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Spin drift, spin precession, and magnetoresistance of noncollinear
magnet-polymer-magnet structures
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We present a theory to describe spin transport across a polymer sandwiched between magnetic contacts with
arbitrary magnetization directions. We find that even a weak magnetic field can significantly modify spin
transport in polymers through spin precession. It is shown that the interplay of spifddefto electric field
and spin precession can lead to damped oscillating magnetoresistance as the magnetic field increases. Our
theory is used to explain the recently observed magnetoresistance\amharacteristics in such organic
structures. Potential device applications are discussed.

DOI: 10.1103/PhysRevB.71.060408 PACS nunt®er72.25.Dc, 72.25.Mk, 85.75.Hh, 85.75.Ss

Semiconductor spintronic devices have attracted considemer from the magnets, giving rise to spin accumulation in
able attentioh since the discovery of long spin lifetimes in the polymer. To consider spin precession and noncollinear
semiconductor structurésSpins in organic materials are ex- configurations, where spin accumulation can be along any

pected to last much longer than in inorganic materials bedirection, we use a 22 density matrix in spin space to

cause of the vanishing spin-orbit couplings, suggesting thaﬂiescribe the carrier distributioﬁf’:pgi+&-pp. Herepgi is

organic materials have significant potential for spin devicesy, o oo iiibrium carrier distribution of the nonmagnetic poly-
Recently strong magnetoresistances have been observed In

Lag ;SrpMnO3  (LSMO)/sexithienyl (Tg)/LSMO  and mer, andq_(ax'a.y’UZ) are Pagh matrices. .
LSMO/8-hydroxyquinolate aluminuntAlg;)/Co structures Th.e spm—pola_rlzed currentin the polymer consists of two
even at room temperatu?é.LSMO is a half-metallic ferro- contributions, drift and diffusion,

magnet with 100% spin polarization at room temperagre. J?P = jPevE - eDV P (1)

Te and Alg; are two widely used materials in organic elec- '

tronics. Theoretical studies of spin-dependent transport invherev is the carrier mobility and the diffusion constant
magnet-polymer-magnet structures have just bégand a in the polymer. Here we neglect the possible magnetic-field
comprehensive understanding is still lacking. We develop ireffect on the orbital motiotHall effect), which is reasonable
this paper a theory to describe spin transport and magnetorgy polymers with low-carrier mobilities. In a nondegenerate
sistance in these structures. In this theory, the magnetizatiog,ystem,,, andD are connected via Einstein’s relatioieD
directions in the two magnets can be arbitrary, and botfx1 /k,T. The continuity equation for each component of the

magnetic-field-induced spin precession and electric-fieldyensity matrix in the presence of a magnetic fid reads
induced spin drift are consistently taken into account. The

spin precession effect is extremely strong in polymers be- 5P ﬁp—pgi 1 o i|.p Ous .

cause of their low carrier mobilities. This theory explains the Tt == T e V.jt+ AP 7(0 ‘B) [,
observed|-V characteristics in LSMO/JILSMO (Ref. 3 S

and further predicts that the interplay of spin drift and spin 2

precession can give rise to damped oscillating magnetoresis—hereT is the spin-relaxation timey the gyromagnetic fac
X j S - -
tances in magnet/polymer/magnet structures. To date Spifl " < ihe material, angk, the Bohr magneton. To emphasize

transport in noncollinear magnetic structures has been sys: in-d dent part | ier t ¢ imolifi
tematically considered only in highly degenerate metallic!'€ SP!N-G€pencent part in carrier transport, as a simpliinca-
systems:% where electric field does not play a role. Semi- tion, we assume that the charge distribution inside the poly-

conductor devices exploiting spin precession have been su§i€r IS homogeneous, aridp, =0 andV-E=0, although a

gested very recentf! but a systematic and consistent MOre accurate description requires self-consistently solving

treatment of spin transport with spin precession is still desir20iSson’s equation together with the transport equations.

able. This assumption can be justified when the length scale asso-

In a magnet-polymer-magnet structure, the magnet worlciated with charge i_nho_mogeneity, the De_bye length, is_ much
functions and their relative position with respect to theshorter than the spin-diffusion _Iength, as in structures in Ref.
electron- and hole-polaron levels in the polymer determine’- IN the steady state we obtain
which type of carriefelectron or holgis dominantly respon- eE p°
sible for transport? We consider a single-carrier device in VepP - P VpF- 2 bx pF=0, )
which the carriers are holeg®lectron devices can be ana- -
lyzed similarly), which is appropriate for LSMO/JILSMO  whereb=gugB/AD andL=Drs This equation provides a
and LSMO/Alg/Co structures. consistent description of spin drift and spin precession in

When a voltage is applied to a magnet-polymer-magnepolymers. A similar equation for semiconductors was derived
structure, a spin-polarized current is injected into the poly+ecently from the Boltzmann equatiéfThe spin-precession
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effect, controlled by the ratid3/D, is particularly important  described in Refs. 8 and 9 for metals. Operal‘uifé):%[l
in polymers because of their small diffusion constaiftsy  +(-)&-m,] and g%l)zé[“(_),}.mn] project spins to the
mobilities). In the absence of spin drift, by scaling all lengths magnetization directions of the magnets. The above equa-
in terms ofl, we see thab does not explicitly influence spin  tjons can be regarded as a generalized Ohm’s law in the spin
transport. However, the spin-drift term in E@) introduces  gpaceG/(G!) is the electron conductance in the magnet with
another length scalégT/|eE, which makedD directly affect  gpin parallel (antiparalle) to the magnetization direction.
the spin-transport behavior. , o G/l=ReG!'+i ImG'! is the mixing conductance, which
For systems homogeneous in the lateral direction, allyeasures the transport capability of spins oriented perpen-
quantities depend on only one coordingtg. We obtain the  gicylar to the magnetization direction. Note that possible in-
general solution to E¢(3) in such a system for a magnetic terfacial conductances arising from the tunneling barriers be-
field alongB=B(sin § cos¢,sin ¢sin ¢, cos), tween the magnet and the polymer can be included in these
Proy — x X X spin-dependent conductances. In the diffusive regdhand
P00 = Cavoe+ Cvge'+ Cv,€''coshax G! can be calculated througf{(“/Lc, wherelL. is length of

= VSN A 4X) + Cy(V1€SIN N yX + V€' COSA4X) the contact and " is the up-spindown-spin conductivity
+ C5(V1€M5COSA 4X + V,€'5SiN \ 4X) 8; ';h% contact. It is required that R¥!=(G'+G')/2
. ef. 8.
+ Co(v1€"SiN N gx — V€' ¥COSAX), The electrochemical potentiaP in the polymer is related
to the density matrixp”. For nondegenerate systems with
Vo = (sin @ cos¢,sin 6 sin ¢,cos6), carriers following the Boltzmann distribution, we find®
=ub1+ o pP with
v, = (C0s6 cosg,cosd sing,—sinb),
p_ keT P @ _ _ @
po= slInl1+—%|-In(1-—F][, (6
Vo = (Sin ¢, — c0sg,0), e 2p"| Po Po
and uf is determined byduf/dx=-J/0,=-E with o, the
A= eH2kgT £y, conductivity of the polymer and=Trj" the total current.
_ Thus ué(x)=—Ex+C,, whereC, is a constant.
Ag5=eE2KksT + Vy*+ v+ |b|?/v2, The requirement that the currents be continuous provides
the following boundary conditiong1) j¢(0)=j"(0) and (2)
BRIV RTREACY -j%(d)=jP(d). These two 2 2 matrix equations completely

P determine the eight unknownss-(i=0,1,...,6) and uY
- 2 2 field- . L
where y?=(eE/2kgT)2+1/L2 If the magnetic-field-induced M (voltage drop—for a given current]. Having solved

spin Pf;%fflo: '_SX,,_?bZent’ Afhe %ezeral StOIUt'OH bteC(:meE ese equations, we can calculate the total resistance of the
P (X)=Ay o€ 7 6. MEre Ay and A, are o constant gy yere R=(uM-uM)/J. All numerical calculations pre-
vectors, andL, and Ly are the upstream and downstreamSented here are for room temperature

spin-diffusion lengthd#15 The room-temperature conductance parameters appropri-
Lyg= (|eB/2kgT + )7t (4)  ate for the LSMO/F/LSMO structures can be estimated as
’ follows. In LSMO there is a big gap~1 eV) between up-
The spin-transport distandéy) is greatly enhanced by the gpin and down-spin conduction bands, and the Fermi energy
electric field(curren). falls in the up-spin band. Thu§'<G' and G'=o_/L,,

The two magnets in a magnet-polymer-magnet are deyhere ¢, is the conductivity of LSMO. With o
scribed as in Refs. 8 and 9. These magnets can be regardedi oo () cm)~! and L.~ 10 um in the measured structures,
as magnetic reservoirs in local equilibrium at chemicg\l PO-GT~10P (2 cn?)L. The conductance of the polymer &,
tentials uy' , which is diagonal in spin spagi) =) z1.  =o,/d. The conductivity of the Fsample used in the experi-
Here £L(R) denotes the lefright) magnet. The direction of ments is 0,=10°¢ (Qcm)™. For a 100-nm -film, G,
the magnetization in each magnet is described by the unit 10 (Q cmg ~1<G!. We then estimate the conductar@e
vectorm, . The current from the left contact to the polymer from the amplitude of the observed magnetoresistance. Sup-
is:9 pose that up-spin and down-spin conduction channels in the

A olymer are independent for collinear configurations. The
j0) = GO [ - AP(0)10 + GO Y - A°(0)]0g {Dotgl resistanceRE?llRup+ 1/Ry) 4, whereR,, gnd Ry, are
- Gl aP0)0): - Gk aP(0)a)-. (5)  the resistances for up-spin and down-spin channels, respec-
. tively. If the magnetizations in the two contacts are parallel,
The current from the right contact to the polymgt(d), can Ryp=2/G, and Rdn:2/Gp+2/Gl, If the magnetizations are
be written similarly. Here we assume that carriers in theantiparallel, R,,=Ry,=2/G,+1/G'. If the magnetoresis-
polymer are in quasiequilibrium, which can be characterizedance AR/R is set to 50%(AR is the resistance difference
by a spin-dependent electrochemical potential in the spidbetween the parallel and antiparallel configurations Ritide
spacei”. We emphasize that the polymer is nondegenerateesistance of the antiparallel configuratiosimilar to the
and the relation betweemand . is very different from that experimental values(30-40 %, G' is estimated to be
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FIG. 1. Total resistance as a function of the angle between the FIG. 2. Total curr_ent through honcollinear I,‘SMO‘J/T‘SMO
magnetizations of the two LSMO contacts. Pat®l describes a structures as a function of applied voltage. Solid, dot-dashed, and
device ofd=10 nm under a vanishing curref§=0*). Solid, short- dashed lines are fo®=0°, 90°, and 180°, respectively. The upper
dashed, long-dashed, and dot-dashed lines corresponG! to three lines describel=140 nm and the lower three lindshich
-70 006 0.7.0.07 (QQ,cmz)‘l Panel (b) is for a device ofd coincide with one anothgrdescribed=400 nm. Symbols are ex-

=200 nm under different currents with the fixeds'! perimental data reported in Ref. 3.

=70 000(Q cm?)~L. Solid, dashed, and dot-dashed lines corresponqgown triangles fod=140 nm and circles fod=400 nm),
to E=0", 40, and 400 kv/cm, respectively. is random, while at a large magnetic figldp triangles for
. . . d=140 nm and crosses fa=400 nm, ®=0. From Fig. 2,

19_2 Qcn?. Therefore G'/G/=107, Wh'CThl IS consistent ¢, 4=140 nm thel-V curves vary with® and the ex%eri-
with the band structure of LSMO.G" is set 0.7 anta) data measured at zero magnetic field fall between the
X 10° Q cn? and, as we will show later, the results are not¢es corresponding t®=90° and ©=180°. For d
sensitive toG'! when ReG''=(G'+G!)/2. The instrinsic =400 nm. the threé-V curves for®=0°, 90°, and 180° are
spin-diffusion length in the polymdr is chosen to be 50 nm, on top of one another and no magnetoresistance is expected,
similar to the value obtained from the magnetoresistances shown by the experimental data. The systematic deviation
measurements at weak electric fiefdshich is considerably  between the theoretical results and the experimental data for
smaller than the value measured at strong electric fieldd=400 nm might indicate that the quality of tlke=140 nm
(~150 nm (Ref. 3, consistent with Eq(4). sample is not identical to that of tlte=400 nm sample. The

First we examine spin transport in the absence of spin-V characteristics based on our theory are not linear because
precession. In Fig. (&), we depict the device resistanBeas  Of the strong electric-field effects on spin transport, and the
a function of the relative angl® between the contact mag- nonlinearity will become more pronounced at higher volt-
netizations(cos®=m_,-my) in the weak electric field re- ages. ) ) . ) ) )
gime. The device sizaJ=10 nm, is much smaller than the  Next we investigate the impact of spin precession on spin

spin-diffusion length. We see that the device resistance drdfansport in magnet-polymer-magnet structures. We consider

matically increases as the relative orientation of the woptructures witm,  in the y-z plane, and spin precession is

magnets changes from parallel to antiparallel. The t?tal reﬁr?Sateexdngt: dtrf?griveEr;(%)nt]ﬁgygegr{g%@g?%:;%ﬁitéogé| d
gstanc o noncliney confauratons e depenctn can Siongly nfuence spin tansporbecause f e low mo-
IyPel F O cn? bility in the polymer. Figure @) delineates the device resis-
+G ?/2‘0'5X1 Qcnr. ) ) ] tance as a function of the transverse magnetic field for a
Figure Xb) showsR as a function o for a device with  deyice of d=10 nm(L>d) under a vanishing currertE
d=200 nm. When the electric field is weak, the injected car—g*). we see that the resistance decreases with the applied
riers from the left LSMO contact become unpolarized whenmagnetic field and that the change is particularly strong for
they reach the right contact becausg=L=50 nm<d, and  an antiparallel configuration. In the absence of spin preces-
therefore the resistance does not depend on magnetizatigibn, the device resistance is large because either spin species
directions of the right LSMO contact. With an increase of themust be the minority spin in one of the contacts for the
electric field, we see that the total resistance becomes sensintiparallel configuration. With a transverse magnetic field,
tive to the magnetization directions of the LSMO contactsthe spin orientation of carriers will vary over the distance
which is due to the field-enhanced spin-transport distance ithrough spin precession, providing a channel connecting the
the polymer(Lgy) that enables carriers to retain their spin majority spins in the two LSMO contacts and thereby reduc-
polarization when they reach the right LSMO contact. ing the resistance. Another effect of spin precession at weak
We calculate thé-V characteristics of noncollinear struc- electric fields(diffusive regime is the reduction of spin ac-
tures to interpret the magnetoresistance measurements @umulation at the interfaces, which occurs because carriers
LSMO/Tg/LSMO (Ref. 3. A theoretical explanation of data diffuse along random trajectories, and different trajectories
for LSMO/Algs/Co requires a careful description of the “ill- lead to different precession angles. This effect is suppressed
defined” organic layer adjacent to GRef. 4 and will be  at high electric field€drift regime.
presented elsewhere. The results for LSM@/1ISMO are Figure 3b) shows the resistance of an antiparallel con-
illustrated in Fig. 2. Experimentally, at zero magnetic fieldfiguration withd=200 nm as a function of a transverse mag-
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40\ @ precession,7p, is determined by the Lamor frequency,
N o (1,=27/ o =27hi/gugB). Thus the peaks of resistance
2y AN . occur whenmy=n7p (n=1,2,...), i.e., B=n27AvE/gugd.?
L '_‘_'~-- _______ The damping is due to the reduction of spin accumulation at
g o e =3 the interfaces because of spin precession. This oscillating
g resistance does not exist in a metallic system, where spin
g —— E-100 Viem ®) | e - . )
B = E=200 kViem drift is negligible (1o — ) [see Fig. 8a)]. We emphasize
T — | that the resistance is extremely sensitive to the transverse
‘-\_ o magnetic field and the spin-transport behavior can be modi-
e gt fied in different ways by controlling the interplay between
B (Gause) 08 ! spin precession and spin drift, suggesting that these struc-

tures can be used to make ultrasensitive magnetic magneto-

FIG. 3. Total resistance as a function of a transverse magnetimeters and versatile field-effect transistéf4!.16
field. Panel(a) describes a device al=10 nm with different© In conclusion, we have presented a theory to describe spin
underE=0". Solid, dotted, dashed, and dot-dashed lines corresponﬂransport in magnet-polymer-magnet structures. This theory
t0 6=0°, 90% 135°, and 180°, respectively. Pafial describes a  considers both the electric-field-induced spin drift and
dev_|ce ofd=200 nm W|the:18(_) under different electric fields. magnetic-field-induced spin precession and explains the ob-
Solid, dashed, and dot-dashed lines correspori=®00, 200, and  gapyed magnetoresistance antV  characteristics  in

. S :

400 kv/cm, respectively. The mobility is=10" cn/V's. LSMO/T¢/LSMO structures. We have also predicted that

o ) o o the interplay of spin drift and spin precession can give rise to
netic field at high electric fields. Under these electric f'e|d5’damped oscillating magnetoresistances with the transverse
the spin-transport distance is greatly enhanced by drift, mpagnetic field in magnet-polymer-magnet structures. This
>d. This explains the strong magnetoresistance everi for theory provides a general framework to understand spin-
<d. We see that the device resistance displays a dampefbpendent transport properties in polymer structures and to

oscillating behavior as the transverse magnetic field ingesign organic spintronic devices and magnetic sensors.
creases, and that the oscillating period is proportional to the

strength of the electric field. We can understand the oscilla- We thank Professor J. Shi for providing us with Ref. 4
tion by noticing that spin drift due to the electric field leads prior to publication. This work was partly supported by
to a finite transit time,;p=d/vE. The time scale of spin IRAD from SRI International.
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