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We propose organic magetic-field-effect transistors and ultrasensitive magnetometers that exploit
spin transport in organics and its sensitive dependence on a transverse magnetic field due to spin
precession. The device design is based on experimentally observed magnetoresistance in magnet/
polymer/magnet structures and on the theory of spin transport in these structures. It is shown that at
room temperature the magnetometers are capable of detecting subnT magnetic fields, and theI–V
characteristics of the transistors can be strongly modified by magnetic fields of a few G with
response times of a few ns. ©2005 American Institute of Physics. [DOI: 10.1063/1.1831546]

Organic electronic devices such as organic light-emitting
diodes and organic field-effect transistors have significant
processing and performance advantages over their inorganic
counterparts in low-cost and large-area applications.1 Re-
cently organics have been considered for spintronic devices,2

for spins in organic materials are expected to last much
longer than in inorganic materials because of the vanishing
spin-orbit couplings. A major concern of using organics
in spin devices, however, is their low carrier mobilities
s10−8−1 cm2/V sd, which adversely affect the device speed.
In this article we show thatboth low mobilities and long spin
lifetimes in organics can be exploited to make organic
magetic-field-effect transistors(MFETs) and ultrasensitive
magnetometers.

Our design is based on the theory on spin transport in
magnet/polymer/magnet structures. In this theory, both
magnetic-field-induced spin precession and electric-field-
induced spin drift are consistently taken into account.3 Ac-
cording to this theory, spin-dependent transport in organics
can be strongly modified by magnetic-field-induced spin pre-
cession. Spin precession is very sensitive to the magnetic
field in the polymer because the procession is controlled by
the ratio,B/D, with B being the applied magnetic field andD
the diffusion constant in the polymer(D and the mobilityn
are related viaD=nkBT/e). Furthermore, extremely long
spin relaxation times in polymers allow spin-polarized carri-
ers to have ample time to precess without losing their spin
coherence when they traverse the polymer. Another crucial
ingredient in the device is that the half metallic magnets,
such as La0.7Sr0.3MnO3 (LSMO),4 are used as contacts on
which organics can be easily deposited, to ensure efficient
spin injection into the polymer. Although spin precession has
been exploited either electrically or optically in metals5,6 and
in semiconductors,7–9 the proposed organic devices are novel
because the functions of these devices rely on unique mate-
rial properties in organics.

The device structure is illustrated in Fig. 1. It consists of
an organic film on top of an insulator contacted by two
LSMO electrodes. A metal strip beneath the insulator may be

needed if an electrically controlled magnetic field is desired
for a MFET. The basic device operation can be described as
follows. Consider a device structure with the magnetizations
of two LSMO contacts being antiparallel. In the absence of a
transverse magnetic field, the device resistance is large be-
cause either spin species(up or down) must be the minority
spin in one of the contacts and neither up-spin nor down-spin
carriers can traverse the device easily. When a transverse
magnetic field is applied, the spin orientation of carriers
will vary over the distance in the polymer(spin precession),
which provides a channel connecting the majority spins in
the two LSMO contacts, and the resistance is therefore re-
duced. The electric field also strongly affects spin transport
in the devices:(1) it considerably increases spin diffusion
length through spin drift;(2) it determines the transit time of
injected carriers in the device and modifies the resistance
through the ratio of the transit time and the spin precession
time (determined by the magnetic field). The feasibility of
fabricating these spin devices is established by recent mea-
surements of spin injections in LSMO/sexithienylsT6d/
LSMO and LSMO/8-hydroxyquinolate aluminumsAlq3d/Co
structures even at room temperature.10,11T6 and Alq3 are two
widely used materials in organic electronics. The observed
I–V characteristics in LSMO/T6/LSMO have been explained
by our theory, indicating the validity of our theory.3 In the
proposed devices the magnetoresistance is achieved, not by
changing the contact magnetizations, but by applying a trans-
verse magnetic field(perpendicular to the contact magneti-
zations) to induce spin precession.

a)Author to whom correspondence should be addressed; electronic mail:
zhi-gang.yu.@sri.com FIG. 1. Schematic device structure of organic MFET and magnetometer.
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A reliable prediction of the performance of these spin
devices requires solving coupled spin-dependent transport
equations with proper boundary conditions. The contact
work functions and their relative position with respect to the
electron- and hole-polaron levels in organics determine
which type of carrier(electron or hole) is dominantly respon-
sible for transport. We consider a single-carrier device in
which the carriers are holes(electron devices can be ana-
lyzed similarly), which is appropriate for LSMO/T6/LSMO
and LSMO/Alq3/Co structures. When a voltage is applied to
a magnet/polymer/magnet structure, a spin-polarized current
is injected into the polymer from the magnets, giving rise to
spin accumulation in the polymer. To include spin precession
in these magnetic structures, a 232 density matrix in spin

space is needed,r̂P=r0
P1̂+ŝ .rP, wherer0

P1̂ is the equilib-
rium carrier distribution of the nonmagnetic polymer, and
ŝ=sŝx,ŝy,ŝzd are Pauli matrices. A general spin-dependent
transport equation in the presence of electric field(current)
and an external magnetic field reads3

¹2rP −
eE

kBT
. ¹ rP −

rP

L2 − h 3 rP = 0, s1d

whereh;gmBB /"D and L=ÎDtS, with g being the gyro-
magnetic factor,mB the Bohr magneton, andtS spin life-
time. If the carriers are electrons,E in Eq. (1) should be
replaced by −E. The general solution to Eq.(1) has been
obtained.3 When the magnetic field is absent, the above
equation describes the nonlinear spin transport due to the
electric-field drift, which has been systematically studied in
semiconductors.12–14

The magnets can be regarded as magnetic reservoirs in
local equilibrium at chemical potentialsmL,R

F , which is diag-

onal in spin spacem̂L,R
F =mL,R

F 1̂. HereLsRd denotes the left
(right) magnet. The direction of the magnetization in each
magnet is denoted by the unit vectormL,R. For systems ho-
mogeneous in the lateral direction, the current leaving the
left contact atx=0 is15,16

ĵCs0d = G↑ûL
↑ fm̂L

F − m̂Ps0dgûL
↑ + G↓ûL

↓ fm̂L
F − m̂Ps0dgûL

↓

− G↑↓ûL
↑ m̂Ps0dûL

↓ − G↓↑ûL
↓ m̂Ps0dûL

↑

and the current entering the right contact atx=d, ĵCsdd can
be similarly expressed.3 Here m̂P is the polymer electro-
chemical potential in the spin space. OperatorsûL

↑s↓d

= 1/2f1+s−dŝ .mLg and ûR
↑s↓d= 1/2f1+s−dŝ .mRg project

spins to the magnetization directions of the magnets.G↑sG↓d
is the electron conductance in the magnet with spin parallel
(antiparallel) to the magnetization direction.G↑↓=ReG↑↓

+ iImG↑↓ is the mixing conductance, which measures
the transport capability of spins oriented perpendicular to
the magnetization direction. It is required that ReG↑↓

ù sG↑+G↓d /2.15,16

The electrochemical potentialm̂Ps=m0
P1̂+ŝ .mPd in the

polymer is related to the density matrixr̂P. For nondegener-
ate systems with carriers following the Boltzmann distribu-
tion, we find

mp =
kBT

e

rP

2urPuFlnS1 +
urPu
r0

P D − lnS1 −
urPu
r0

P DG s2d

and m0
P is determined bydm0

P/dx=−J/sp=−E with sp the
conductivity of the polymer andJ=Tr ĵ P the total current.
The requirement that the currents be continuous provides the
following boundary conditions:(1) ĵCs0d= ĵ Ps0d and (2)
ĵCsdd= ĵ Psdd, where the current in the polymer is computed
via ĵ Psxd= r̂PsxdenE−eDdr̂P/dx. These two 232 matrix
equations completely determine the solution to Eq.(1) for a
given currentJ. The total resistance of the structure is then
calculated viaR=smL

F −mR
Fd /J. We adopt in our calculations

the parameters appropriate for the LSMO/T6/LSMO struc-
tures, which have been obtained by fitting theoretical results
to the experimental measurements.3 L=50 nm, sp

=10−6 sV cmd−1, G↑=105 V cm2, G↓=10−2 V cm2, and G↑↓

=0.73105 V cm2.
In Fig. 2 we plot the voltage dropV over ad=200 nm

structure with antiparallel aligned LSMO contacts and its
differential response,dV/dB, as a function of the transverse
magnetic field with a constant current density,J
=0.4 A/cm2. The mobility is set to be 10−5 cm2/V s. We see
that as the magnetic field increases, the voltage across the
device displays a damped oscillating behavior. The electric
field in the device isE=J/sp=43105 V/cm. Under this
electric field, the spin transport distance(downstream spin
diffusion length) at room temperature is

Ld = F−
ueEu
2kBT

+ÎS ueEu
2kBT

D2

+
1

L2G−1

. 4000 nm

which is longer than the device width. This electric-field drift
effect on spin diffusion can be seen by settingh=0 in Eq.
(1). Similar effect also exists in nondegenerate
semiconductors.12–14 This explains why the magnetoresis-
tance appears even thoughL!d. The oscilation in the mag-
netoresistance is attributed to the periodic spin precession
angle within the carrier transit timetR s;d/nEd, uP

=svL /2pdsd/nEd=dgmBB/2pnE".3,8,9 The damping is due
to the reduction of spin accumulation at the interfaces be-
cause of spin precession.3 The differential responsedV/dB
measures the sensitivity of this device. We see that for some
magnetic fields,dV/dB can be as high as 500 V/G. This

FIG. 2. Voltage(dashed line) and its differential response(solid line) as a
function of transverse magnetic field with the constant current densityJ
=0.4 A/cm2 for an antiparallel structure. The inset plots the differential
response for small magnetic fields in logarithmic scale.
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remarkable value indicates that a magnetic field change as
small asDB=10−9 G s0.1 pTd will give rise to a readily mea-
surable voltage change of 0.5mV. Even at low magnetic
fields around 10−5 G s1 nTd, as shown in the inset of the
figure,dV/dB.1 V/G, corresponding toDB=0.05nT for a
voltage change of 0.5mV. Thus this organic structure is an
ultrasensitive magnetometer that can detect both small mag-
netic fields and small magnetic-field differences at subnT
levels. Figure 3 shows the voltage drop and its differential
response in the same device structure as in Fig. 2, but with a
smaller constant current density,J=0.04 A/cm2. Again, we
see that an ultrasensitive magnetometer is achieved under
this current. In practice, the separation between the contacts,
d, is not uniform throughout the device because of unavoid-
able contact roughness. However, since the ultrasensitive
magnetometer is designed to detect extremely weak mag-
netic fields, i.e., within the first oscillating period(,0.05 G
in Fig. 2), where the sensitivitydV/dB depends on the mag-
netic field almost linearly, the sensitivity will not be signifi-
cantly compromised as long as the variation ofd is relatively
small.

The stong magnetic-field dependence of transport in
these organic structures suggests that they can be used for
organic MFETs, where theI–V characteristics are modified
by a magnetic field. Since an efficient transistor requires a
short response time, which is characterized by the transit
time, tR, we use a very high mobility for organics,n
=1 cm2/V s (as in pentacene), to describe MFETs. For such
a high mobility, we estimate the spin diffusion length to be
L=5000 nm (assume that the spin lifetime has a value of
10−6–10−5 s and does not depend on the mobility) and the
conductivity to besp=10−2 sV cmd−1. In Fig. 4 we plot tran-
sistor current–voltage curves of an antiparallel structure ex-
posed to different transverse magnetic fields using these pa-
rameters. We see the modification of theI –V characteris-
tics by different magnetic fields. These magnetic fields
sø10 Gd are much weaker than the coercive field of the
LSMO contacts(hundreds of G) and will not affect their
magnetizations. Such transverse magnetic fields can also be
created by supplying a current through the metal strip be-
neath the organic film, as shown in Fig. 1. The required
current I can be estimated throughB=m0I /2pr, wherer is

the distance between the polymer and the metal strip andm0

is the permeability. Forr =10 nm, a current of 5mA is
needed to produce a magnetic field of 1 G. The typical re-
sponse time(transit time) for such organic transistors is ap-
proximatelytR,4 ns.

In summary, we have proposed organic MFETs and ul-
trasensitive magnetometers that exploit spin transport in or-
ganics and its sensitive dependence on a transverse magnetic
field due to spin precession. These devices use quantum spin
transport and therefore should be superior to other devices
relying on classical charge/spin transport. The organic
MFETs can be operated under magnetic fields as weak as a
few G with response times of a few ns. The organic ultra-
sensitive magnetometers can detect both a small magnetic
field and a small magnetic-field change at subnT levels.
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FIG. 3. Voltage(dashed line) and its differential response(solid line) as a
function of transverse magnetic field with the constant current densityJ
=0.44 A/cm2. Other parameters are the same as in Fig. 2.

FIG. 4. Transistor current–voltage curves of an antiparallel structure ex-
posed to different magnetic fields.L=5000 nm, d=200 nm, and n
=1 cm2/V s.

024510-3 Yu, Berding, and Krishnamurthy J. Appl. Phys. 97, 024510 (2005)

Downloaded 09 Jan 2005 to 128.18.80.231. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


