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Tunneling anisotropic magnetoresistance in organic spin valves
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We report the observation of tunneling anisotropic magnetoresistance in an organic spin-valve-like structure
with only one ferromagnetic electrode. The device is based on a unique high-mobility perylene diimide-based
n-type organic semiconductor. The effect originates from the tunneling injection from the Lay ;Sro 3;MnO3 contact
and can thus occur even for organic layers which are too thick to support the assumption of tunneling through
the layer. Magnetoresistance measurements show a clear spin-valve signal, with the typical two-step switching
pattern caused by the magnetocrystalline anisotropy of the epitaxial magnetic electrode.
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I. INTRODUCTION

Over the past years a number of spin valves based on
various organic semiconductors (OSCs) and contact materials
have been demonstrated (e.g., Refs. 1-8). Although some
experiments indicate injection of spin-polarized carriers’ and
some clearly show tunneling,®?® it is still unclear for a number
of other results whether their data show tunneling magne-
toresistance (TMR) or actual spin injection and consequently
giant magnetoresistance (GMR). Moreover, recent results’
suggest that spin-valve effects are only observed in devices
whose resistance only slightly changes during cooldown. This
behavior is typical for devices operated in the tunneling
regime, however, it is less common for electron transport in
polycrystalline or amorphous organic semiconductors.

Nonetheless, both GMR and TMR are related to the
switching of a pair of magnetic electrodes between parallel
and antiparallel magnetization. For both effects at least
some spin conservation throughout the whole thickness of
the organic interlayer is necessary. It is, however, known
that similar magnetoresistance traces can be also caused by
charge-carrier injection from a single magnetic electrode into
another material by a tunneling process (such as charge-carrier
injection into an organic semiconductor), if the magnetic
electrode exhibits a suitable magnetocrystalline anisotropy.
In that case tunneling anisotropic magnetoresistance (TAMR)
can appear.'” TAMR can cause the magnetic switching
characteristics of the electrodes to modulate the tunneling
resistance of the injection contact. This effect is much larger
than the well-known anisotropic magnetoresistance observed
in the electrode itself and can be erroneously identified as a
true spin-valve signal, unless suitable control measurements
are carried out.

II. EXPERIMENTAL DETAILS

We have fabricated a number of different spin-valve-
like structures [Fig. 1(a)] using the OSC N,N'-bis(n-
heptafluorobutyl)-3,4:9,10-perylene tetracarboxylic diimide
[PTCDI-C4F7, Fig. 1(b)] and three different combinations
of magnetic and nonmagnetic contact materials. While
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most spin valves reported until now are either based on
AlQs,> which is an amorphous low-mobility n-type semi-
conductor, or on p-type semiconductors such as poly(3-
hexylthiophene) (P3HT) (Ref. 3) or tetraphenyl porphyrin
(TPP),* PTCDI-C4F7 is a unique, air-stable, high-mobility n-
type semiconductor'! from the perylene diimide/dianhydride
family whose most common member is perylene-3,4,9,10-
tetracarboxylic-3,4,9,10-dianhydride (PTCDA). Owing to its
favorable electron transport properties, PTCDI-C4F7 should
be well suited for the demonstration of spin-polarized electron
transport. Three different device types were investigated, dis-
tinguished by the combinations of contact materials as listed in
Table I.

A type-1 device has a Lag7Sro3MnO3; (LSMO) bottom
and a ferromagnetic metal top contact, is similar to those
reported for most organic spin valves (OSVs) in the literature,
and serves to demonstrate the suitability of PTCDI-C4F7
for spin-valve operation. The type-2 device is a control
sample with only nonmagnetic electrodes and helps to exclude
possible artifacts caused by the OSC and the well-known
organic magnetoresistance (OMAR),'? which is also observed
in completely nonmagnetic layer stacks. The type-3 device
has one magnetic LSMO electrode and a nonmagnetic Al
counterelectrode. Such a device is intended for investigations
on the occurrence of TAMR. All layer stacks are deposited in
a UHV chamber designed to allow for the deposition of OSC
and metal layers in direct sequence without breaking the UHV.
The different thickness of the bottom LSMO layer is only due
to the availability of the different layers.

The LSMO bottom contacts are fabricated from 10- or
15-nm-thick LSMO layers, grown by pulsed plasma
deposition'? on strontium titanate substrates. For device fabri-
cation, first Ti/Au metal stripes are deposited on the LSMO, us-
ing optical lithography, evaporation, and lift-off. These stripes
serve as alignment marks and later as bond pads. A rectangular
bottom contact is then patterned into the LSMO layer by op-
tical lithography and dry etching, leaving the metal contact at
one side of the rectangle. Subsequently, the sample is inserted
into the UHV-deposition chamber where a bakeout procedure
is performed at 450 °C for 1 h at an oxygen pressure of
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FIG. 1. (Color online) Schematic drawing of the vertical transport
structure (). A is the bottom contact material and B is the top contact
material as listed in Table I for the respective samples. (b) Structure
of the PTCDI-C4F7 molecule.

107> mbar, in order to compensate underoxygenation which
may occur during the processing. Subsequently, the PTCDI-
C4F7 layer and the metal top electrode are deposited under
different angles of incidence through a shadow mask with
a rectangular opening. After removing the sample from
the UHV chamber, Ti/Au stripes are deposited through a
second shadow mask with striped windows. These metal
stripes are later used as bond pads for the top contacts
and also serve as an etch mask for the removal of the
top electrode material between the stripes by dry etching.
Samples with an aluminum bottom electrode are fabricated
on a Si substrate with a 200-nm-thick thermal SiO, cover
layer. Ti/Au contact pads are deposited before inserting the
sample into the UHV chamber where the bottom aluminum
layer, the PTCDI-C4F7 layer, and the top Al layer are evap-
orated through the shadow mask at three different angles of
incidence. The different angles are necessary in order to allow
for insulation between the top and bottom electrode. After
removing the sample from the UHV chamber, the processing
continues in the same way as for the LSMO-based samples.
This approach provides clean, oxygen-free, and reproducible
interfaces.

The samples are characterized at various temperatures
between 4.2 K and room temperature, either in a flow cryostat
with an external room-temperature electromagnet (600 mT)
or in a “*He bath cryostat with a vector field magnet in which
magnetic fields up to 400 mT can be applied in any direction. In
the measurements all three samples show less than one order of
magnitude increase of resistance during cooldown from room
temperature to 4.2 K.

TABLE I. Contact materials and layer thicknesses of the three
investigated multilayers.

Device Bottom contact PTCDI-C4F7 layer Top contact
1 15 nm LSMO 100 nm 30 nm CoFe
2 10 nm Al 250 nm 30 nm Al
3 10 nm LSMO 150 nm 15 nm Al
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III. RESULTS

A typical magnetoresistance trace of a type-1 sample at
4.2 K is shown in Fig. 2(a). The B field is applied along
the long axis of the stripelike device. The magnetoresistance
has at least two distinct components. The first comprises the
two switching events for each of the scan directions, which
are usually attributed to spin-valve operation. For this device
this effect is negative (as often described in literature, e.g.,
Refs. 2,4, and 5) and its size is ~8%. The other component is a
continuous increase of the resistance with increasing magnetic
field also observed in various experiments,*!'#~'® which may be
attributed to the magnetic saturation of the electrodes. When
the B field is again applied in the plane but perpendicular to
the stripe [Fig. 2(b)] the shape of the curve changes. This
change in shape can be explained by the shape anisotropy
of the electrodes leading to a rotation rather than switching.
Although the zero-field resistance of both measurements is
identical, it should be noted that the resistance at 350 mT is
different, indicating traces of TAMR.

The type-2 layer stack, which has no magnetic electrodes, is
used to identify any magnetoresistance in the pure OSC which
might be misinterpreted as a spin-valve signal. The type-2
devices exhibit no detectable magnetoresistance, and neither
spin-valve behavior nor OMAR (between —400 and 4400 mT,
with an error of less than +£0.05%, Fig. 3). We can thus exclude
OSC-related magnetoresistance effects as the explanation for
the effects found in samples with magnetic contact layers.

The third type of layer stack, with a ferromagnetic LSMO
bottom contact and a nonmagnetic aluminum counterelec-
trode, has an OSC layer thickness of 150 nm. Given the
thickness of the OSC layer we can exclude any transport
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FIG. 2. (Color online) Magnetoresistance trace of a PTCDI-
C4F7-based vertical OSV structure with an LSMO bottom electrode
and a CoFe top electrode (type-1 device). Applying the B-field
along the stripe (a) yields pronounced switching events while a
measurement with B-field perpendicular to the stripe (b) indicates
a rotation of the stripe’s magnetization.
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FIG. 3. (Color online) Magnetoresistance trace of a PTCDI-
C4F7-based vertical structure with only nonmagnetic electrodes
(type-2 device). The measurement shows that any extrinsic MR effect
of the OSC PTCDI-C4F7 can be excluded.

by direct tunneling through the OSC. Even multistep tun-
neling which has recently been discussed® cannot explain
the observed transport phenomena. Nevertheless, the high
resistance at room temperature and the weak temperature
dependence (increase in resistance by one order of magnitude
between room temperature and 4.2 K) indicates that the I-V
characteristics are dominated by the charge injection processes
at the metal/OSC Schottky contacts,'” explaining why the I-V
characteristics we observe (Fig. 4) are strongly reminiscent of
tunneling processes.

Because there is only one magnetic layer present in
type-3 stacks, no genuine spin-valve signal can be expected.
Nevertheless, the magnetoresistance scans show the two-state
behavior characteristics of a spin valve with two ferromagnetic
layers. The magnetoresistance curves taken at a bias voltage of
255 mV (Fig. 5) clearly exhibit two spin-valve-like switching
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FIG. 4. (Color online) I-V characteristics of a PTCDI-C4F7-

based vertical structure with one magnetic LSMO and a nonmagnetic

Al counterelectrode (type-3 device) at room temperature and at 4.2 K.
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FIG. 5. Magnetoresistance sweeps for the TAMR test sample
(type-3 device) with the magnetic field applied in different directions
in the plane. After each scan the field direction is rotated by 30°. 0° and
90° are the sample diagonals. For 90° and 270° the switching event is
toward negative values. For clarity, scans for different directions are
offset by 850 k€.

events superimposed to the background. Both background and
switching are well known from organic spin valves. In this
structure, however, they can neither originate from GMR nor
from TMR, both TMR and GMR requiring two ferromagnetic
electrodes.

As TMR and GMR as well as any intrinsic magnetoresis-
tance of the LSMO layer'® can be excluded here, we interpret
these data as TAMR, an effect which was first observed in
(Ga,Mn)As (Ref. 10) and has since been reported to occur in
various tunnel contacts on ferromagnetic semiconductors and
metals.'*? This effect allows for spin-valve functionality in
layer stacks with only one ferromagnetic contact. It should be
noted that the magnitude of the magnetoresistance observed
here (~4%) is close to the 3% observed by Gould et al.'”

TAMR originates from spin-orbit coupling in a ferromag-
netic electrode with crystalline anisotropy. In these electrodes
spin-orbit coupling can translate any change of the magne-
tization vector into a change in the density of states (DOS).
The k dependence of the DOS in the electrode has a (weak)
dependence on the relative orientation of the magnetization
vector with respect to the crystal axes. If the electrode is part
of a tunneling contact, the DOS component of the tunneling
matrix element of any state strongly depends on the k vector
of the respective state and thus the change in magnetization
is reflected in the tunneling resistance. The magnitude of
the effect increases with increasing anisotropy and increasing
spin-orbit coupling. Although the effect is based on the change
in magnetization direction of the magnetic electrode, it is
important to realize that the tunneling electrons need not be
spin-polarized. With one magnetic electrode, only the density
of states determines the tunneling probability and not the spin
direction. Thus the appearance of TAMR is no indication for
spin-polarized carrier injection.
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FIG. 6. (Color online) Magnetoresistance traces (type-3 device)
with the magnetic field aligned along 0° and 90°. At large positive or
negative fields two different resistance states can be distinguished, a
clear signature of TAMR. For the scan in 0° direction, the spin-valve
signal is positive while it is negative for the 90° sweep.

The typical spin-valve-like signature with two pronounced
switching events can appear for example in systems with
a biaxial magnetocrystalline anisotropy. In such a system
a magnetic field sweep at an angle between the two easy
axes usually leads to a magnetization reversal via a two-step
switching process with two pronounced switching fields H¢
and H¢, combined with small rotations.”? Here, symmetry
breaking, for example, from step edges at the surface can cause
the tunneling matrix element to be different for magnetization
alignment along the two different easy axes. In this case the
system has four stable magnetization states with two different
tunneling resistance values (one for each easy axis) which we
may call R1 and R2. The two-step switching process then
leads either from R1 to R2 and back or from R2 to R1 and
back. Depending on the starting point of the magnetoresistance
scan, the magnetoresistance trace corresponds to a positive
or a negative spin-valve effect. The respective switching
fields Hey and He, which are observed depend on the field
angle with respect to the easy axes. Only for a magnetic
field applied exactly along one of the easy axes, single-
step switching occurs and the spin-valve effect vanishes. It
is noteworthy that in many (however, not all) OSVs with
LSMO electrodes in literature a negative spin-valve effect is
observed.

Obviously this phenomenology can be used to identify
TAMR. We have performed magnetoresistance scans with
different directions of the magnetic field in the plane. In these
scans, the coercive fields of the two switching events (H¢; and
H(») vary depending on the relative orientation of the magnetic
field with respect to the easy axes as expected. Experimental
data obtained on our type-3 sample are shown in Fig. 5 (0° and
90° are the two sample diagonals—see also Fig. 1).

The effect is even clearer in a magnetoresistance plot where
the two scans for field orientations of 0° and 90° are shown
together on the same scale (Fig. 6). For 90° the resistance
is in the high state in magnetic saturation,>* and it is low
between Hcy and Hc,, while for 0° orientation the resistance
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FIG. 7. Magnetoresistance scan (type-3 device) taken at constant
field while the angle of the applied field is slowly rotated by 360°.
The scan clearly shows the minimum and maximum resistance states
at & = 0°/180° and & = 90°/270°, respectively, corresponding to
the saturation states in Fig. 6.

in saturation is in its low state and it is high in between H¢; and
H¢». These two directions are the main axes which determine
the minimum and maximum value of the tunneling resistance.
The observation that the maximum resistance value between
Hc and He, (0° curve) is higher than the maximum resistance
in saturation (90° curve) can be explained by the occurrence
of multidomain behavior in which parts of the sample are
magnetized out of plane due to a weak out-of-plane easy
axis. Superconducting quantum interference device (SQUID)
measurements with the B field perpendicular to the surface
indeed show a remanent magnetization component.

Still further information comes from a magnetoresistance
scan on the type-3 sample in which the direction of the B
field is rotated by 360° in the plane while its magnitude
is kept constant close to saturation’* (full saturation is not
possible in our magnet). For ordinary TMR or GMR with two
ferromagnetic electrodes this scan must always show the same
resistance value because the two layers are always aligned
in parallel. For our sample we see an anisotropic resistance
distribution (Fig. 7) with a biaxial symmetry, clearly indicating
the presence of TAMR.

It should be noted that in order for TAMR to be observed,
electron tunneling through the organic layer is not necessary.
It is sufficient to have carrier injection into the OSC through
a barrier (as in most OSV) and thus to have a tunneling
contribution in the injection process. For a sufficiently high
contact resistance, the TAMR will always be visible above
the normal device resistance, especially at low bias voltages.
If, however, the resistance of the semiconductor massively
increases at low temperatures, the effect will no longer be
detectable.

IV. CONCLUSION

We have thus demonstrated that TAMR can exist in OSV
structures with at least one LSMO electrode. This effect opens
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up unique perspectives for organic spintronics. However, as
the effect can be either positive or negative in sign, depending
on the direction of the applied magnetic field, our observations
imply that careful measurements on any OSV are necessary
in order to distinguish between TAMR and real spin-valve
operation.
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