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Organic magnetic-field-effect transistors and ultrasensitive magnetometers
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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 detectingrsubgnetic fields, and thie-V
characteristics of the transistors can be strongly modified by magnetic fields of a few G with
response times of a few ns. @05 American Institute of PhysidDOl: 10.1063/1.1831546

Organic electronic devices such as organic light-emittingneeded if an electrically controlled magnetic field is desired
diodes and organic field-effect transistors have significantor a MFET. The basic device operation can be described as
processing and performance advantages over their inorganiollows. Consider a device structure with the magnetizations
counterparts in low-cost and large-area applicati‘orﬁ%za— of two LSMO contacts being antiparallel. In the absence of a
cently organics have been considered for spintronic devicestransverse magnetic field, the device resistance is large be-
for spins in organic materials are expected to last mucltause either spin speci@sp or dowrn must be the minority
longer than in inorganic materials because of the vanishingpin in one of the contacts and neither up-spin nor down-spin
spin-orbit couplings. A major concern of using organicscarriers can traverse the device easily. When a transverse
in spin devices, however, is their low carrier mobilities magnetic field is applied, the spin orientation of carriers
(108-1 cn?/V s), which adversely affect the device speed.will vary over the distance in the polymespin precession
In this article we show thatothlow mobilities and long spin  which provides a channel connecting the majority spins in
lifetimes in organics can be exploited to make organicthe two LSMO contacts, and the resistance is therefore re-
magetic-field-effect transistor@MFETs) and ultrasensitive duced. The electric field also strongly affects spin transport
magnetometers. in the devicesi(1) it considerably increases spin diffusion

Our design is based on the theory on spin transport ifength through spin drift{2) it determines the transit time of
magnet/polymer/magnet structures. In this theory, bothinjected carriers in the device and modifies the resistance
magnetic-field-induced spin precession and electric-fieldthrough the ratio of the transit time and the spin precession
induced spin drift are consistently taken into accouAt-  time (determined by the magnetic figldThe feasibility of
cording to this theory, spin-dependent transport in organicabricating these spin devices is established by recent mea-
can be strongly modified by magnetic-field-induced spin presurements of spin injections in LSMO/sexithienyTg)/
cession. Spin precession is very sensitive to the magneticSMO and LSMO/8-hydroxyquinolate aluminu(lgs)/Co
field in the polymer because the procession is controlled bgtructures even at room temperattfté! T and Alg; are two
the ratio,B/D, with B being the applied magnetic field abd ~ widely used materials in organic electronics. The observed
the diffusion constant in the polyméb and the mobilityr |-V characteristics in LSMO/JLSMO have been explained
are related viaD=vkgT/e). Furthermore, extremely long by our theory, indicating the validity of our theohyin the
spin relaxation times in polymers allow spin-polarized carri-proposed devices the magnetoresistance is achieved, not by
ers to have ample time to precess without losing their spirthanging the contact magnetizations, but by applying a trans-
coherence when they traverse the polymer. Another crucialerse magnetic fieldperpendicular to the contact magneti-
ingredient in the device is that the half metallic magnetszationg to induce spin precession.
such as Lg;St aMnO; (LSMO),* are used as contacts on

which organics can be easily deposited, to ensure efficient > B
spin injection into the polymer. Although spin precession has M
been exploited either electrically or optically in metdland
in semiconductors,® the proposed organic devices are novel
because the functions of these devices rely on uniqgue mate- M
rial properties in organics. LSMO LSMO

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

Substrate

3author 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 1000 L p
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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 carriefelectron or holgis dominantly respon-
sible for transport. We consider a single-carrier device in
which the carriers are hole®lectron devices can be ana-
lyzed similarly), which is appropriate for LSMO/EILSMO [
and LSMO/Alg/Co structures. When a voltage is applied to 41000, . . . 0
a magnet/polymer/magnet structure, a spin-polarized current B(é)ézuss) '
is injected into the polymer from the magnets, giving rise to

spin accumulation in the polymer. To include spin precessiofy!C: 2- Voltage(dashed lingand its differential respons@olid line) as a

. . . .o . unction of transverse magnetic field with the constant current dedsity
in these magnetic Struf:tures’ x2 dens@y matrix In Spin- —g 4 aA/cn? for an antiparallel structure. The inset plots the differential
space is neede(ﬁpzp§1+fr.pp. Wherepgl is the equilib-  response for small magnetic fields in logarithmic scale.

rium carrier distribution of the nonmagnetic polymer, and

&

dV/dB (V/Gauss)
=]
Voltage (V)

g

o=(0y,0y,0,) are Pauli matrices. A general spin-dependent keT P 10" 10”)
transport equation in the presence of electric figdrreny pP= i—P{In(l +—P> - In(l ——P” (2
and an external magnetic field redds e 2p"| Po Po

and ug is determined bydu§/dx=-J/o,=-E with o, the
conductivity of the polymer andlzTriP the total current.
The requirement that the currents be continuous provides the
o following boundary conditionsi(1) j$(0)=jP(0) and (2)
whereh=gugB/AD and L=yD7s, with g being the gyro- iC(d):iP(d), where the current in the polymer is computed
magnetic factorug the Bohr magneton, ands spin life-  via jP(x)=pP(x)erE-eDdpP/dx. These two 2 matrix
time. If the carriers are electrong, in Eq. (1) should be  equations completely determine the solution to Eg.for a
replaced by £. The general solution to Eql) has been given currentl. The total resistance of the structure is then
obtained® When the magnetic field is absent, the abovecy|culated viaR= (7.~ uk)/J. We adopt in our calculations
equation describes the nonlinear spin transport due to th@e parameters appropriate for the LSM@ILSMO struc-
electric-field drift, which has been systematically studied inyyres, which have been obtained by fitting theoretical results
semiconductors?™ to the experimental measuremehtsL=50nm, o,

The magnets can be regarded as magnetic reservoirs i g6 () cm)™2, G'=10° Q cn?, G'=102 Q cn?, and G/
local equilibrium at chemical potentia,lsf:,R, which is diag- =0.7%x10° Q cn?.
onal in spin spacé ,=ul 1. Here £L(R) denotes the left In Fig. 2 we plot the voltage drol/ over ad=200 nm
(right) magnet. The direction of the magnetization in eachstructure with antiparallel aligned LSMO contacts and its
magnet is denoted by the unit vector, . For systems ho- differential responsedV/dB, as a function of the transverse
mogeneous in the lateral direction, the current leaving thenagnetic field with a constant current densityl
left contact atx=0 is">*° =0.4 Alcnt. The mobility is set to be I8 cm?/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/0,=4x10° V/cm. Under this

eE p°
VpP-— . Vp"-S-hxp"=0, 1
Pt VP T p (1)

€0 = GlOL[4F - 2P(0)]0), + GLaL[ &% - AP0 ]dl:

-Gl aPo)t; - GUaLaP)d) electric field, the spin transport distang@ownstream spin
diffusion length at room temperature is
and the current entering the right contactxatd, fc(d) can leE] eE\2 1 -1
be similarly expresseﬁ.Here 4P is the polymer electro- Ly= [— —+ ﬂ(—) + —2} = 4000 nm
2kgT 2kgT/ L

chemical potential in the spin space. Operat(frg“
=1/2[1+(-)a.m.] and 0}"=1/2[1+(-)G.mz] project  which is longer than the device width. This electric-field drift
spins to the magnetization directions of the magrBtéG')  effect on spin diffusion can be seen by setting0 in Eq.
is the electron conductance in the magnet with spin parallely).  Similar effect also exists in nondegenerate
(antiparalle) to the magnetization directionG''=ReG'"  semiconductor® ™ This explains why the magnetoresis-
+ilmG'! is the mixing conductance, which measurestance appears even thouked. The oscilation in the mag-
the transport capability of spins oriented perpendicular ttetoresistance is attributed to the periodic spin precession
the magnetization direction. It is required that GRé  angle within the carrier transit timer (=d/vE), 6p
=(G1+Gl)/2.151° ) = (e, /27)(d/ vE) = dgugB/ 2mvER 282 The damping is due
The electrochemical potentiailp(=u§1+&.u'°) in the  to the reduction of spin accumulation at the interfaces be-
polymer is related to the density matiiX. For nondegener- cause of spin precessi8nThe differential responsdV/dB
ate systems with carriers following the Boltzmann distribu-measures the sensitivity of this device. We see that for some
tion, we find magnetic fields,dV/dB can be as high as 500 V/G. This
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FIG. 3. \Woltage(dashed ling and its differential respong@olid line) as a ) .

function of transverse magnetic field with the constant current dedsity FIG- 4. Transistor current-voltage curves of an antiparallel structure ex-
=0.44 Alcn?. Other parameters are the same as in Fig. 2. posed to different magnetic fieldsL=5000 nm, d=200 nm, and v
=1cn?/Vs.

remarkable value indicates that a magnetic field change as
small asAB=10" G (0.1 pT) will give rise to a readily mea- the distance between the polymer and the metal strip.gnd
surable voltage change of Oi/. Even at low magnetic IS the permeability. For=10 nm, a current of A is
fields around 1% G (1 nT), as shown in the inset of the needed to produce a magnetic field of 1 G. The typical re-
figure,dV/dB=1 V/G, corresponding tdB=0.05nT fora  SpPonse timetransit timg for such organic transistors is ap-
voltage change of 0.&V. Thus this organic structure is an Proximately7z~4 ns.
ultrasensitive magnetometer that can detect both small mag- In summary, we have proposed organic MFETs and ul-
netic fields and small magnetic-field differences at sib trasensitive magnetometers that exploit spin transport in or-
levels. Figure 3 shows the voltage drop and its differentia@anics and its sensitive dependence on a transverse magnetic
response in the same device structure as in Fig. 2, but with eld due to spin precession. These devices use quantum spin
smaller constant current density=0.04 A/cnt. Again, we  transport and therefore should be superior to other devices
see that an ultrasensitive magnetometer is achieved undElying on classical charge/spin transport. The organic
this current. In practice, the separation between the contact®!FETs can be operated under magnetic fields as weak as a
d, is not uniform throughout the device because of unavoidfew G with response times of a few ns. The organic ultra-
able contact roughness. However, since the ultrasensitiv@nsitive magnetometers can detect both a small magnetic
magnetometer is designed to detect extremely weak madield and a small magnetic-field change at stiblevels.
netic fields, i.e., within the first oscillating periqec0.05 G The authors thank Professor J. Shi for providing them
in Fig. 2), where the sensitivitglV/dB depends on the mag- With Ref. [11] prior to publication. This work was partly
netic field almost linearly, the sensitivity will not be signifi- supported by IRAD from SRI International.
cantly compromised as long as the variatiordas relatively . , ,
small. 2See, e.g., I. H. Campbell and D. L. Smith, Solid State PI§5.1 (200D.
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