Spin transport in organics and organic spin devices
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Abstract: The authors present a theory to describe spin transport across a polymer sandwiched
between magnetic contacts and propose organic spin devices based on this theory. It is found that
even a weak magnetic field can significantly modify spin transport in polymers through spin
precession. This sensitivity can be exploited to design ultrasensitive magnetometers and low-power
magnetic-field-effect transistors. It is shown that, at room temperature, the organic magnetometers
are capable of detecting sub-nanotesla magnetic fields, and the I-V characteristics of the magnetic-
field-effect transistors can be strongly modified by magnetic fields of a few gauss with response

times of a few nanoseconds.

1 Introduction

In spin-based electronics (spintronics), information is
carried by the electron spin. Semiconductor spintronic
devices have attracted considerable attention (see [1] and
references therein), since the discovery of long spin lifetimes
in semiconductor structures [2]. Compared with inorganic
materials, organics have much longer spin lifetimes because
of the vanishing spin-orbit couplings, suggesting that
organic materials have significant potential for novel
spintronic devices. Recently, strong magnetoresistances and
large spin injection have been observed in Lag-Sry;MnO5
(LSMO)/sexithienyl (Ts)/LSMO and LSMO/8-hydroxy-
quinolate aluminum (Alqg;)/Co structures even at room
temperature [3, 4]. T¢ and Alqsz are two widely used
materials in organic electronics. Theoretical studies of spin-
dependent transport in magnet/organic material/magnet
structures have just begun, and a consistent understanding
is still lacking. A systematic theoretical study of spin
injection, spin manipulation and spin detection in organic
structures is required to understand the experiments and to
design new organic spintronic devices.

Organic electronic devices, including light-emitting diodes
and field-effect transistors, have been the subjects of intense
research in the last decade because they have processing and
performance advantages for low-cost and/or large-area
applications (see, for examg)le, [5]). On the other hand, the
low carrier mobility (107°~10cm?/Vs) in organics limits
their application for high-speed devices such as computer
processors. The arena of organic electronic devices is in the
applications that exploit unique properties in organics, such
as large-area processing, mechanical flexibility, tunable light
emission, chemical sensing interactions, and biocompa-
tibility.

Similarly, organic spintronic devices have some unique
applications that are inaccessible to inorganic spintronic
devices. In this paper, we will show that both the low carrier
mobility and the long spin lifetime in organics can be
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exploited to achieve room-temperature ultrasensitive mag-
netic sensors and low-power magnetic-field-effect transistors
(MFETs). These devices use dense films of conjugated
polymers or organic molecules and are distinct from
molecular electronic devices, where carriers traverse indivi-
dual molecules coherently £6]. There is a huge demand on
low-magnetic-field (<10™° gauss) sensors for medical
applications and military surveillance as well as on earth-
field (107°-1G) sensors for navigation and geology [7].
Many of these applications currently rely on superconduct-
ing quantum interference devices (SQUIDs) that require
cooling at cryogenic temperatures. We will show that the
proposed organic magnetic sensors are capable of detecting
a magnetic field as weak as 10~° G at room temperature.
This extraordinary sensitivity, together with other favour-
able attributes of organic devices, including light weight,
flexibility, low cost and biocompatibility, suggests that the
organic spintronic devices will play an important role in
magnetic sensing and in detection of biological targets in the
near future.

2 Spin transport in organics

Despite recent important progress in experimentally de-
monstrating strong magnetoresistance and large spin
injection in organic structures, a comprehensive under-
standing of these experiments is still unavailable. The
major problem is that a consistent description of spin
transport for organic structures is yet to be established.
Existing theories for magnetic tunnelling junctions or
for metallic layered structures are frequently applied to
organic structures. These theories are either invalid
or inadequate for spin transport in organics. A complete
and appropriate description of spin transport in organics
should include the following factors: (i) spin transport
across organic structures is diffusive rather than due to
tunnelling; (ii) electric fields in organic structures are very
strong because organics are typically undoped or lightly
doped; and (iii) noncollinear structures should be consis-
tently incorporated [3].

We consider spin transport in a magnet/organic/magnet
structure. In such a structure, the magnet work functions
and their relative position with respect to the electron- and
hole-polaron levels in the polymer determine which type of
carrier (electron or hole) is dominantly responsible for
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transport [5]. In this paper, we focus on a single-carrier
device in which the carriers are holes (electron devices can
be analysed similarly), which is appropriate for LSMO/Tg/
LSMO and LSMO/Alq3/Co structures.

When a voltage is applied to a magnet/polymer/magnet
structure, a spin-polarised current is injected into the
polymer from the magnets, giving rise to spin accumulation
in the polymer. To consider spin precession and non-
collinear configurations, where spin accumulation can
be along any direction, we use a 2 x 2 density matrix in
spin space to describe the carrier distribution, pf =
ph1+4 6 - p©. Here pf1 is the equilibrium carrier distribu-
tion of the nonmagnetic polymer, and ¢ = (6y,6,,6.) are
Pauli matrices.

The spin-polarised current in the polymer consists of two
contributions, drift and diffusion,

j* = pPevE — eDVp” (1)

where v is the carrier mobility and D the diffusion constant
in the polymer. The drift-diffusion-type model has been
widely used to model (spin-independent) charge transport in
organic electronic devices and has proven to be reliable and
accurate [5]. Here, we neglect the possible magnetic-field
effect on the orbital motion (Hall effect), which is reason-
able in polymers with low carrier mobilities. In a
nondegenerate system, v and D are connected via Einstein’s
relation v/eD = 1/kgT. The continuity equation for each
component of the density matrix in the presence of a
magnetic field B reads as

opr _p"—phl
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where g is the spin relaxation time, g the gyromagnetic
factor of the material and up the Bohr magneton. To
emphasise the spin-dependent part in carrier transport, as a
simplification, we assume that the charge distribution inside
the polymer is homogeneous, and Vph =0 V-E=0,
although a more accurate description requires self-consis-
tently solving Poisson’s equation together with transport
equations [5]. This assumption can be justified when the
length scale associated with charge inhomogeneity, the
Debye length, is much shorter than the spin-diffusion
length, as in the structures in [3]. In steady state we
obtain

Vil —— . Vp' - —bxp’=0 (3)

where b = gugB/hDand L = /Dtg. This equation pro-
vides a consistent description of spin drift and spin
precession in polymers. A similar equation for semiconduc-
tors was derived recently from the Boltzmann equation [§].
The spin precession effect, controlled by the ratio B/D, is
particularly important in polymers because of their
small diffusion constants (low mobilities). In the absence
of spin drift, by scaling all lengths in terms of L, we see
that D does not explicitly influence spin transport. However,
the spin drift term in (3) introduces another length scale
kgT/|eE|, which makes D directly affect the spin transport
behaviour.

For systems homogeneous in the lateral direction
all quantities depend on only one co-ordinate (x). We
obtain the general solution to (3) in such a system
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for a magnetic field along B= B (sin 6 cos ¢, sin 0 sin ¢,
cos 0):

pP(x) =C V()eilx + Cnge)'zx

+ C3(v1e 08 Jax — v2€™¥ sin A4x)
+ C4(v1e sin Aax + v2€™* cos /4X)
+ C5(v1e 08 A4x + v2€* sin /.4X)
+ C6(vle sin Agx — vye™ cos J4x),

vy = (sin 6 cos ¢, sin 0sin ¢, cos 0),
vy = (cos 0 cos ¢, cos Osin ¢, — sin 0),

= (Sln ¢7 — COs ¢7 0)7
/Aul,z :eE/2kBT + )

J3s5 =eE/2ksT +\/ 7>+ \/7* + |b*/ V2,
4= \/—VZ 7+ B /V2

where > = (eElRksT)* + 1/L>. If the magnetic-field-induced
spin precession is absent, the general solution becomes
p’(x) = A\e*/" + Are™*/*. Here, A, and A, are two
constant vectors, and L, and L, are the upstream and
downstream spin diffusion lengths [9-11]:

Ly = (£|eE|/2kT + )~ (4)

The spin transport distance (L) is greatly enhanced by the
electric field (current).

The density matrix p” is related to the electrochemical
potential i in the polymer. For nondegenerate systems
with carriers following the Boltzmann distribution, we find

i = b1+ 6 - p” with

e (1))

where uf is determined by dpf /dx = —J /¢, = —E, with
o, the conductivity of the polymer and J = Trj"the total
current. Thus pf (x) = —Ex + Cp, where Cj is a constant.

The two magnets in a magnet/polymer/magnet are
described in [12, 13]. These magnets can be regarded as
magnetic reservoirs in local equilibrium at chemical
potentials i/, which is diagonal in spin space fi); =
u Ri. Here L£(R) denotes the left (right) magnet. The
direction of the magnetisation in each magnet is described
by the unit vector m. z. The current from the left contact to
the polymer is [12, 13]

J0) =Gl i — (0] + Glag [y — i (0)] g
- G“uﬁ,u (O)uc - G”uﬁ,u (0)it- (6)

The current from the right contact to the polymer j€(d) can
be written similarly. Here, we assume that carriers in the
polymer are in quasi-equilibrium, which can be charac-
terised by a spin-dependent electrochemical potential in the
spin space . We emphasise that the polymer is
nondegenerate and the relation between p and i in (5) is
very different from that described in references [8, 9] for
metals. Operators uL(U =114 (-)6-mg] and &%U =

3[1+ (=)6 - mg] project spins on the magnetisation direc-
tlons of the magnets. These CqutIOI’lS can be regdrded
as a generalised Ohm’s law in the spin space. G' (G*) is
the electron conductance in the magnet with spin
parallel (antlpdrdllel) to the mdgnensdtlon direction.
Gt =ReG' +iImG' is the mixing conductance, which
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measures the transport capability of spins oriented perpen-
dicular to the magnetisation direction. In the diffusive

regime G' and G' can be calculated through alm /Le,

where L. is the length of the contact and ol is the up-spin
(down-spin) conductivity of the contact. It is required that
ReG' T >(GT+GYHR [11].

The requirement that the currents be continuous provides
the following boundary conditions: (i) j°(0) = ;7(0) and
(i) —jC(d) =J"(d). These two 2x 2 matrix equations
completely determine the eight unknowns -C;(i=0,
1,...,6) and pf — ui! (voltage drop), for a given current
J. Having solved these equations, we can calculate the total
resistance of the structure R = (u¥ — pi¥)/J. All numerical
calculations presented here are for room temperature. We
adopt in our calculations the parameters appropriate for the
LSMO/T¢/LSMO structures, which have been obtained by
fitting theoretical results to the experimental measurements
[14, 15 L=50nm, ¢,=10"° Qcm)"', G'=10°Qcm?,
G'=10"Qcm’ and Gt =0.7 x 10°Qem®.

First, we examine spin transport in the absence of spin
precession. In Fig. 1, we depict the device resistance R as a
function of relative angle ® between the contact magnetisa-
tions (cos ©® = my -my) at different electric fields (cur-
rents). The device size, d =200 nm, is much larger than the
spin diffusion length L. When the electric field is weak, the
injected carriers from the left LSMO contact become
unpolarised when they reach the right contact because
L;~ L=50nm « d, and therefore the resistance does not
depend on magnetisation directions of the right LSMO
contact. With increase of the electric field, we see that the
total resistance becomes sensitive to the magnetisation
directions of the LSMO contacts, which is due to the field-
enhanced spin transport distance in the polymer (L), as
shown in the inset of Fig. 1, which enables carriers to retain
their spin polarisation when they reach the right LSMO
contact.

Next we investigate the impact of spin precession on spin
transport in magnet/polymer/magnet structures. We con-
sider structures with m,x in the y— plane, and spin
precession is created by a transverse magnetic field along the
x-direction. It is expected from (3) that even a weak
magnetic field can strongly influence spin transport because
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Fig. 1 Total resistance as function of angle between magnetisa-
tions of two LSMO contacts for device of d= 200 nm under different
currents with fixed G = 70000 (Qeni®)~!

Solid, dashed and dot-dashed lines correspond to E=0", 40 and
400k V/cm, respectively. The inset illustrates upstream (solid line) and
downstream (dashed line) diffusion lengths as a function of electric
field
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of the low mobility in the polymer. Figure 2a delineates the
device resistance as a function of transverse magnetic field,
for a device of d=10nm (L>d) under a vanishing current
(E=0"). We see that the resistance decreases with the
applied magnetic field and that the change is particularly
strong for an antiparallel configuration. In the absence of
spin precession, the device resistance is large because either
spin species must be the minority spin in one of the contacts
for the antiparallel configuration. With a transverse
magnetic field, the spin orientation of carriers will vary
over the distance through spin precession, providing a
channel connecting the majority spins in the two LSMO
contacts, thereby reducing the resistance. Another effect
of spin precession at weak electric fields (diffusive regime)
is the reduction of spin accumulation at the interfaces,
which occurs because carriers diffuse along random
trajectories, and different trajectories lead to different
precession angles. This effect is suppressed at high electric
fields (drift regime).
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Fig. 2 Total resistance as function of transverse magnetic field

a Device of d=10nm with different @ under E=0". Solid, dotted,
dashed and dot-dashed lines correspond to ® =0, 90°, 135°, and 180°,
respectively

b Device of d=200nm with @ =180° under different electric fields.
Solid, dashed and dot-dashed lines correspond to £= 100, 200, and
400 kV/cm, respectively. The mobility is v= 107> cm?/Vs

Figure 2b shows the resistance of an antiparallel
configuration with d=200nm as a function of transverse
magnetic field at high electric fields. Under these electric
fields, the spin transport distance is greatly enhanced by
drift, L,>d. This explains the strong magnetoresistance,
even for L« d. We see that the device resistance displays a
damped oscillating behaviour as the transverse magnetic
field increases, and that the oscillating period is proportional
to the strength of the electric field. We can understand the
oscillation by noticing that spin drift due to electric field
leads to a finite transit time, 7p=d/vE. The time scale of
spin precession 7p is determined by the Lamor frequency
wr(t, = 2n/w; = 2nh/guzB). Thus the peaks of resis-
tance occur when tp = ntp(n = 1,2,...),i.e. B = n2nhvE/
gugd [16]. The damping is due to the reduction of spin
accumulation at the interfaces because of spin precession.
This oscillating resistance does not exist in a metallic system,

IEE Proc.-Circuits Devices Syst., Vol. 152, No. 4, August 2005



where spin drift is negligible (tp— o0) (see Fig. 2a). We
emphasise that the resistance is extremely sensitive to the
transverse magnetic field and the spin transport behaviour
can be modified in different ways by controlling the
interplay between spin precession and spin drift.

3 Organic spin devices

The carrier mobility in organics is intrinsically low, which is
often considered to be a burden that limits the speed of
organic-based electronic devices. Organic spintronic devices
will be competitive and useful only when they do not
require high carrier mobility. In this Section, we show that
both low mobilities and long spin lifetimes in organics can
be exploited to make organic MFETs and ultrasensitive
magnetometers.

Our design is based on the theory of spin transport in
organic structures discussed in Section 2. According to this
theory, spin-dependent transport in organics can be strongly
modified by magnetic-field-induced spin precession. Spin
precession is very sensitive to the magnetic field in the
polymer, because the procession is controlled by the ratio
B/D. Furthermore, extremely long spin relaxation times
in polymers allow spin-polarised carriers 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 LSMO [17,
18], 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 metals [19-21] and in semicon-
ductors [16, 22, 23], the proposed organic devices are novel
because the functions of these devices rely on unique
material properties in organics.

The device structure is illustrated in Fig. 3. 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 an MFET. The basic device operation can be
described as follows. Consider a device structure with the
magnetisations of two LSMO contacts being antiparallel. In
the absence of a transverse magnetic field, the device
resistance is large because 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 reduced. The electric field also

) -

M
M
LSMO polymer LSMO
insulator -47 metal strip
substrate

Fig. 3 Schematic device structure of organic MFET and magnet-
ometer
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strongly affects spin transport in the devices: (1) it
considerably increases spin diffusion length through spin
drift, and (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 has been established by the
recent experiments described in [3, 4]. In the proposed
devices the magnetoresistance is achieved, not by changing
the contact magnetisations, but by applying a transverse
magnetic field (perpendicular to the contact magnetisations)
to induce spin precession.

In Fig. 4 we plot the voltage drop V over a d=200nm
structure with antiparallelly aligned LSMO contacts and its
differential response, dV/dB, as a function of the transverse
magnetic field with a constant current density, J=0.4A/
cm”. The mobility is set to be 107> cm?/Vs. We see that, as
the magnetic field increases, the voltage across the device
displays a damped oscillating behaviour. The electric field in
the device is E=J/g,=4 x 10°V/em. Under this electric
field, the spin transport distance (downstream spin diffusion
length) at room temperature is Ly~ 4000 nm, which is
longer than the device width. The oscillation in the
magnetoresistance is attributed to the periodic spin preces-
sion angle within the carrier transit time, as discussed
earlier. The damping is due to the reduction of spin
accumulation at the interfaces because of spin precession
[14, 15]. The differential response dV/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 remarkable
value indicates that a magnetic field change as small as
AB=10""G (0.1 pT) will give rise to a readily measurable
voltage change of 0.5uV. Even at low magnetic fields
around 10> G (1 nT), as shown in the inset of the Fig. 4,
dVIdB~1V/G, corresponding to AB=0.05nT for a
voltage change of 0.5uV. Thus, this organic structure is
an ultrasensitive magnetometer that can detect both small
magnetic fields and small magnetic-field differences at
sub-nT levels. It is interesting to note that the sensitivity
dV/dB=500V/G at the bias of 10V corresponds to
d(AR/R)/dB=5000% /G, which is significantly greater than
the values (<20%/G) in recently proposed magnetic sensors
for detection of pT and fT magnetic fields [24-26],
suggesting that the organic magnetometer, combined with
clever circuitry design, is capable of detecting a even weaker
magnetic field.
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Fig. 4 Voltage (dashed line) and its differential response (solid
line) as function of transverse magnetic field with constant current
density J=0.4 Alen?’ for antiparallel structure

The inset plots the differential response for small magnetic fields in
logarithmic scale
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In practice, the separation between the contacts, d, is not
uniform throughout the device because of unavoidable
contact roughness. However, as the ultrasensitive magnet-
ometer is designed to detect extremely weak magnetic fields,
i.e. within the first oscillating period (<0.05G in Fig. 4),
where the sensitivity dV/dB depends on the magnetic field
almost linearly, the sensitivity will not be significantly
compromised as long as the variation of d is relatively
small.

The strong magnetic-field dependence of transport in
these organic structures suggests that they can be used for
low-power MFETs, where the I-V characteristics are
modified by a magnetic field. As an efficient transistor
requires a short response time, which is characterised by the
transit time g, we use a very high mobility for organics,
v=1cm?Vs (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 107 to 10>s and does not depend on the mobility) and
the conductivity to be 6, = 1072 (Qcm) . In Fig. 5 we plot
transistor current-voltage curves of an antiparallel structure
exposed to different transverse magnetic fields using these
parameters. We see the modification of the I-V character-
istics by different magnetic fields. These magnetic fields
(<10G) are much weaker than the coercive field of the
LSMO contacts (hundreds of G) and will not affect their
magnetisations. Such transverse magnetic fields can also be
created by supplying a current through the metal strip
beneath the organic film, as shown in Fig. 3. The required
current / can be estimated through B= pyl/2nr, where r is
the distance between the polymer and the metal strip and g
the permeability. For r=10nm, a current of 5 pA is needed
to produce a magnetic field of 1 G. The typical response
time (transit time) for such organic transistors is approxi-
mately tp~4ns.

100~

JSD’ Alcm?2

Vsor

\

Fig.5 Transistor current-voltage curves of antiparallel structure
exposed to different magnetic fields
L =35000nm, d=200nm and v=1cm?/Vs

4 Conclusions

We have presented a theory to describe spin transport in
magnet/polymer/magnet structures. This theory considers
both the electric-field-induced spin drift and magnetic-field-
induced spin precession and explains the observed magne-
toresistance and I-V characteristics in LSMO/T¢/LSMO
structures. We have also predicted that the interplay of spin
drift and spin precession can give rise to damped oscillating
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magnetoresistances with the transverse magnetic field in
magnet/polymer/magnet structures. This theory provides a
general framework to understand spin-dependent transport
properties in polymer structures.

Based on this theory, we have proposed organic MFETs
and ultrasensitive magnetometers that exploit spin transport
in organics and its sensitive dependence on a transverse
magnetic field due to spin precession. The organic MFETs
can be operated under magnetic fields as weak as a few G
with response times of a few ns. The organic ultrasensitive
magnetometers can detect both a small magnetic field and a
small magnetic-field change at sub-nT levels.
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