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From experimental results of spin polarized injection and transport in organic semiconductors (OSCs), we theo-

retically study the current spin polarization and magnetoresistance under an electric and a magnetic field in a ferro-

magnetic/organic semiconductor/ferromagnetic (FM/OSC/FM) sandwich structure according to the spin drift-diffusion

theory and Ohm'’s law. From the calculations, it is found that the interfacial current spin polarization is enhanced by

several orders of magnitude through tuning the magnetic and electric fields by taking into account the specific charac-

teristics of OSC. Furthermore, the effects of the electric and magnetic fields on the magnetoresistance are also discussed

in the sandwich structure.
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1. Introduction

Organic semiconductor spintronics, which is
based on the control and manipulation of elec-
tron spin, has attracted considerable attention
recently.' 73l Organic semiconductors (OSCs) have
very important technological applications in large-
area electrics, and have some unique features such
as easy synchronization at low temperature, lit-
tle toxic waste, etc. compared with conventional
semiconductors.[*=6 OSCs are characterized by a low
spin—orbit interaction and weak hyperfine interaction,
so that the electron spin diffusion length is expected
to be much longer than that of the inorganic semicon-
ductor. These properties make OSC an ideal mate-
rial for spin-polarized injection and transport applica-
tions, which is considered to be the next interesting
topic in spintronics.

The current spin polarizations (CSPs) in organic
spintronic devices under different conditions have been

studied experimentally and theoretically. In 2002,

DOI: 10.1088/1674-1056/21/10/108508

Dediu et all” first observed spin injection into thin
films of conjugated organic material sexithieny. Xiong
et all8) obtained a negative magnetoresistance (MR)
under a magnetic field in a Lag 7Srg.sMnO3/Algs/Co
In 2008, Dediu et al!® further reported
that the efficiency of spin injection into OSCs could

System.

be improved by the interface between an OSC and
FM electrode. In 2010, Barraud et al.'9 fabricated
a nanometre-scale (La,Sr)MnOg3/Alqs/Co magnetic
tunnel junction and also described the role of spin-
dependent interfaces on spin injection. Theoretically,
Ren et all'! constructed a model of spin injection
and transport in OSC devices and studied the prop-
erties of CSP according to the spin diffusion theory
and Ohm’s law by supposing a constant polaron ratio
in OSC, but they did not mention the effects of the
external electric and magnetic field. Yu and Flatté!*?!
derived a drift-diffusion equation for spin polarized in-
jection and transport in a nonmagnetic semiconduc-
tor by taking into account the electric field effects and
found that the injection efficiency was enhanced by
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several orders of magnitude in the high-field regime.
Yu et al.['3] also found that even a weak magnetic field
could significantly modify spin transport in a polymer
through spin precession, however, they did not con-
sider the effects of the special carriers in the OSC
in their work. Bobbert et all'¥l presented a theory
for spin diffusion in a disordered OSC with hyper-
fine coupling and found that the spin-diffusion length
depended rather weakly on temperature, but consid-
erably more on the applied magnetic field. From the
above investigations, one can find that different car-
riers and the external electric and magnetic fields are
important factors which influence the CSP and MR in
an organic spintronic device.

The carriers in an OSC are instinctively differ-
ent from those in inorganic ones. Carriers are ex-
tended electrons or holes with a 1/2 spin in an in-
organic semiconductor. However, carriers are spin po-
larons or spinless bipolarons in an OSC. Effects of
these different carriers on the spin polarized injec-
tion and transport in an organic spintronic device are
important.[%16] In the present paper, we do not con-
sider the exact transfer mechanism and just suppose
that the fully injected spin polarized electrons will be
converted into polarons and bipolarons in an OSC re-
spectively, and then we study the CSP and MR in the
FM/OSC/FM system under an external electric and a
magnetic field. We provide a description of the model
and the relevant formulae in Section 2, and the results
and discussion are given in Section 3. In Section 4 we
draw some conclusions from the present study.

2. FM/OSC/FM model

Here we consider a simple one-dimensional spin
injection and transport sandwich structure that is
comprised of two semi-infinite FM layers (x < 0 and
x > x9) and one layer of an OSC with a length xg.
The two FM layers are in parallel or anti-parallel mag-
netization alignment. Spin-polarized electrons in the
left FM layer are injected into the OSC layer and
they will completely convert into spin polarons and
spinless bipolarons. When they are injected out and
enter into the right FM layer, these carriers (spin po-
larons and spinless bipolarons) would completely con-
vert into spin-polarized electrons. The electric field is
anti-parallel to the x axis, while correspondingly the
magnetic field is anti-parallel to the y axis. The whole
transport picture is shown schematically in Fig. 1.
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Fig. 1. Schematic diagram of the FM/OSC/FM system
with an electric and a magnetic field.

Our theoretical investigation is based on the drift-

diffusion model,12:17]

which is applied to the spin-
polarized electrons in the FM and spin-polarized po-
Here we define the CSP
in the FM as a (2) = (jy — 4,) / (s + 1), where jy,
j, are the currents contributed from the up-spin and
down-spin electrons. CSP in the OSC is defined as
a(z) = (Jpt — Joi) / Upt + Joi + Jbp), Where jpr, jpy,
and jup are the currents contributed from the up-

larons in the OSC layer.

spin polarons, down-spin polarons, and the spinless
bipolarons respectively. The currents for the up-spin
and down-spin carriers (electrons and polarons) can

be written respectively as['?

jr=o0rE+eDyVny, jy=o0E+eD Vn,. (].)

Here, Dy(y) is the up-spin (down-spin) diffusion coef-
ficient, o4(y) is the up-spin (down-spin) conductivity
of the carriers, and ny(}) is the deviation of the up-
spin (down-spin) carrier density from its equilibrium
value. In a nondegenerate system v and D are related
via Einstein’s relationship v/eD = 1/KgT. Here the
mobility v4() is independent of the external field. For
a homogeneous system, there is no space-charge and
(n4 4+ ny) should be balanced by a local change of car-
rier concentration. In a steady state the spin diffusion-

drift equation is!*2:13:17.18]

20 — E Gl —
Vi =)+ e mVine =)

ny—n, _ gupB
S ) =0, ()

where Lg is the intrinsic spin-diffusion length. We de-
fine two quantities Lq and L, as the down-stream and
up-stream spin diffusion lengths respectively, which
can be presented as'?

22
2KpT

eE \? 1 gupB -t
W(W) P o]

It can easily be seen from the above equation that

Lafw) = | = (+)

the down-stream diffusion length Lg increases while
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the up-stream diffusion length L, decreases with the
increase of the electric and magnetic fields.

From the relationship between electrochemical
potentials and the carrier density in the FM and OSC
layers, the electrochemical potential in the FM layer
can be obtained as/!?!

Y V¢ L x/L
HEMY(L) = €] (Uf +( )UfT(i) € )7 (4)
where c is a constant, o¢p(y) is the up-spin (down-spin)
electrical conductivity in the FM layer, the total elec-
trical conductivity of the FM is o = o¢y + oy, and
j is the total current which is a constant throughout
the structure in a steady state. The electrochemical
potential in the OSC layer isl*!

2n
Mot = KBT;—Z(“ —¢Ex—D

+(=)2Ae%/La
no

= KgT —eEx—D, (5)
where D is a constant, ng is the total polaron density
and ng = 2np4(y), with n,p()) being the carrier density
in the equilibrium state.

If there is no spin-flip scattering at the interface,
the current for each spin direction is continuous and
is related to the spin-dependent electrochemical po-
tential change across the interface via the Ohm’s law
Jr) = o11)0(kpy/e)/0x, so the boundary condi-
tions at the two interfaces should bel'2:19]

ejr(07) = [p4(07) = up(07)] /Ras, €jy(07)
= [ (07) = (07)] /Ry,
ejr(zy) = [ (xg) — pr(ag )] /Ray, edy(xq)
= [ () = py(zg)] /Ray, (6)

where R;y and R;| are the interfacial resistances of the
up-spin and down-spin carriers, ¢ = 1,2, which corre-
sponds to the first and second boundary between the
FM and OCS respectively.

From Eqgs. (2)—(6), two equations about the inter-
facial CSP «(0) and a(xg) can be obtained as

e?j [(@(0) + 1) Rig + (a(0) + 1) Ryy]
_ 4KgT

Np

. 1 1
+ejer| = 4= =0,
oflt  Ofll

% (alwo) +1) Bat + (a(zo) +1) Ray

[AO + A1 e_IO/L“]

4KpT
+ B [A0+A1€_xO/L“]
Tp
. 1 1
ol )=
o 21 of2)

where «(0) is the CSP at the first interface and a(zo)
is that at the second interface. Coefficients ¢; and co
can be obtained from Egs. (4) and (6) and Ohm’s law
as ¢ = Le(a(0) — pp1)/2 and co = Le(psa — a(x0)/2,
the spin polarization of density in the FM is ps =
(o¢t — o¢y) /or. In addition, the relationship between
the CSP and the spin polarization of density p(z) in
the OSC can be written as a(z) = p(z)+ 2 - dg—(ﬁf),[m
where p () = (o — 0py) /05, With oyp()) being the
conductivity corresponding to the up-spin (down-spin)
polarons, and oy, = oy, + 0}, With o}, being the con-
ductivity corresponding to all polarons, o, = o, and
o5 being the total conductivity of the OSC and  being
the polaron proportion in the OSC. We can obtain the
two equations about Ay and A; from the expressions
of a(x) as

eE 1np afzo)(Lu+ La) — (0)(Lu e®o/bu 4 [qe~%o/La)

T KpT~ 2

eB 1 ny awo)(Lae /0 + Lgem/La)

e%o/Lu — g—x0/La ’

— a(0)(Lu + La)

Age@/ba 4 A} = -
o€ + A Kol 2

e®o/La — g—%0/Lu ’ (8)

In addition, CSP in the different interfaces between the FM and OSC layers can be easily obtained from Ohm’s

law and the boundary conditions as

4 Lepp(Ly + La)

(Ray — Ray)(Lu + La)

—2MLipn M(Ry — Riy)  v0s (1 —ph)ow Yo
(1 _p2 )Ufl 2 (eIO/Lu — e—lo/Ld
a(0) = fl 5 ) ; (9)
4 (Lu + Ld) _ MN
(y0s)? (exO/Ld — e*mO/Lu)
1 2L¢pso (Roy — Ray) . 2 o0)(Ly + La)
= — 10
olzo) M [(1—p)or 2 - o evo/La — e=zo/Lu |’ (10)
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where,

(Rat + Ray) . 2L
2 (1= py)oe
|2 Lyelte g Lyenlts
YOs emO/Ld — e—mO/Lu
2
(Lu e%0/Lu + Lq e*IO/Ld)
Y0Os
e%o/Lu — g—z0/La

(RlT + Ru) 2L¢

2 (1 _pﬁl)afl.

M =

)

(11)

From Ohm’s law and Egs. (4) and (5), we can
obtain the CSP

a(z) = pa + («(0) —pfl)eI/Lf, x <0,
ef(:cfwo)/Ld o e(wfzo)/Lu

a(x) - Oé(O eIO/Ld — e*zO/Lu
e*:L’/Ld o eJc/Lu
— <
OL(IO) exO/Lu — e_mo/Ld ’ O<z = %o,

a(@) = pe + (a(z0) — pr) e~ @™V B2 > 3. (12)

To obtain the MR ratio, we need to calculate the
individual electrochemical potential across the system.
Substituting «(z) of Eq. (12) into js of Ohm’s law and
then integrating it over the three regions, we obtain

HFEMIT = —
0f1 0f1
0 _
X O{( ) pfl(ea:/Lf_l)7 ZL'<0,
1+ pn
_ & e
ppt () = o + ~o-
(Ldef(xfwo)/Ld _’_Lue(wfzo)/Lu)a(O)
x eIO/Ld — e*IO/Lu
i (L —x/Lq Lu z/Ly
_€j (Lae L+ e ) (o) LR,
Yo ero/Lu — g—=o/La
0<xr< X,
ej | €j . a(xo) —pr
)= ——"—+4+ ——Li————
penizy () O Of2 14 pe2
x e~(@=w0)/Le L @y g > g, (13)

Here, constants F; and F5 can be obtained from
the electrochemical potential by the two interface
discontinuity conditions. The corresponding electro-
chemical potentials for the down-spin carriers (elec-
trons in the FM layer and polarons in the OSC layer)
can be obtained in a similar way.

The MR ratio of the FM/OSC/FM system is de-
fined as

MR == AR/Rap = (Rap - Rp) /Rap, (14)

where R,;, and R, are the resistances for the antipar-
allel and parallel magnetization alignment of the two
FM layers. The resistance is expressed as

R

 Hoap(p) (—Lt) — Hoap(p) (To + L)

- - (15)

ap(p)
Here g is the spin-independent component of the elec-
trochemical potential, which is related to the mea-
sured voltage drop across the system. In order to
obtain the electrochemical potential pg, we take the

linear part of Eq. (13).

3. Results and discussion

The spin-diffusion length in the FM layer is taken
as Ly = 100 nm and the spin diffusion length in the
OSC layer is taken from Dediu’s experimental value,
ie., Ly = 200 nm.["! In our calculation, the conduc-
tivity of the OSC layer is smaller than that of the
FM, which has been set as o = 100 (2-cm)~! and
os = 1 (2:cm)~!, and the spin polarization in the
FM bulk is pf = 0.9. The two FM layers are as-
sumed to be identical except for the different magne-
tization alignments, which are parallel or antiparallel
to each other. The calculations of a(z) as a func-
tion of position under different electric fields in the
parallel magnetization alignment are shown in Fig. 2.
Parameters of the two FM layers are o¢ = o = o7,
Afl = A2 = Ap, pri = pr2 = pr, 1 = R2 = R. The po-
laron proportion is v = 0.5, the OSC layer thickness
is xg = 100 nm, and the spin-dependent interfacial re-
sistance is Ry = 10R; = 107> Q-cm?. From Fig. 2 one
can see that «(z) no longer shows a symmetric distri-
bution because of the electric field. Furthermore, it is
important to note that «(x) improves a lot in the pres-
ence of an electric field. For example, when the electric
field E = 15.5 kV/cm, i.e. eE/KpT = 0.06 nm~1! cor-
responding to 7' = 300 K, «(0) reaches around 0.414,
while when the electric field is zero, it is 0.208. This
may be interpreted that the electric-field may enhance
the CSP for the parallel magnetization alignment of
the two FM layers in the FM/OSC/FM system.

The effect of the magnetic filed on the CSP in
the FM/OSC/FM system is shown in Fig 3. Here we
adopt the electric field to be 15.5 kV/cm, correspond-
ing to eE/KT = 0.06 nm~! and the spin-dependent
resistances are Ry = 10Ry = 107° Q-cm?. () has
the same trend as that in Fig. 2. It is also clearly
seen from Fig. 3 that the values of a(x) in the two
FM layers are greatly improved with the increase of

108508-4



Chin. Phys. B Vol. 21, No. 10 (2012) 108508

the magnetic field. However, a(z) decreases rapidly
into the OSC and nearly to zero in the middle region
of the OSC. So an apparent interfacial CSP can be
obtained under the parallel magnetization alignment
of the FM/OSC/FM system.

1.0 T T T T T T
I
0.6
&
= ;
o4r N\ '
0.2F----eE/KpT=0.0
...... eE/KgT=0.06 nm~!
-—— eE/KpT=0.10 nm~! —
9350 —100 100 300
z/nm

Fig. 2. Position dependences of CSP for various values of
an electric field with parallel magnetization alignment of
the two FM layers.
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Fig. 3. Position dependences of the CSP for various val-
ues of the magnetic field with parallel magnetization align-
ment of the two FM layers, 1 Gs=10"% T.

Next, we calculate the antiparallel magnetization
alignment of the two FM layers. All corresponding
parameters are og = Op = 0f, Al = A = Ay,
pr = —Pg2 = pf, Ry = Roy = Ry, Ry = Roy = Ry,
and these values in the first FM are kept the same
as those in the parallel magnetization alignment. The
position dependences of a(x) for various values of the
electric field are shown in Fig. 4. Tt is clear that a(x)
decreases exponentially from the FM1 layer into the
OSC layer, then decreases slowly in the OSC layer,
but increases exponentially in the FM2 layer with re-
verse sign. For the case of a zero electric field there is
nearly zero CSP across the OSC layer. It is also clear
that the electric field is helpful for spin injection and

transport in antiparallel magnetization alignment.

0.8

0.4 R | ]

0
< o0
3

—04r eE/KgT=0nm!
b ----e¢E/KgT=0.02 nm~!

...... eE/KpT=0.06 nm~!
—0.8F __._. eE/KpT=0.10 nm~!

—300 —100 100 300

z/nm

Fig. 4. Position dependences of CSP for various values of
an electric field with antiparallel magnetization alignment
of the two FM layers.

The effect of the magnetic field on a(z) with an-
tiparallel magnetization alignment of the two FM lay-
ers is shown in Fig. 5. All corresponding parame-
ters are kept the same as those used in Fig. 4. In
the presence of the magnetic field, it is important to
note that a(x) has significant changes, especially in
the FM/OSC boundary, which may be described by
the spin procession with the effect of the magnetic
field at the interface. The value of a(x) reaches zero
in the middle region and changes slowly in the OSC
layer which is the same as that in the case of parallel
magnetization alignment. Furthermore, the absolute
value of interfacial a(z) increases exponentially with
the increase in the magnetic field.

0.8 ST — B=0Gs A
----B=0.2 Gs
------ B=0.4 Gs]]
0.4 4 = B=2.0 Gs 4
n
o i
— it
é or ."}“-T.
B -
_04 -
—0.8F .
—300 —100 100 300
x/nm

Fig. 5. Position dependences of CSP for various values of
magnetic field with antiparallel magnetization alignment
of the two FM layers.

The choice of specific carriers is a crucial factor af-
fecting the spin polarized injection into OSCs. The de-
pendence of interfacial CSP on the polaron proportion
~ for different electric and magnetic fields is shown in
Fig. 6. From the calculation, it is found that when
v = 0, which corresponds to the case where all the
carriers in OSC are spinless bipolarons, CSP is nearly
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zero. The maximum CSP is obtained at v = 1 which
corresponds to the case where all the carriers are spin
polarons. In addition, from the figure one finds that
the CSP improves by several orders of magnitude in
the presence of the electric and magnetic fields. On
the other hand, the trends of the curves are sharper in
the small polaron proportion under electric and mag-
netic fields than under a zero field. So it is helpful to
obtain a remarkable CSP under the electric and mag-
netic fields even in the case of a few polarons in the

OSC.

1OU T T T T
1071 .:'
c
3
l0-2f —E=0B=0 )
----eE/KgT=0.06 nm~!, B=0.2 Gs
------ eE/KgT=0.06 nm~!, B=0.4 Gs
————— eE/KgT=0.06 nm~!, B=2.0 Gs
10-3 1 1 1 1
0 0 0.2 0.4 0.6 0.8 1.0

o

Fig. 6. Dependences of interfacial CSP on polaron pro-
portion for various values of the electric and magnetic
fields.

Figure 7 shows the dependences of the MR on
electric field for various values of the interfacial resis-
tances in the FM/OSC/FM system. It is clearly seen
that when the electric field is 15.5 kV /cm, correspond-
ing to e/ KT = 0.06 nm~!, the MR reaches around
0.27 in the case of the spin-dependent interfacial re-
sistances R = 10Ry = 107° Q-cm?, while the MR is
0.063 with a zero electric field. This is interpreted as
that the electric field can enhance the MR. Further-
more, the MR increases significantly with the increase
of the spin-dependent interfacial resistance, which is
consistent with the results from our previous work."]

Figure 8 shows the variations of MR with a mag-
netic field for various values of electric field. The cor-
responding parameters are kept the same as those used
above. It is worthy to mention that we add the mag-
netic field after the magnetization alignments of the
two FM layers have been parallel or antiparallel. From
the figure, it is found that MR decreases when the
magnetic field increases from zero to 2.0 Gs; for ex-
ample, MR is 0.275 at zero magnetic field and 0.036
at B = 0.4 Gs with E = 15.5 kV/cm. The magnetic
field is not conducive to obtaining a significant MR
under the premise of a system that has had parallel

and antiparallel magnetization alignment of the two

FM layers.
1'0 T T T T
0.8F _
0.6F L _
025 | 7 ——Ry=10Rt=0 Q-cm?
----R,=10R+=10"% Q-cm?
] Ry=10Rt=10"3 Q-cm? ]
02F . ]
0 I 1 I 1 I 1 I 1 I
0 0.02 004 006 008 0.10

(eE/KgT )/nm™!

Fig. 7. Dependences of MR on the electric field with
various values of spin-dependent interfacial resistances.
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0.30r i
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B
0.10p ."..\'\_ |
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Fig. 8. Dependences of MR on the magnetic field for
various values of electric field.

4. Conclusions

The CSP and MR in the system of FM/OSC/FM
under electric and magnetic fields are studied based
on Ohm’s law and the drift-diffusion equation. It is
found that the CSP presents different distributions
with parallel or antiparallel magnetization alignments
of the two FM layers and the interfacial CSP increases
significantly with the increase of the electric and mag-
netic field. On the other hand, the electric and mag-
netic field make the trends of interfacial CSP on po-
Furthermore, MR

increases with the increase in the electric field, while

laron proportion more sensitive.

it decreases with the increase in the magnetic field.
These findings may be helpful for obtaining remark-
able CSP and MR in FM/OSC/FM systems.
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