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The Multistep Tunneling Analogue of Conductivity

Mismatch in Organic Spin Valves

T. Lan Anh Tran, T. Quyen Le, Johnny G. M. Sanderink, Wilfred G. van der Wiel,

and Michel P. de Jong*

Carbon-based, molecular semiconductors offer several attractive attributes
for spintronics, such as exceptionally weak spin-orbit coupling and compat-
ibility with bottom-up nanofabrication. In spite of the promising properties
of organic spin valves, however, the physical mechanisms governing spin-
polarized conduction remain poorly understood. An experimental study of
Cgo-based spin valves is presented and their behavior is modeled with spin-
polarized tunneling via multiple intermediate states with a Gaussian energy
distribution. It is shown that, analogous to conductivity mismatch in the
diffusive regime, the magnetoresistance decreases with the number of inter-
mediate tunnel steps, regardless of the value of the spin lifetime. This mecha-
nism has been largely overlooked in previous studies of organic spin valves.
In addition, using measurements of the temperature and bias dependence

carrier injection and detection using fer-
romagnetic metal contacts, e.g., conduc-
tivity mismatch in the diffusive transport
regime.P!

The field of organic semiconductor
spintronics®® is lagging behind consider-
ably in this respect, as the physics under-
lying spin-polarized transport in organic
devices remains somewhat elusive. This is
unfortunate, since carbon-based, organic
semiconductors offer a number of unique
advantages,®’ such as potentially very
long spin lifetimes,”!% bottom-up fabri-
cation relying on self-assembly, and non-
stringent requirements for interface for-
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of the magnetoresistance, inhomogeneous magnetostatic fields resulting
from interfacial roughness are identified as a source for spin relaxation and
dephasing. These findings constitute a comprehensive understanding of the
processes underlying spin-polarized transport in these structures and shed

new light on previous studies of organic spin valves.

1. Introduction

Controlling and probing charge carrier spin polarization via
electrical means is an attractive route towards the develop-
ment of practical semiconductor spintronic devices,[? which
are expected to have a strong impact on future information
processing and storage technologies. Considerable success
has been obtained over the last number of years in the field
of inorganic semiconductor spintronics, with the demonstra-
tion of, for example, the creation and detection of a robust spin
polarization in silicon at room temperature.l’! Key to this suc-
cess is the growing understanding of the physical mechanisms
that govern the spin-dependent behavior of charge carriers in
ferromagnetic-metal /semiconductor heterostructures,?l and in
particular of the practical limitations! for spin-polarized charge

T. L. A.Tran, T. Q. Le, ). G. M. Sanderink,
Prof. W. G. van der Wiel, Dr. M. P. de Jong
NanoElectronics Group

MESA+ Institute for Nanotechnology
University of Twente

7500 AE Enschede, the Netherlands
E-mail: M.P.deJong@utwente.nl

DOI: 10.1002/adfm.201102584

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mation and film growth, which allow for,
for example, vertical stacks comprising
alternating layers of ferromagnetic metals
and molecular semiconductors. Large
magnetoresistance effects have been
reported in such organic-based vertical
spin valves,!'!l comprising e.g., thin films
of organic molecules!”) and fullerenes, 1?14
in several cases also at room temperature.'>"! As is fairly well
established, the electronic structure of the hybrid interfaces
plays an important role.l'®!7] It remains unclear, however, if the
limitations for spin-polarized charge injection and detection in
inorganic semiconductors are applicable to organic spin valves
as well, since these often show electrical characteristics that are
indicative of multistep tunneling.”"'81 In this regime, charge
carriers tunnel via a limited amount of steps involving local-
ized intermediate states in the organic semiconductor,”! and
a description in terms of diffusive transport fails. Nevertheless,
the junction magnetoresistance (JMR) is found to be very sensi-
tive to the thickness of the organic semiconductor layer, and the
suppressed JMR in the transition from tunneling transport to a
regime limited by bulk hopping conduction has been attributed
to “conductivity mismatch’ by several authors.[3182% Another
issue that remains subject to debate is how spin relaxation and
dephasing take place in the organic semiconductor and how
this affects the JMR. Spin precession in the random hyperfine
fields of hydrogen nuclei has been shown to play an important
role in the phenomenon of organic magnetoresistancel?!! and
has been proposed to affect the JMR of organic spin valves.['"!
Here, we address these important issues using a joint experi-
mental and modeling study of vertical spin valves comprising
ultrathin (up to 20 nm) Cq layers (see Experimental Section for
details). We show that multistep tunneling leads to a behavior
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analogous to conductivity mismatch,’! in the sense that the
inclusion of an increasing number of intermediate tunneling
steps results in a more and more spin-independent junction
resistance, regardless of the spin lifetime and spin diffusion
length. This previously overlooked fact places numerous pub-
lished studies on organic spin valves in an entirely new light,
including those on similar junctions based on Cg.'>13 More-
over, it explains the salient features of such devices, namely a
strong dependence of the JMR on the organic layer thickness
and on temperature, and reconciles the expectation of very
long spin lifetimes in organic semiconductors with the rela-
tively short length scales over which a finite JMR is observed.’!
Regarding these potentially long spin lifetimes, Cg, is an attrac-
tive choice. Since Cqy molecules are composed purely of carbon
and the 99% predominant '2C isotopes have zero nuclear spin,
the effects of the above mentioned hyperfine fields are very
small and may be neglected.?>?*l Here we show, however, that
spin relaxation and dephasing nevertheless play a role and pro-
pose that inhomogeneous magnetic fields due to finite interfa-
cial roughness are the cause of this.

2. Multistep Tunneling Calculations

We begin with a description of our model, and then turn to a com-
parison with experimental results. When the Cg thickness, dg, is
well below 10 nm, the charge transport can be described in a fairly
straightforward manner, in terms of a superposition of direct- and
two-step tunneling. We use the model as developed by Schoonus
et al'] as a starting point, with several additions as outlined below.

2.1. Spin Polarized Tunneling via an Intermediate State

The model of Schoonus et al.*! considers two-step tunneling
processes, in our case involving intermediate states in the Cg
layer, in addition to direct tunneling across a composite Al,O3/
Cgp barrier. In a two-step process (see Figure 1), electrons tunnel
from the first ferromagnetic (FM) electrode (0), with tunnel spin
polarization (TSP) po, into an intermediate state (1) within the
Cyp layer with time-averaged occupation numbers nq/ny for spin
up/down electrons, and subsequently into the second FM elec-
trode (2), with TSP p,. Back-tunneling processes are also con-
sidered, assuming a Fermi-Dirac distribution f{E) and constant
density of states (DOS) for the FM metals (this is a somewhat
oversimplified but reasonable approximation for low bias volt-
ages). The occupation number of a certain intermediate state in
the Cg layer is determined by the equality of the inbound- and
outbound tunneling rates under steady state conditions, Jy; =
J12= Jiwo-step- The parameters that enter the model are p, and p,,
the thickness d, and dc of the Al,0; and Cg, layers, respectively,
and the extinction coefficients of evanescent states k (for Al,O5)
and 7y (for Cg). The extinction coefficients depend in turn on
the barrier height U and the effective mass m, in the evanescent
state, via e.g., ¥ = 2/2m.U/h , where F is the reduced Planck
constant. Further details can be found in ref. [19].

The effects of two-step tunneling via an intermediate state
on the magnetotransport properties of the junctions can be
described as follows. Considering a parallel magnetization
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Figure 1. A two-step tunneling event involving an electron tunneling out
of the Co electrode (0) into an intermediate state (1) in the Cg layer and
subsequently into the NiFe counter electrode (2).

alignment for electrodes (0) and (2), the tunnel current density
Joitp (with the label “P” for parallel magnetization) of majority
spin (up) electrons flowing out of the FM contact (0) into the
intermediate state (1) at a distance d from the Al,0;/Cg inter-
face, is given by:

Jorp o Y2 (14 po) (1 - ”TP) ‘37(KdA+yd)f(E )
=14 (1 4 po) ”Tpef('cdﬁyd) (1 - f(EF)) (1)

which is composed of a forward tunneling current propor-
tional to (1 — n1p) and a back tunneling current proportional
to ntp, while 1/ (1 4 po) represents the fraction of the total cur-
rent (due to both spin up and spin down electrons) consisting
of spin up electrons tunneling out of the FM contact (0) at the
Fermi energy, Ep. Here, the transmission of electrons through
the Al,O3 and Cg layers, with thickness d, and d, scales with
the extinction coefficients for evanescent states x and ¥, respec-
tively. The extinction coefficients, which depend on the barrier
height and the effective mass in the evanescent state, can be
estimated from measurements of the tunnel resistance (in the
low bias, Ohmic regime) as a function of layer thickness.

For a certain bias voltage V applied over the junction (with a
polarity such that electrons tunnel from electrode (0) via inter-
mediate sites (1) into electrode (2)), the current density J;,1p of
carriers flowing out of the localized site in the Cg layer into FM
contact (2), with TSP p,, is

]127~p X 1/2 (1 + pz) nTpe —7ldc—d) ( f(EF + CV))
1,1+ pz)(l—nTp)e yldc— d)fE +eV) )

where e is the electron charge. Under steady state conditions,
Joitp = Ji2tp = J1p, Which yields ntp such that the current den-
sity for tunnel processes involving intermediate sites at a dis-
tance d from the Al,O; electrode can be evaluated:

Ya(1+ po) e 4atrd 415 (1 4+ py) e 7™ f(Ep +eV)
15 (1 + py) e~vldc=d) 414 (1 + po) e=lkdatyd)

n¢p =

G)
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Similar expressions can be obtained for the minority spin
current Jo; p related to nyp, upon replacing p, with —p, and p,
with —p,, and for the antiparallel (AP) magnetization configura-
tion, upon setting p, = —p, while keeping p, unchanged (or vice
versa). The junction magnetoresistance (JMR) for tunneling
via an intermediate site at a distance d within the Cg, layer can
then be evaluated as JMR(d) = (Jp — Jap)/Jap, (note that this is
equivalent to (Ryp — Rp)/Rp, where R is the resistance) with Jp =
Jre + Jup, and Jap = J1ap + Jiap-

After determining the equations for the spin polarized
two-step tunneling currents as a function of the distance d of
the intermediate site from the Al,0;/Cg, interface, the JMR
resulting from tunneling via en ensemble of states with a spa-
tially homogeneous distribution is found by integrating the
expressions for the current densities with respect to d. The
magnetoresistance that results is considerably lower than that
due to direct tunneling of electrons between contacts (0) and
(2), given by 2pop,/(1 — pop,)- The reason for this is that, in addi-
tion to the TSPs of the electrodes, the spin dependent occupa-
tion numbers also determine the tunneling rates.

Let us discuss a specific hypothetical case that illustrates
this effect, and for which the analysis is especially simple.
Consider a symmetric system, consisting of two identical FM
electrodes with p, = p, = p, and a single localized state in the
Dbarrier, located exactly halfway between the electrodes. The spin
dependent occupation numbers of the intermediate state are
determined by the balance between inbound- and outbound
tunneling events. Due to the symmetry of the system when the
magnetization configuration is parallel, the transmission prob-
abilities for tunneling into and out-of the localized state are
equal. If we disregard back tunneling, and set the bias voltage
to zero, the equations for the tunneling rates in the parallel
magnetization configuration are:

Joirp & Y2 (1+ p) (1 —npp) e

= Jie & Yo (14 p)mype 7= = [, (4)

Joup <o (1—p) (1 —nyp) e
= Juypr x 12 (1 - p) ’%Pe_y(dc_d) = Jur 5)

Since the intermediate state is located exactly halfway
between the electrodes, i.e., (dc — d) = d, the exponential terms
are equal. Therefore, since Jo;1p = J127p and Joilp = Jizlp, it fol-
lows that n1p = nyp = %, for any value of p < 1. In the case p =
1 the spin down tunneling rates are equal to zero, and hence
nrp = %, nyp = 0. When the electrodes are magnetized in the
antiparallel configuration, the equations are:

Jorap o 2 (1 — p) (1 — nyap) e

= Jizpar & Yo (1+ p) nyape 7™ = [ 4p 6)

Joryap < 12 (14 p) (1 - niAP) et

= Jizpar & Yo (1 — p)nyape 7% = ] 4p (7)

where the magnetization of electrode (0) has been flipped. It
follows that nap = 14 (1 — p) and nyap = Y2 (1+ p), for p < 1.
For p =1, the current in the antiparallel configuration is always
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equal to zero, due to the terms (1 — p) in Equations (6) and (7).
In addition, nTp = 0, nlap = 1 for p = 1, since electrode (0),
now magnetized in the opposite direction, contains no spin
up electrons at the Fermi level. Hence the magnetoresistance
for p =1 is infinite, as is the case for direct tunneling between
to 100% polarized electrodes. However, for p < 1, inserting the
spin dependent occupation numbers into Equations (4-7) for
the tunneling rates gives a magnetoresistance (Jp — Jap)/Japs
with Jp = Jrp + Jip and Jap = Jrap + Jiap, proportional to
P*/(1 = pY), i.e., half that of direct tunneling between the two
electrodes (as was also pointed out by Schoonus et al.).l'")

2.2. Tunneling via a Gaussian DOS of Intermediate States

We consider two-step tunneling via a Gaussian DOS of inter-
mediate Cyy-derived states, centered at the lowest unoccupied
molecular orbital (LUMO) of Cg, in contrast to the uniform
energetic distribution of states in the model of Schoonus et al.
A similar picture is used routinely to describe charge transport
in the hopping regime in (disordered) organic solids.**%! From
previous experiments, the position of the LUMO with respect to
Ep is well known: The high electron affinity of solid Cg, equal to
4.0 eV,2528] leads to Fermi level pinning on metallic substrates
with a work function of 4.5 eV or smaller,?”) as is the case for
the present electrodes, Co/Al,O; and NiFe.?” We set the Gaus-
sian width, determined by inhomogeneous broadening, to a
realistic value of 0.3 eV (full width at half maximum) via the
parameter o (see Equation 1), while the energy difference
Er — Ejymo 1s set to 0.5 eV. Figure 2 shows schematic represen-
tations of two-step tunneling processes via a Gaussian DOS of
intermediate states. Applying a bias voltage tilts the potential
within the Cg, layer, such that the DOS of intermediate states
aligned with Ep of the electrode from which electrons are
expelled becomes a strong function of d. Correspondingly, the
current flowing under different bias conditions will involve two-
step (or multistep at sufficiently large Cg, thickness) tunneling
via states that are distributed differently within the Cg, layer.
The two-step tunnel current density Jiyo.siep as @ function of d
and bias voltage V is:

- - —le E—,Fd ? o
tho—step (V) = tho—step (0) € ((EF Frowol-leVl AT C) / (8)

for electrons tunneling from the left (Co/Al,O5 electrode) to the
right (NiFe electrode), meaning under application of a negative
potential in our experiments. For the opposite bias polarity, we
substitute (dc— d) for d. Jiwo.siep(0), i-€., the two-step tunnel cur-
rent density at zero bias, is calculated using Equation 1, 2, and 3.

2.3. Tunneling via Multiple Intermediate States

For increasing Cg, thickness, the contribution of tunneling
events that involve more than one intermediate site in the Cg,
layer will increase as the transmission probability for individual
tunneling processes drops exponentially with the tunneling dis-
tance. For the sake of illustrating the main effects of tunneling
via multiple intermediate sites on the magnetoresistance, we

Adv. Funct. Mater. 2012, 22, 1180-1189
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Figure 2. Two-step tunneling via intermediate states with a Gaussian
energy distribution centered on the LUMO of Cgy. Under application of a
negative bias voltage (a), electrons tunneling out of the Co electrode at
Er encounter an increasing density of intermediate states at an increasing
distance from the Al,O3 surface. A positive bias (b) results in an increased
amount of states close to the Al,O; surface for electrons tunneling out
of the NiFe electrode.

limit ourselves in the discussion below to two simple cases
that can be evaluated easily: 1) that of up to four intermediate
tunneling sites within the barrier with equal probability for
inbound versus outbound tunneling (i.e., equidistantly placed
sites within the barrier) and 2) that of two sites near both elec-
trodes (at the same distance from each electrode) connected
via an arbitrary number of uncorrelated “hops” within the Cg
layer.

2.3.1. Multiple Equidistant Tunneling Sites

When back tunneling is not taken into account, and only a
single barrier (corresponding to the Cg layer) is considered,
we can easily evaluate the case of equidistant tunneling events
(with the same transmission probability) involving a limited
number i of intermediate states. The problem to be solved, for
arbitrary i, is that of the following set of equations:

Adv. Funct. Mater. 2012, 22, 1180-1189
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Joip X & (1 - nmP) =

Ji—2.i—14p X Ni_34p (1 - ni—m’) =
Ji—1,itp X Bippa 9)
where the TSP of both electrodes is taken to be equal to p, and
we define oo = 14(1+ p), and B = 14 (1 — p). To avoid unnec-
essary complication, we have set the exponential tunnel trans-
mission probability connecting each of the states n... equal
to 1, since it drops out of the expression for the JMR anyway.
Equivalent sets of equations can be formulated for spin down
electrons (substituting oo — B for both electrodes), as well as
the antiparallel magnetization configuration (substituting o <>
B for only one electrode).

It is easy to see that a solution that fulfils 0 < n < 1 for
the antiparallel configuration is n..qap = B and n..jzp = @,
for an arbitrary number of sequential tunneling events (here
we use the convention that the sign of the TSP of electrode
(0) is changed when changing from a parallel to an antipar-
allel configuration). In fact, it turns out that this is the only
solution for the AP configuration. Regardless of the amount
of tunnel steps, the AP currents thus become J1ap = Jyap o<
of3. The solutions for n..., are more complicated, but can nev-
ertheless be evaluated analytically for i < 3, while we use a
simple graphical procedure for i = 4 to solve the equation for
n...p including terms (n...p)>. The so obtained curves for Jp
and Jxp as a function of the tunnel spin polarization p of the
electrodes are shown in Figure 3a, while the JMR as a func-
tion of the number of tunneling steps for p = 0.3 is shown in
Figure 3b.

These calculations show that the magnetoresistance con-
tinues to drop upon the inclusion of additional tunneling steps,
as may be intuitively expected. This leads to an overall junc-
tion resistance that becomes more and more spin-independent,
which is qualitatively similar to the conductivity mismatch
problem in the diffusive regime.P! In a more realistic approach,
one should consider also events with unequal transmission
coefficients for inbound and outbound tunneling, as well as
back-tunneling events, which will further strongly reduce the
JMR. It is important to note at this point that we have not yet
included any effects of a finite spin lifetime in the intermediate
states (which certainly plays a role in reality); the reduction
of the magnetoresistance discussed above is solely due to the
requirement of continuity of the tunnel current, which deter-
mines the spin-dependent occupation numbers, and therefore
the JMR.

2.3.2. Interfacial Tunneling Sites Connected via a Large Number
of Uncorrelated Hops

We consider the case of two sites n; and n, at a distance d
from each opposing FM electrode (both electrodes having a
TSP equal to p) connected via different pathways involving
a large number of (uncorrelated) hops via localized sites in
the Cq layer. If we allow (thermally activated) hopping via a
large number of different sites, electrons will travel via an
ensemble of random paths and keeping track of the spin

wileyonlinelibrary.com
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Figure 3. a) Calculated relative tunnel currents in the parallel (Jp) and
antiparallel (Jap) magnetization configuration for different numbers of
tunneling steps as a function of the tunnel spin polarization p in both
ferromagnetic electrodes. b) JMR as a function of the number of tunnel
steps for p=0.3. The solid line is a guide to the eye and the inset depicts a
three-step tunneling process. c) JMR versus the ratio of the transmission
probability T for tunneling into/out-of interfacial states and the dimen-
sionless constant Ry, proportional to the bulk hopping resistivity.

dependent occupation numbers of neighboring sites is no
longer very meaningful. Instead, we may model the transmis-
sion between the sites as 1/Ry,, with Ry, a dimensionless con-
stant that is proportional to the (spin independent) electrical
resistivity of the Cg layer in the hopping transport regime.
The set of equations to be solved for obtaining the n’s and J's
then becomes:

Joipp X « (1 - ”mP) T
= Jiztp X ”an(l - nsz) 1/Rh (10)
= Ja3yp X ngppa T

where T = ¢ denotes the transmission probability for tun-
neling into/out-of states n; and n,. Again, similar equations
should be solved for the different spin currents and magneti-
zation configurations. Since only tunneling to/from the sites
close to the barrier is spin dependent, the JMR continues to
drop upon increasing Ry, (see Figure 3c).
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Figure 4. RA product (open circles) of a set of junctions with increasing
Ceo thickness measured at room temperature and 20 mV bias voltage.
The insets show room temperature I-V and conductance (G) curves of a
reference device without Cg interlayer (upper left corner) and a junction
with a 5 nm thick Cgq layer (lower right corner).

3. Magnetotransport Experiments
3.1. Resistance and MR versus Cg, Thickness

Upon increasing the Cgy thickness stepwise from 0 to
7 nm, the resistance of our junctions increases strongly, as
expected for devices in which transport is limited by tun-
neling. Above a thickness of 2-3 nm, the resistance increase
with dc levels off, as two-step tunneling via an interme-
diate state in the Cg layer becomes the dominant transport
mechanism instead of direct tunneling between the Co and
NiFe electrodes (see Figure 4). The solid line is obtained by
a fit in which the current is composed of a weighted average
of direct tunneling and two-step tunneling contributions
(Equation 1 of ref. [19]). For the Al,O; barrier, we estimate an
extinction coefficient of evanescent states k = 3 nm™, based
on measurements of the resistance area product as a func-
tion of thickness of similar Al,O; tunnel contacts,?!l while
the thickness of the barrier d, is 2 nm. These parameters are
inserted into the fit function, which yields y= 1.36 nm™ for
the extinction coefficient in Cgp, and N = 4.6 x 10~ nm™' for
the weighting factor that determines the relative contribu-
tions of direct and two-step tunneling events. The latter is
proportional to the density of intermediate states within the
Cgo layer (hence the dimension nm™), via which two-step
tunneling may proceed. These parameters are used below in
calculations of, e.g., the JMR. The current-voltage (I-V) and
conductance G = dI/dV characteristics (see insets in Figure 4
for room-temperature measurements), as well as their tem-
perature dependence (Supporting Information Figure S1),
are consistent with tunneling being the limiting mechanism
for charge transport.

Adv. Funct. Mater. 2012, 22, 1180-1189
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Figure 5. JMR as a function of Cg thickness. Data points are shown for
measurements performed at room temperature (solid circles) and 5 K
(solid squares). The dashed line is the calculated JMR for a combination
of direct- and two-step tunneling, while the dash-dotted line corresponds
to two-step tunneling only. The inset shows traces of the resistance versus
magnetic field of a junction with 5 nm Cg (plotted as a JMR value), meas-
ured at 250 K (blue) and 80 K (red).

The magnetoresistance of the junctions, measured at room
temperature (293 K) and 5 K at a bias voltage of 20 mV, is
plotted versus the Cg, thickness in Figure 5. The inset shows
traces of the resistance versus the magnetic field of a device
with 5 nm Cg, measured at 250 K and 80 K. Also shown are
calculated JMR curves for a superposition of direct and two-step
tunneling (dashed line), and two-step tunneling only (dash-
dotted line). In the calculations, we have set the tunnel spin
polarization (TSP) for both ferromagnetic electrodes equal to
0.3, which is close to the experimentally obtained values for Co/
Al,O; and NiFe/Al,0;.51733 [t is evident that the inclusion of a
Cyo layer in the MT]J stack leads to a reduction of the JMR, due
to tunneling via intermediate states in the Cq for dc > 2, and a
somewhat reduced TSP at the NiFe/Cg, interface compared to
that of NiFe/Al,O;, leading to a modest reduction of the JMR
even for Cg layers as thin as 1 nm. Junctions with 0.5 nm Cg,
well below the threshold for closed-layer formation, show a
JMR identical to that of reference MTJs without Cgyy, which is
to be expected since the tunnel current will flow predominantly
in those regions of the junction where the Cg is absent. For
Cgo layers with a thickness above 1 nm, the reduced JMR thus
indicates that tunneling of electrons across a composite Al,O3/
Cyp is the dominant transport mechanism. The calculated JMR
curves in Figure 5 predict a reduction of the magnetoresist-
ance by about a factor of 4 in the two-step tunneling regime
(dc =5 and 7 nm) as compared to direct tunneling across an
Al,03/Cg barrier (dc < 1 nm), which is fairly consistent with
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Figure 6. Calculated relative two-step tunneling current densities as a
function of the distance d of the involved intermediate states from the
Al,Oj3 barrier, for a 7 nm thick Cg layer. a) Two-step tunneling current den-
sity including back tunneling. b) Same as (a), but without back tunneling.
c) Two-step tunneling current density calculated with a Gaussian energy
distribution of intermediate states and a negative bias voltage of 200 mV.
d) Same as (c), but with a positive bias voltage of 200 mV.

the experimental data. The calculated JMR due to two-step tun-
neling alone (the dash-dotted line in Figure 5) shows some
additional features. The very low JMR for small Cg thickness is
due to the fact that the tunnel current via the intermediate site
is determined by the transmission through the Al,O; barrier,
such that the site occupation numbers are always fairly similar
regardless of the electron spin or the magnetization configura-
tion (parallel or antiparallel).!¥) The dip in the two-step JMR
curve at intermediate thickness is due to back-tunneling proc-
esses, which lead to a significantly higher forward tunneling
rate in the antiparallel state than the parallel state for sites
close to the Al,O; electrode for intermediate Cg thickness (see
Figure 6a,b).

We have also studied junctions comprising considerably
thicker Cq, interlayers, with dc = 10 and 20 nm. These devices
exhibit strongly non-linear I-V curves (Supporting Information
Figure S2), similar to those observed previously for Cgy-based
spin valves with relatively high Cg thickness,[>'3l which is indic-
ative for transport limited by bulk hopping conduction instead
of tunneling via a small number of intermediate steps. We do
not observe any (room-temperature) magnetoresistance in these
devices, consistent with calculations of the JMR as a function
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Figure 7. Temperature dependence of the resistance and JMR. a) Nor-
malized resistance versus temperature of junctions with different Cgo
thickness between 0 and 7 nm. b) Normalized JMR of the same junc-
tions as in (a).

of an increasing amount of intermediate tunneling steps (see
Figure 3a,b), and with the notion that the JMR becomes negli-
gible when the hopping resistivity dominates charge transport
across the junction (see Figure 3c). A very important conclu-
sion is that the observation of a vanishing magnetoresistance
at a certain thickness of an organic interlayer can not be simply
used to estimate the spin diffusion length in that layer. Even for
an infinitely long spin diffusion length, our analysis shows that
the JMR will decay to negligible values if the number of tun-
neling steps becomes sufficiently large.

3.2. Temperature Dependence of the Resistance and JMR

The normalized device resistance as a function of temperature
is shown in Figure 7a. The stronger temperature dependence of
the resistance and JMR for junctions with larger dc shows that
thermal activation becomes more important in those junctions,
consistent with tunneling via one or more intermediate states.
Interestingly, the JMR of junctions with dc = 2 nm shows a
non-monotonic dependence on temperature (see Figure 7b);
in particular for the junctions with d¢ equal to 5 and 7 nm,
the JMR shows a clear maximum at 50 K. This suggests that
the temperature dependence of the JMR is affected by com-
peting mechanisms. The first mechanism, responsible for the
decreasing JMR with T for T > 50 K, is ascribed to the larger
contribution of thermally activated two- (or multi-) step tun-
neling processes with increasing temperature. For the second
mechanism, spin relaxation and dephasing during occupation
of the intermediate site in the Cg, layer is the most probable
candidate. The outbound tunneling frequency from the inter-
mediate state can be estimated as wvexp (—2d+/2m.U/h),
where v, is the (material dependent) phonon attempt
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frequency, U is the barrier height, d is the barrier width, and m,
the effective mass. The effective barrier height is reduced when
the electrons gain thermal energy in the intermediate state.
This leads to a higher tunneling frequency, analogous to hop-
ping transport in organic semiconductors.?>3* The dwell time
of the electrons in the intermediate states will thus increase as
the temperature is reduced, which affects the spin relaxation
and dephasing in the intermediate site(s). As discussed above,
hyperfine interactions are very small in Cg?2?%l and are thus
unlikely to play an important role. The importance of spin orbit
(SO) coupling for spin relaxation in organic semiconductors is
currently under hot debate. Up until recently, the consensus
was that SO interactions, which scale with the fourth power of
the atomic number, are too weak to be of major importance in
organic materials. However, recent theoretical studies have cast
doubts on this view.1>3% In the work of Yu,13®! the SO coupling
was found to be strongly dependent on the molecular structure.
To our knowledge, no computational studies of the SO coupling
strength in Cg, are available at this time, such that a quantita-
tive estimate of the associated spin relaxation effects cannot be
given.

Here, we propose a third mechanism that may limit the
spin polarization in the intermediate states, namely spin pre-
cession in local, inhomogeneous magnetostatic fields arising
from the finite roughness at the interfaces with the ferromag-
netic electrodes.’”38 Such fields are well known to affect the
switching behavior of metal/insulator/metal magnetic tunnel
junctions, in what is usually referred to as Néel or “orange
peel” coupling.}*4% In addition, it has been shown recently that
roughness-induced fields play a significant role in spin relaxa-
tion at interfaces between ferromagnet/tunnel-barrier contacts
and silicon.3¥ Since the fields are inhomogeneous in magni-
tude as well as in direction, the resulting random precession
of electron spins will lead to a decay of the spin polarization in
the intermediate state, if the (temperature-dependent) two-step
tunneling frequency becomes comparable to the Larmor spin
precession frequency. The latter is equal to gugB/h s where
g is the spin gyromagnetic ratio, g is the Bohr magneton, B
is the inhomogeneous magnetostatic field, and h is Planck’s
constant.

In our junctions, the intermediate sites involved in two-step
(or multistep) tunneling are located at several nm from the
interfaces with the ferromagnets. For a peak-to-peak roughness
amplitude of 0.5 to 1 nm, similar to the interfacial roughness
in our devices (see Supporting Information Figure S3), calcula-
tions by Dash et al.?® show that the local magnetostatic fields
are of the order of 100 mT at a distance of up to 10 nm away
from the interface. It should be pointed out in passing that in
our case not one but two ferromagnetic interfaces are present,
such that the local magnetic fields and the associated preces-
sion frequency might be even higher than for the Si-based
devices studies by Dash et al. The corresponding Larmor pre-
cession frequency is of the order of 10° Hz. It is interesting to
compare this precession frequency, which sets the timescale
for spin relaxation in local roughness-induced fields, to an esti-
mate of the tunneling frequency. The two-step tunneling proc-
esses in our devices involve a distribution of intermediate sites
with different tunneling distances d, resulting in a distribution
of different tunneling rates (see Figure 6). For junctions with
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Figure 8. Bias dependence of the JMR. Normalized JMR measurements
are shown, measured at T =200 K, as a function of bias voltage for junc-
tions with different Cgq interlayer thickness.

7 nm Cg, the peak of the tunneling rate distribution occurs
for intermediate sites located about 1 nm from the Al,03;/Cg
interface. The corresponding tunneling rate v,,, can be esti-
mated as Vi, = Voexp (—7%), where d = 6 nm is the outbound
tunneling distance, y = 1.36 nm™! is the extinction coefficient
in Cg, obtained from the fit in Figure 4, and vj is the phonon
attempt frequency. The latter can be estimated as 10'* Hz, based
on studies of the frequencies of vibrational modes that couple
to the LUMO orbitals of Cg.""*? Hence, we find a tunneling
frequency of the order of 10° Hz, similar to the precession fre-
quency associated with the local roughness-induced fields. For
junctions with 5 nm Cg, two-step tunneling occurs mostly for
intermediate states close to the Al,03/Cg, interface, such that
the relevant outbound tunneling distance is about 5 nm, and
Viun = 101% Hz. Since the timescales for two-step tunneling and
relaxation are similar, and the effective barrier height depends
on temperature as discussed above, the scenario sketched above
is entirely consistent with our observation of a maximum in the
temperature dependence of the JMR.

3.3. Bias Voltage Dependent Properties

We now address the evolution of the JMR versus bias voltage
for junctions with different Cy, thickness between 0 and
7 nm (see Figure 8), obtained from [-V curves measured in the
parallel and antiparallel magnetization configurations. For the
junctions with 5 and 7 nm Cg, applying larger negative bias
voltages (electrons tunneling from Co to NiFe) results in a con-
siderably faster reduction of the JMR as compared to junctions
with thinner Cg, layers. This suggests that two-step tunneling
via intermediate sites in the Cg, layer, which contributes more
strongly for thicker layers, affects the JMR significantly for neg-
ative bias voltages, but not for positive bias voltages. Note that
since the JMR-versus-bias curves are all similar for junctions
with thin (<3 nm) Cg layers, these effects cannot be due solely
to changes in the spin-polarized interfacial density of states
introduced by replacing the Al,O;/NiFe interface with Cqo/NiFe,
which would also influence the JMR of direct tunneling events.
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As shown in Figure 6¢,d, changing the bias voltage from
-0.2 V to 0.2 V introduces a significant asymmetry in the spatial
distribution of the intermediate states via which the two-step
tunneling transport takes place, due to the Gaussian energy
distribution of states in the gap of Cg, (see also Figure 2a,b).
At negative (positive) bias voltages, the distribution of interme-
diate states that participate considerably to two-step tunneling
shifts away from (towards) the Al,O; interface. This influences
the precession of spins in the inhomogeneous magnetostatic
fields resulting from the finite roughness at the ferromag-
netic interfaces. Since the Cgy/NiFe interface has a consider-
ably larger roughness amplitude (see Supporting Information
Figure S3) than the Co/Al, O3 interface, the redistribution of the
active two-step tunneling sites towards the Cg,/NiFe interface
at sufficiently high negative bias might result in higher spin
precession frequencies, and thus a larger reduction of the spin
polarization in the intermediate state. To test this hypothesis,
we have measured magnetoresistance hysteresis loops at T =
5 K and at different bias voltages between —0.2 and 0.2 V for a
junction with 5 nm Cg, (Figure 9a,b). Upon application of an
external magnetic field aligned with the magnetization direc-
tion of the ferromagnets, and thus with the spin polarization
of the tunneling electrons, the initially random spin precession
axis will rotate in the direction of the spin polarization vector
since the spins precess around the vector sum of the applied
field and the local magnetostatic field. Hence, spin preces-
sion in inhomogeneous local fields should be suppressed at

H(Oe)
-200 -100 0 100 200

=
o

TMR(%)

O N M O ®©

o
=
(e0]
i

Valley/peak ratio

-0.2 -0.1 0 0.1 0.2
Bias voltage (V)

Figure 9. Bias voltage dependence of the MR traces. a) MR curve of a
junction with 5 nm Cg measured at T=5 K and a bias voltage of 20 mV,
where the valley and peak values are indicated by arrows. b) Valley-to-peak
ratio versus bias voltage. The error bars give a conservative estimate of
the uncertainty of determining the valley and peak values.
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sufficiently large external field strengths. This affects the JMR
curves of the junctions in a similar way as described earlier for
spin precession in local hyperfine fields (Figure 4 of ref. [19]).
Small changes in the shape of the JMR curves of the junction
with 5 nm Cg, were observed upon varying the bias voltage
stepwise from -0.2 to 0.2 V, which indeed points to stronger
local inhomogeneous magnetostatic fields resulting in more
pronounced spin precession effects.

4, Conclusions

We have presented a joint experimental and modeling study
of Cgp-based spin valves and interpreted their behavior using a
superposition of direct and multistep tunneling via a Gaussian
DOS of intermediate states. We find that, analogous to conduc-
tivity mismatch in the diffusive regime, the JMR drops continu-
ously as the amount of intermediate tunneling steps increases,
irrespective of the spin lifetime and spin diffusion length. Con-
sequently, these parameters cannot be extracted simply from
the thickness dependence of the JMR of organic spin valves, as
has been common practice in the past (see ref. [6,7] and the
references therein). Previously reported values of the spin dif-
fusion length in organic semiconductors thus may have been
strongly underestimated.

In addition to the intrinsic loss of the JMR due to multistep
tunneling, our temperature- and bias-dependent measure-
ments of the magnetotransport properties indicate that spin
relaxation and dephasing in the intermediate states on the Cg
molecules also affect the JMR. We propose that the mechanism
that underlies this is spin precession in the inhomogeneous
magnetostatic fields that arise from finite roughness at the fer-
romagnetic interfaces, which is supported by measurements of
JMR versus magnetic field, recorded at different bias voltages.

Our findings are widely applicable to organic spin valves
operating in the multistep tunneling regime, with a not too
large amount of intermediate hops. Indeed, even for devices
with relative large organic layer thickness (on the order of
100 nm), this description may be a good starting point for mod-
eling the device behavior. Such devices unexceptionally show
a very strong temperature dependence of the magnetoresist-
ance,’ which is most probably related with the reduction of
the hopping rate, and hence the number of hops involved in
transport, at low temperature. We expect that further theoret-
ical analysis, for example using Monte Carlo/master equation
approaches, will provide additional insights into the operation
of these fascinating and promising devices.

5. Experimental Section

Device Fabrication: Our devices were prepared in situ in an ultrahigh
vacuum chamber (base pressure 107'° mbar). Metals were deposited by
electron-beam evaporation (rate = 1 A s™"), and Cgo was evaporated from
a Knudsen cell at =400 °C (rate = 0.25 A s7'). The layer stacks were grown
onto single-crystalline Al,O3 substrates (11 x 11 mm?) held at room
temperature. Twelve identical junctions, with an area of 0.25 X 0.3 mm?,
were fabricated on each substrate in a cross-bar geometry using shadow
masks. The junctions consisted of the following layer stack: Co(bottom,
8 nm)/Al,03(2 nm)/Cgo(dc nm)/NigFei9(15 nm). Reference magnetic
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tunnel junctions, without Cgo, were fabricated in parallel with Cgo
containing junctions in every run (the apparatus allowed for parallel
fabrication of several devices with different layer structure using shadow
masks). The Al,O; tunnel barriers were formed by depositing 1.5 nm Al
followed oxidation in an oxygen plasma at 100 mTorr, without breaking
vacuum. Film thickness was monitored by quartz crystal oscillators and
verified with atomic force microscopy (AFM) measurements.
Measurements: The surface morphology was characterized by AFM.
Junction resistances versus magnetic field (R-H) at different bias
voltages, and current-voltage (I-V) measurements at constant applied
magnetic field (corresponding to parallel- and antiparallel magnetization
of top and bottom electrodes) were measured using a four-point probe
technique. The measurements were performed within a temperature
range from room temperature to 5 K using a liquid He flow cryostat.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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