the decrease of magnetoresistance below
100K is probably due to the fact that the magnetic-field-dependent
interface resistance is overshadowed by the bulk resistance of
the V(TCNE)x film.

The bias dependence of magnetoresistance curves in our
hybrid magnetic tunnel junction at 100K is shown in Fig. 4a
for a hybrid barrier and Fig. 4b for a single LAO barrier. The
steps of magnetoresistance curves for each applied bias are well
reproducible. Figure 4c shows the magnitude of magnetoresistance
as a function of applied bias at T = 100, 110 and 120K for a
V(TCNE)x(500 nm)/rubrene(5 nm)/LAO(1.2 nm)/LSMO(60 nm)
junction device. Each curve is determined from the difference in the
I–V curves between the parallel (at 500Oe) and the antiparallel (at
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−60Oe) configurations. The bias dependence ofmagnetoresistance
is similar to the behaviour of tunnelling magnetoresistance in
typical inorganic magnetic tunnel junctions. At the lowest bias,
data are noisier as the device resistance becomes high at low T
and low Vb. Generally, the decrease of magnetoresistance by the
application of a high voltage for a magnetic tunnel junction is
attributed to the localized trap states in an amorphous barrier30.
The observed suppression of magnetoresistance by bias voltage
in our device could also be related to the bulk resistance of
V(TCNE)x film. At low bias, the barrier resistance controls the
device current. As the applied bias increases, the barrier resistance
sharply drops and the bulk resistance of V(TCNE)x starts to control
the total device resistance. As a result, the effectiveness of electrical
detection of spin-dependent tunnelling may be reduced as the
bias is increased. The magnetoresistance at the applied bias of
0.1 V and 100K is estimated as 4.7%, which is comparable to the
values previously reported for large-scale organic semiconductor
spaced spin valves using LSMO in combination with Co21 or Fe24
(Supplementary Fig. S7). The molecule/organic-based magnets
are perceived to retain high spin polarization, and the efficient
integration of these materials into spintronics devices will be
advanced by the improvement of molecular interfacial engineering
for the hybrid multilayered systems. Further developments in the
precise control of film depositionwill significantly reduce the effects
of bulk resistance and improve the sensitivity of electrical detection
of spin-dependent scattering signals at the interface because a
few-nanometre thin-film magnetic layer should be sufficient to
polarize injected carrier spins. The creation of such thin layers
could also introduce spin-dependent resonant filtering through
these spin-polarized molecular systems.

Research in the field of spintronics has evolved from metal-
based to semiconductor- and carbon/molecule-based spintronics
over the past decade. We presented magnetic tunnel junctions
that exploit the spin polarization of an organic-based magnetic
semiconductor. Our results show that molecule/organic-based
magnetic material can function as a spin injector/detector for
spintronics applications. This approach opens new avenues of
chemical methodologies and low-temperature processing for
developing organic/inorganic hybrid devices.
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