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We report magnetoresistance (MR) measurements for structures with micrometer-thick regioregular,
polythiophene (rr-P3HT) polymer layers between two ferromagnetic contacts. Hole spin transport
through the polymer layer leads to a relative MR value in 300 mT fields of 0.3% at 300 K and
increasing to 18% at 25 K. The inferred intrinsic spin lifetime and diffusion length are about 7 ms
and 0.4 um, respectively. The spin transport coherence length is enhanced by the electric field,
leading to an enhancement in MR with increasing applied voltage. © 2009 American Institute of

Physics. [doi:10.1063/1.3271772]

Being made of light atoms, organic semiconductors
(OSCs) have very small spin-orbit coupling. Hence, they of-
fer significant advantages for preserving spin coherence over
longer times, and possibly longer distances, than in metallic
or inorganic semiconducting layers. A focus of recent re-
search has been to incorporate OSCs into spin-based
electronics."

Numerous studies have been made usmg OSC mol-
ecules, such as Alqs, in both lateral® and vertical® spin valve
(SV) structures, where carrier transport through the OSC
ranges from tunneling to diffusive. Magnetoresistance (MR)
ratios of ~10% have been observed at low temperature (7)
but the MR decreases rapidly with 7" and is generally =1% at
300 K." The majority of SV studies on thicker (=10 nm)
layers of molecular-OSCs report widely varying MR values
and spin diffusion lengths, and even reach conflicting
conclusions.” There are only a few spin transport studies with
high molecular weight polymers (such as BTQBT, P30T,
and rr-P3HT) and La, ;51 3;MnO; (LSMO) electrodes.’ 16
Large MR was observed at low 7 but only 1.5% at 300 K in
100 nm thick rr-P3HT based SVs.”

There are no reports of substantial MR in spin-electronic
devices having OSC spacer thicknesses significantly greater
than 100 nm. Here, we report large MR measured in devices
having a micron or thicker layer of the polymer, rr-P3HT.
The spin diffusion length and relaxation lifetimes inferred
from the MR data are on the order of 0.5 um and 1 ms,
respectively, at low 7. We further show that the observed MR
increases with bias voltage, indicating that spin transport co-
herence length can be enhanced with electric field, in quali-
tative agreement with previous”’12 and recent'’ predictions.

We have studied both lateral and vertical device geom-
etries with the polymer rr-P3HT (Sigma-Aldrich, MW
=30 000). In our devices, holes are injected from a 300 nm
thick film of LSMO grown on a SrTiOj; substrate. The pulsed
laser deposited LSMO exhibits a Curie temperature T
~360 K, a metal insulator transition at ~380 K, and a re-
sistivity p of 3.5 mQ cm at room temperature and
0.3 m{ cm at 20 K. In the vertical device, the top ferromag-
netic (FM) Co electrode is thermally evaporated on the poly-
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mer. The lateral devices were made by cutting (with ion
beam milling) a 1 um wide trench in LSMO lines having a
300 nm thick SiO, capping layer deposited by chemical-
vapor-deposition (CVD). In these devices, both FM contacts
are LSMO as depicted in the inset of Fig. 1. Each line is
approximately 9 mm long and the middle section of each line
is 500 um wide. The coercive fields of the electrodes are
nominally identical and our device is not a traditional SV
device. Resistance measurements confirmed no conducting
path existed either between lines or across the trench. The
trench width, as shown in Fig. 1, varies from ~0.9 um at
the substrate to 1.5 um wide at the LSMO top surface. The
trench was then back-filled with rr-P3HT by repeating sev-
eral iterations of drop casting a 1 mg/100 mL P3HT-
cholorform solution, sonication, and annealing at 100 °C for
30 min in a nitrogen gas atmosphere. No encapsulation was
applied after annealing. The CVD-oxide on the top LSMO
surface ensures the current path is only through the side
walls. The current-voltage (I-V) characteristic of each line
was measured multiple times between —5 to +5 V. If the
I-V was unstable (e.g., drifting), then the device was an-
nealed again. Devices with negligible resistance drift were
selected for further study. Measurements at room tempera-
ture were usually performed in air under ambient conditions
and, for the case of low temperatures, in a He atmosphere.
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FIG. 1. (Color online) Temperature dependence of the I-V curves for a
lateral P3HT polymer device depicted in the inset. The SEM micrograph
shows the trench sidewall profile.
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FIG. 2. (Color online) MR as a function of temperature (a) and for different
orientations of the applied field at 25 K (b). The MR is normalized to its
maximum value.

Ambient lighting had no discernable effect on the reported
electrical properties.

We focus here on the MR properties of lateral devices.
Figure 1 shows typical I-V curves measured at several tem-
peratures. The resistance was found to be a nonmonotonic
function of temperature, exhibiting a maximum at roughly
200 K and a local minimum around 30 K. In the vertical
device (not shown), the resistance also first increases with
decreasing 7, and then becomes roughly temperature inde-
pendent below 100 K. Nonlinear /-Vs were a common fea-
ture of all devices and at all temperatures. Although the non-
linearity could arise from Schottky barriers at the interfaces,
the measured current and its temperature dependence indi-
cate that the polymer resistance determines the transport.
Mechanisms such as a temperature and electric field depen-
dent mobility, phonon scattering, trap filling, and space
charge limited transport in the polymer could be responsible
for the nonlinear transport.

Figure 2(a) shows the normalized MR, R(H)/R,5x (Rimax
is the maximum resistance), at various temperatures. The
MR was measured at a constant-voltage (3 V) bias with the
magnetic field, H, applied parallel to the LSMO lines. All
devices showed negative MR with R(H) decreasing at high
fields. The resistance change increases with decreasing tem-
perature and exceeds 20% at low T. The R(H) curves exhibit
peaks that are somewhat symmetric about H=0. Figure 3(a)
plots the temperature dependences of these fields together
with the coercive field of the LSMO. Clearly, there exists a
strong correspondence, indicating that the resistance peaks
are due to the electrode magnetization and spin transport.
Further evidence to support this claim is shown in Fig. 2(b),
where H is applied either in-plane or out of plane. The MR
exhibits similar field dependences for in-plane fields, either
parallel or transverse to the LSMO electrodes, but it is con-
siderably smaller and the resistance peaks are significantly
more separated for case of perpendicular fields. The latter is
expected since it is energetically unfavorable to pull the
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FIG. 3. (Color online) Temperature dependence of (a) the coercive field in
LSMO and the fields at which the MR peaks occur and (b) of the LSMO
magnetization and the MR ratio of three devices. The coercive field data and
the magnetization curve are for an unpatterned LSMO film measured by
SQUID magnetometry. MR was determined at 100 mT and using a 3 V bias.

magnetization out of the plane. This behavior establishes that
the MR is related to the magnetization of the LSMO elec-
trodes and that the increased magnetization of the contact
increases the spin injection/collection efficiency, resulting in
decreased resistance with increasing H. The MR can occur if
the surface magnetizations of the LSMO sidewalls that form
the trench are not well aligned at low fields. This is plausible
given that SEM micrographs (Fig. 1 inset) show sidewall
roughness resulting from the ion beam etching process. Such
disorder alters the surface magnetic properties1 and leads to
different coercive fields for the magnetization in the two
sidewalls and less abrupt switching of their magnetizations.

Other possible mechanisms for the observed MR
include the following: anisotropic, organic, and colossal-
magnetoresistance (AMR,"” OMAR,'® and CMR,"” respec-
tively). The large magnitude of the MR rules out AMR. We
rule out OMAR because (1) no MR is observed in a vertical
control device in which both magnetic electrodes were re-
placed by gold and (2) the MR exhibits dependence on field
orientation [Fig. 2(b)]. CMR in the LSMO electrodes is also
excluded because p; gpo decreases by a factor of 11 when T
is reduced from 300 to 25 K, whereas the change in normal-
ized MR at 300 mT has increased by a factor of 10.

Figure 3(b) shows the temperature dependence of the
MR ratio defined as |[R(100 mT) =R, .|/ Rnax- After correct-
ing for the contribution from the LSMO electrodes, the MR
ratio is approximately 0.3% at 300 K. The MR ratio in-
creases with decreasing temperature, reaching about 18% at
low T. Lower MR is observed in the vertical device as ex-
pected because of smaller spin polarization in Co. For com-
parison, Fig. 3(b) also shows the magnetization, M(T), of the
unpatterned LSMO film. The MR ratio begins to drop sooner
and more rapidly with temperature than M(T). Such behavior
is common among organic SVs and is attributed to either a
pronounced temperature dependence of the surface spin po-
larization at the electrode/OSC interface or a temperature
dependent spin relaxation time."® Also, the LSMO sidewalls
may have a reduced 7T, due to the wall roughness. Although
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FIG. 4. Voltage bias dependence of the MR ratio determined at 300 mT for
various temperatures. Solid circles represent data on the lateral device mea-
sured using a parallel applied field. Half-open circles are also for the lateral
device but using a transverse field. Squares show data for the vertical device
determined at 150 mT.

the surface quality of LSMO can be recovered through a
vacuum thermal annealing treatment,19 our attempts were un-
successful, perhaps due in part to the different coefficients of
thermal expansion between the CVD oxide and LSMO.

The MR ratio in our devices was found to be bias de-
pendent. The bias dependence was determined by measuring
the I-V curves in 0 and 300 mT parallel fields and computed
using the expression, |R(300 mT)—R(0)|/R(0). Figure 4
shows that the MR ratio in our devices increases with bias.
This behavior is opposite to what is observed in OSC-based
magnetic tunnel junctionsl but qualitatively consistent with
predictions by Yu et al. "2 The increase is most evident at low
T; while a change was not observed at 300 K. At 25 K, we
also determined the MR ratio from R(H) sweeps measured at
different bias voltages in transverse fields up to 300 mT. This
data is shown by the half-open circles in Fig. 4. In this case,
the range of bias voltages is greater and shows that the MR
ratio is not monotonic, exhibiting a minimum near 1 V. The
30 K data plotted for the vertical device also shows MR
increasing with bias.

The OSC layer in our devices is too thick for tunneling
and its low mobility suggests that charge transport is
through a highly diffusive hopping process. The spin diffu-
sion length in P3HT can be crudely estimated using the
modified Julliere relation, ™ AR/R=2P,P, exp[-d/\,]/(1
— PP, exp[—d/\,]), where P| and P, are the spin polariza-
tions of the electrodes, d is the OSC layer length, and A; is
the spin diffusion length. However, this relation neglects the
effect of electric field, E. A, should be regarded as the down-
stream spin diffusion length, which is wE7, under high
electric fields and (ukgTr,/e)"? at low fields.'™? 7, is the
intrinsic spin relaxation time and the other quantities have
their usual meaning. The low-field regime is defined as E
<kgT/e\; (=50 V/cm) and is obtained in our devices with
d=1 pm and bias voltages less than 5 mV. The Julliere re-
lation, which can be used at low biases, yields a value of
380 nm for A\, and using d=1 um, AR/R=~16% at 25 K and
at 1 mV bias. We assumed P;=P,=1 because the efficient
spin injection in spite of the conductivity mismatch between
LSMO and the polymer indicates high spin polarization at
the contacts.”'

The mobility of P3HT is known to vary with morphol-
ogy and processing conditions®*** and could not be mea-
sured once deposited in our devices. The value is typically
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in the range between 107® and 1072 cm?/Vs and u
~10~* cm?/Vs explains the measured device resistance. For
this value of w, 7 is estimated to be 7 ms at low fields and
low T. For u=10"° cm?/Vs, 7, increases to 700 ms, and is
comparable to the long spin relaxation times (=1 s) re-
ported by Pramanik et al. * for very low mobility Alqs;. Nev-
ertheless, the Julliere formula is inadequate to describe
driven spin transport and the deduced value should be con-
sidered only as an estimate.

High carrier mobility may be an important factor for
achieving very long spin transport coherence lengths in OSC
compounds.2 The mobility in organics is strongly field de-
pendent and follows the Poole—Frenkel law. The field depen-
dence becomes weaker in a system with high carrier
density,26 as in the present case. This can lead, through a
reduction in transit time across the polymer, to an enhance-
ment in MR with increasing bias such as we observe. Our
studies indicate that spin transport distances in excess of mi-
crons can be attained in relatively low-mobility polymers.

However, the low yield of stable devices in our studies and
the widely varying MR ratios reported by others>®%10 in

vertical SV structures highlight the need for detailed investi-
gations aimed at understanding the chemical, structural, and
morphological properties that influence spin transport in or-
ganic materials.
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