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We study carrier spin transport under a transverse magnetic field in organic structures. In organics,
carriers are localized polarons and charge transport is via polaron hopping. Spin transport, however, can
utilize the exchange coupling between localized polarons, which can be much faster than polaron hopping
and rapidly increases with the carrier density. Consequently, a much stronger magnetic field is needed to
modify spin polarization and observe the Hanle effect than estimated from the carrier mobility, which can
help with the understanding of recent Hanle measurements in organic spin valves. The exchange-induced
spin transport also greatly mitigates the conductivity mismatch between ferromagnets and organics,

enabling spin injection into organics.
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Efficient spin injection (SI) is a prerequisite for many
spintronic devices [1]. SI from ferromagnets into inorganic
semiconductors has been convincingly demonstrated by the
Hanle effect (HE), where the device resistance is strongly
influenced by the spin precession caused by a transverse
magnetic field B [2-5]. In a spin-valve structure, the HE is
expected to occur when the time period of spin precession is
comparable to the time required for carriers to traverse the
device, w = y,B ~ D, /L?, where v, is electron gyromag-
netic ratio, Dy, is the carrier diffusion constant, and L is the
channel length [6]. Organic spintronics has attracted con-
siderable interest because of weak spin-orbit and hyperfine
interactions in organics [7]. While a pronounced magneto-
resistance (MR) in thick (L ~ 100 nm) organic spin valves
(OSVs) has been frequently observed [8—13], a disturbing
puzzle is that the device resistance is independent of B up
to 10 mT [14,15], or w ~ 10° Hz, which is several orders
of magnitude larger than D, /L?, estimated to be ~10* Hz
for a typical carrier mobility v, ~107° cm?/Vs at
T =100 K [16]. The absence of HE casts doubt on
genuine SI in OSVs. On the other hand, muon spin rotation
clearly sees injected spins in the organic [11]. In fact, SI
into OSVs itself is puzzling, for the low carrier mobility
in organics suggests an enormous conductivity mismatch
between ferromagnets and organics, which makes SI vir-
tually impossible [17]. In this Letter, we show that spin
transport in OSVs is fundamentally different from that in
inorganic SI structures: The exchange coupling between
localized carriers in organics can facilitate a rapid spin
transport, which significantly suppresses the HE and tre-
mendously alleviates the conductivity mismatch obstacle
to SI in OSVs.

The organic material in an OSV is a disordered film, in
which carriers (polarons), while mobile, are very localized.
This is distinct from inorganic SI structures, where carriers
are delocalized Bloch waves. The localized polarons
give rise to an exchange coupling when they are close to
one another. Consider two polarons with opposite spins on
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two molecules / and m initially, |/ T; m |). The exchange
coupling can flip the spins and change the state into
|1 |;m1). Effectively, the up (down) spin moves from [
(m) to m (1), resulting in a net spin current from [ to m.
This process does not change the carrier occupations and
therefore entails no charge motion. Polaron hopping, how-
ever, moves charge and spin simultaneously. Hence when
the exchange-induced spin motion is more rapid than the
polaron hopping, the spin and charge transport in organics
may be well decoupled. No such decoupling will occur in
the inorganic structures.

Spin transport due to exchange and hopping can be more
rigorously discussed on an equal footing by using a density
matrix in the spin space, p; =f?(i +6-M;)/2, to describe
spin-polarized polarons. Here f¥ and M; are the polaron
occupation and spin polarization at molecule i. M; is
related to the spin-polarized electrochemical potential u;
via M; = pm;/kgT, with kg being the Boltzmann constant.
The Hamiltonian of the organic is H = Hy + H, + H,,

Ho = Z[Ei(a}aﬁ + a:rlal-l) + hgl . w], (1)
Hy, = Y Vijala; + ala;y), 2)
(ij)s
H,= Y081 S, 3)
Im
.|_

where a;; creates a polaron with spin s on molecule i, E;
is the polaron energy, S; = Z”/a;&&”/am/ 2 is the spin
operator of the polaron with & being the Pauli matrices,
and w is the spin Larmor frequency under the transverse
magnetic field B. V;; in H), describes polaron hopping
between adjacent molecules i, j. J;,, in H, is the exchange
between polaron spins on molecules [/ and m [18].

By treating H;,, = H, + H, as perturbation, the dynam-
ics of p; can be obtained by solving the Redfield equation
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in the interaction representation [19], (dp}/dt) =
— [edrH (), [H (t — 7), pi(0)]], where O*(r) =
eiHot Qe ~Ho! for an operator O and the line means ensem-
ble average. A phonon bath is assumed to couple to the
system for a definite temperature. The charge dynamics
obeys the usual master equation, (df?/dt) = =¥ [f(1 —
IOwi = £ = fDw;;], where wy; is the hopping rate

from site i to j and can be expressed as w;; =
[12drvi()V(t — 7)e "EED)T [19]. In the absence of
charge current, the occupation follows the Fermi-Dirac
distribution 9 = [1 + e~ Ei=#)/ksT]1 with u, being the
Fermi level of the system. The dynamics of spin polariza-
tion M, in this situation satisfies

dM,
dt

J
N Zf?nil(Mi - M), @
1

where we have used $7 84, = §,,,8,,/7S(S + 1)/3 (p, q =
x,y,zand S = 1/2), and

N = fjoo drJ;(0J,(t — 7). )

Equation (4) indicates that both polaron hopping and
exchange contribute to spin transport with the former
taking place between occupied and unoccupied adjacent
molecules and the latter between occupied molecules.
The temporal correlation in Eq. (5) accounts for the time-
varying nature of a spin coupled to surrounding spins,

$i(1) - 8:0) $i(n - $,0)
with S,(7) = e/™§,e~i™H. For small 7, since S;(7) =
Si + irlH,, 81 = (/D)[H,. [H,, 8,11 [20], $,()-$,(0)=
S;-8;e” /20 where w? =Y ,8J38(S + 1)/3 = 12J?
and J is the average of J;. Hence we obtain
iy =TI 0, =7 /12]%/].
When M, is slowly varying in space, the discrete Eq. (4)
is reduced to a differential equation,
dM
o (D, + D)V’M + M X , 7
where D, = wa® and D, = §R*> = y/7/12JR? are hop-
ping- and exchange-induced spin diffusion (SD) constants.
w (7)) is the ensemble average of w;; (1;;), and a (R) is the
average intermolecule (interpolaron) distance. In inorganic
SI structures, D, = 0, and charge and spin share a common
diffusion constant. Another extreme is magnetic insulators,
where D;, = 0 and spin transport is due exclusively to
exchange. For example, in the paramagnetic phase of a
Heisenberg model, the SD constant is approximately |J|RZ,
with R being the nearest-neighbor distance between spins

(It —7) = J3 (6)

[21,22]. We emphasize that the exchange preserves the
total spin and does not cause spin relaxation by itself
(see Supplemental Material [23]).

The exchange coupling originates from the electron
wave function overlap and, for polarons with similar ener-
gies, can be estimated by [24,25]

2

R\5/ _
z—f (?)5 " exp(—2R/£), 8)

where € is the dielectric constant, £ is the polaron localiza-
tion length, and e is the electron charge. Since R is related to
the carrier density, n = 3, f?/"V with "V being the system
volume, via R = n~!/3, D, is sensitive to n. Figure 1 plots
D, as well as the ratio k = D/D, (D =D, + D)) as a
function of n. We set € = 2 and ¢ = 1 nm, which is the size
of a tris-(8-hydroxyquinoline) aluminum (Alqg;) molecule,
and fix D, with its experimental value [16]. It is seen that as
n exceeds 107 cm™3, exchange-induced SD becomes sig-
nificant, and quickly dominates over the hopping-induced
SD. For n > 10" cm™3, k can reach 108. Such a carrier
density is highly plausible in OSVs. In the recent Hanle
experiment [15], a device consisting of 200 nm thick Alq;
and 2.5 nm thick Al,O5 barrier with an area of A = 1 mm?
has a resistance of about 2-20 k). If this resistance comes
entirely from the Alq; film, according to R=L/(nev,A)
with 7,~10"%cm?/Vsin Algz at T = 100 K, n is estimated
atleast 10'8-10" cm™3. If one takes into account resistance
due to the thick Al,O5 layer and possible inhomogeneous
charge distributions (e.g., filaments), the local carrier den-
sity is even higher. It is known that high-density radicals in
organics can have a large J. A good example is diphenyl
picryl hydrazyl, whose large exchange J/kz > 1K is
responsible for its sharp electron resonance peaks [26].
Now we examine the exchange-induced spin transport
under a transverse magnetic field w = we,, with the
polaron hopping temporarily ignored for simplicity.
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FIG. 1 (color online). SD constant as a function of polaron
density. Black and red (gray) lines are D, and x = D/D,,
respectively. D, = v,kgT/e with T=100K and v, =
107% cm?/s [16], € =2, and & = 1 nm. The inset illustrates
hopping- and exchange-induced SD. Solid (open) circles repre-
sent occupied (vacant) sites.
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We numerically solve Eq. (4) at the steady state
(dM;/dr = 0) in a 32 X 32 X 32 cubic lattice with each
lattice site representing a polaron. 7;; is assumed to follow
a uniform distribution, 7; € (1 — 8,1+ 8]. At the
two end planes (x = 0 and x = 31R) M; is fixed at Mye..
We define 7, = L?>/D = 31%/% and plot in Fig. 2 M(x),
the averaged M; over the y-z plane for a given x. When
wT, <1, M(x) is uniform across the system. As w
increases, M, (x) starts to develop and M,(x) is reduced
in the interior of the lattice. When w7, > 1, both M (x)
and M_(x) decay rapidly as moving into the interior.
The averaged M. over the entire system shows an abrupt
decrease around w7, ~ 10, where the averaged Vy reaches
the maximum. These features are insensitive to the
variance 6 in the distribution of 7);, and also captured
by Eq. (7). The general solution of Eq. (7)isM_ = M, —
iM, ~ exp(*e™*Jw/Dx), suggesting an effective SD
length of 4/2D/w. When this length is smaller than L,
M _ diminishes; i.e., the critical magnetic field is w ~
D/L?> = 1/71, = kD, /L?, which, according to Fig. 1,
can be 108X larger than D, /L>.

When the organic is under a bias, the electric field E
causes carrier drift and the charge current is

j = env,E + eD,Vn, v, = eD, /kgT.

The electric field also modifies Eq. (4) through w;; but
does not affect 71;; because the exchange-induced spin flip
surmounts no energy barrier. The macroscopic spin-current
tensor 75 can be expressed as

j§t=j,M, + evnV,B, + eDnV M, )

where the spin drift due to a magnetic-field gradient is
included for completeness, v = ugD/kpT (up is the Bohr
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FIG. 2 (color online). Spin polarization in a 32 X 32 X 32
cubic lattice for different transverse magnetic field. Panels
(@), (b), and (c) plot spatial distribution of M (x) and M,(x)
under w7, = 107!, 10, and 10°. Panels (d) and (e) illustrate
the averaged M, and M, as a function w from solving Eqs. (4)
and (7), respectively. Solid and dashed lines are for M, and M.
Circles and squares correspond to 6 = 0 and 0.6.

magneton), and V,, = 9/d p. Using the continuity equation
of magnetic moment, (9, + 7, + @X)nM —V - g/e=0,
with 7, being the spin relaxation time, we obtain the spin
transport equation in organics at the steady state,

eE M

VM -Z +Mx2=-FEwp (0

VM +
kkgT L2 D kT

where L2 = Dr,. Compared to the spin-drift-diffusion
equation in inorganic semiconductors [27], the spin drift
due to an electric field in organics is reduced by a factor of
x and becomes negligible when the carrier density is high.

To directly relate to the Hanle measurements, we study
how spin transport and SI depend on w in the parallel (PA)
and antiparallel (AP) configurations of an OSV, an organic
film (0 <x < L) sandwiched between two ferromagnets
(see Fig. 3). Currently a consistent understanding of
the MR in OSVs is lacking. However, if the MR arises
from SI, it must be due to different spin accumulations at
the ferromagnet-organic boundaries. To elucidate the HE,
which is controlled by spin transport in the organic bulk,
we assume that the two ferromagnets are identical and have
no interfacial resistance, although a complete theory of the
MR in OSVs likely requires that Schottky barriers [28],
spin-dependent interfacial resistances [29], and impurities
be included. The spin polarized electrochemical potentials
in the ferromagnets satisfy V*Au —Au/L7 =0 with
Awp = py — py and L the SD length [30]. The solution
at the left ferromagnet (x < 0) is

1 1
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FIG. 3 (color online). Spin accumulation (a), SI efficiency (b),
|74 (0%)]/j (solid line) and j*(0%)/j (dashed line) (c), and spin
orientation of 4 in the organic (d) as a function of w. Black
and gray (red) lines are for the PA and AP configurations. Circles
and squares in (a) are vy obtained from Ref. [15] for the PA and
AP configurations with squares shifted up by 0.04 in the y axis
for clarity. The parameters are p; = 0.6, Ly = 10 nm, T =
100K, n=6X10" cm™3, and D = 1 cm?/Vs, L = 200 nm,
L, =500 nm.
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where o) = [1 + (=)pslos/2, with o and p, being
the conductivity and spin polarization of the ferromagnet.
The spin-polarized current in the ferromagnet is
ejiy = o1 Vi

Inside the organic, because of spin precession, the
spin-polarized electrochemical potential has both z and y
components and can be described by pu. =, *iu,,
which is the solution to Eq. (10),

M+ = MikBT = aieiAiX + bie/\i(X7L)) (12)

with A+ = L7'(1 ¥ iwT,)"/2. Similarly, 7 ¢ has finite com-
ponents ji° and j§ and can be described by js. = j§ *
ij¢ = enDV .M. = (enD/kpT)V . Here we focus on
the high-« regime and neglect spin drift due to the electric
field in Eqgs. (9) and (10). For the PA (AP) configuration,
a+ = —(+)b+. The unknowns a- and ¢y can be fixed by
the boundary conditions: Aw(0~) and jg(07) = j;(07) —
/1(07) at the ferromagnet are the same as . (0") and
J&(0%) at the organic. The obtained spin accumulations
for the PA and AP configurations are

Aw(07)
ej

o1 = pif))—l

= pf<Gegp,a(0+r 9—) + 2Lf

p.a

(13)

where G, = e’nD/(kzTL) is the effective spin cond-
uctance of the organic, g,(6,,60_)=(6 cothd  +
0_cothd_)/2, g, (0.,0_)=(0,tanhf, +6_tanhd_)/2,
and 6. = A.L/2. The SI efficiency at the interface is

— ]S(Oi) pregp,a(eﬁ»: 07)

= = . 14
|17,a Gegp,a(0+r 6—) + Gf ( )

J p.a

The spin accumulation causes an additional boundary
resistance R, = p,Au(07)/e; [30].

We first inspect the above solutions at w = 0. We
assume L < L, so that carriers retain their spins across
the device. For the PA configuration, g,(0,60_) =1,
the SI efficiency is a=p,/(1 + G;/G,) with G, =
ol — p?) /(2L ) being the effective conductance of the
ferromagnet. If spin transport was due solely to polaron
hopping, D = D,,, G, = G, = ¢’nD,,/(kzTL), where G,
is the electrical conductance of the organic, the SI effi-
ciency would be vanishingly small, a = p;G,/G; < 1,
because the low mobility in organics suggests G, <K Gy.
This is the so-called conductivity-mismatch obstacle to SI.
However, the effective spin conductance is greatly ampli-
fied by the exchange, G, = kG, and accordingly, « is
enhanced by a factor of k. Thus the exchange in organic
structures effectively circumvents the conductivity-
mismatch problem. For the AP configuration, g,(6,,0_)=
L/L;<1, SI is largely blocked. From Eq. (13), the spin
accumulation and therefore R;, in the AP configuration are
larger than in the PA one, and MR ensues.

Figure 3 shows the spin accumulation and spin current
at the ferromagnet-organic interface as a function of w.
For both AP and PA configurations, a finite @ reduces
Au(07) (as well as the device resistance) and increases
the SI efficiency « at the interface. Inside the organic,
Jj5 (0%) increases with w. When w7, > 1, g,(64,60_) =

g,(04,0_)~\2wr,. Accordingly, Au(07)/e;j (and the
MR) diminishes as ~1/,/@w7,, and a reaches p;. Inside
the organic, j¢'(0") approaches j§*(07), suggesting that
the injected spin is oriented 7/4 away from the electrode’s
magnetization. Figure 3 also reveals differences between
the PA and AP configurations: The HE has a later onset and
steeper crossover in the AP configuration (1 < w7, < 10)
than in the PA one (0.1 < w7, < 10). Moreover, in the AP
configuration jg can be much larger than ji°, whereas
in the PA configuration, j§' does not exceed j&. The
measured resistance R versus w in Ref. [15], illustrated
as ¥y = R(w)/R(w = 0) in (a), is consistent with the
calculated spin accumulation.

In summary, the exchange between localized carriers
in organics can facilitate an efficient spin transport, leading
to decoupled spin and charge motions. This spin-charge
separation is a key to understanding many puzzles in
organic spintronics that seem incompatible with the well-
established results on SI, HE, and other spin transport
phenomena in inorganic spintronics, and may be exploited
for novel organic spintronic devices.
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