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Room-Temperature Spin Transport in C¢-Based Spin Valves

Marco Gobbi, Federico Golmar, Roger Llopis, Félix Casanova, and Luis E. Hueso*

Spintronics, or the possibility of performing electronics with
the spin of the electron, has been fundamental for the expo-
nential growth of digital data storage which has occurred in
the last decades. Indeed, hard-disk drives read-heads are the
maximum exponent of what is currently being called first-
generation spintronic devices. Current read-heads, although
technologically very complex, are scientifically based simply on
the tunnel magnetoresistance effect (TMR; magnetoresistance
being the change in electrical resistance of a device under the
application of an external magnetic field). A tunnel magneto-
resistive vertical spin valve is composed of two ferromagnetic
layers separated by a thin (around 1 nm) insulating layer, and
the resistance of the structure can be switched between two dif-
ferent values upon the application of a magnetic field capable
of rotating the magnetization vector of the ferromagnetic layers
from parallel to antiparallel.l’! For the eventual success of a
second-generation of spintronic devices, more complex mecha-
nisms than the nanometre-distance spin transport in metallic
or insulating materials have to be obtained. In particular,
coherent spin transport at distances above a few nm and spin
manipulation are unavoidable requirements for the production
of sophisticated prototypes of, for example, spin transistors or
spin light-emitting diodes.>?] Organic semiconductors (OS)
have emerged as promising materials for advanced spintronics
applications. Their spin relaxation mechanisms, mainly repre-
sented by spin orbit interaction and hyperfine interaction with
protons,* are very small, and long spin lifetimes have been
consistently detected.’! Moreover, in spite of the relatively low
carrier mobility of these materials, organic vertical spin valves
with semiconducting channels thicker than 100 nm have been
demonstrated.l®'! In parallel, OS ultrathin layers perform suc-
cessfully as spin tunnel junctions, and extremely high (>300%)
magnetoresistance (MR) values have been obtained at low tem-
peratures.'?) Regarding possible applications of spin transport
in OS, a basic operational requirement is the room temperature
(RT) operation of the devices. So far, only organic spin tunnel
junctions have shown any significant MR effect at RT.'>-17] By
contrast, most devices employing thicker organic layer (>15 nm)
show a clear decay of the MR well below RT.6-11.18]
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In this work, we present significant RT MR values (in excess
of 5%) on Cgyy-based vertical spin valves for different thickness
of the Cg interlayer (from 5 nm to 28 nm) up to high applied
biases (~1 V), demonstrating coherent spin transport through
Cgo molecules. We also show that transport of spin-polarized
electrons is in agreement with a multi-step tunnelling regime.

Ceo, the first discovered fullerene, was chosen considering
its several properties that make it ideal for organic spintronic
devices. Firstly, Cy molecules can be sublimated in ultra-high
vacuum (UHV) and can, therefore, be cleanly sandwiched
between ferromagnetic metallic thin films and integrated in
vertical devices. Secondly, Cgy molecules are very robust and
can sustain the top metallic electrode without being damaged,
unlike other organic materials. Thirdly, hyperfine interaction
is supposed to be very weak in fullerenes due to the absence
of polarized hydrogen nuclei and because of the small natural
abundance of the *C nuclear spin (below 2%).'] Finally, Cq
lowest unoccupied molecular orbital (LUMO) is quite well
matched with the Fermi energy of common ferromagnetic
metals, such as Cobalt or Permalloy (FegyNiy, Py), making
possible a relatively easy current injection from magnetic elec-
trodes while keeping a moderate energy injection barrier (see
Figure 1a). [%

Co/AlO,/Cgo/Py vertical spin valves were fabricated in-situ in
a UHV dual chamber evaporator (base pressure < 10~ mbar).
The spin valves cross-bar geometry was obtained by deposi-
tion through shadow masks on Si/SiO, (150 nm) substrates.
Junction areas range from 200 x 200 um to 500 x 200 um. In
every chip, five 15-nm-thick Co lines were deposited as bottom
electrodes. A thin Al layer (0.9 nm) was deposited on top of
them and was oxygen-plasma oxidized in-situ. A Cg layer, with
thickness between 5 and 28 nm, was also evaporated through
a shadow mask which was designed in such a way that the
fullerene only covered 3 of the 5 bottom lines. Hence, two Co
electrodes were left only with the thin AlO, layer and are used
as reference junctions. Finally, the sample was completed with
the evaporation of a 20-nm-thick Py top electrode (see Figure 1b
and 1c for a sketch of the devices).

Structural and morphological quality, together with the thick-
nesses of the different layers that compose the spin valves, were
characterized using X-ray reflectivity (XRR) and atomic force
microscopy (AFM). XRR data show clear interference oscilla-
tions caused by the exceptional long-range homogeneity of the
thin films. This result was expected for the Co bottom electrode
film (see Figure 2a) as it had been grown on a very smooth SiO,
surface. However, even a Cy/Py bilayer shows a clear interfer-
ence pattern with double periodicity created by the extra inter-
face between the C4y and the metal film (see Figure 2b). Sur-
face roughness was measured directly with AFM and by fitting
XRR data, both techniques showing a good agreement. The
bottom Co/AlO, electrode has a rms roughness (r) of 0.2 nm
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Figure 1. (a) Rigid energy band diagram for the Co/AlO,/Cqo/Py stack.
(b) Schematic of our spin valve device. Only 3 of the 5 bottom Co elec-
trodes are covered with Cg, in such a way that in every chip there are
3 organic junctions and 2 reference junctions with only an AlO, layer.
(c) Ideal representation of a cross-section of our Cg-based spin valves.

(Figure 2c,e). The subsequent Cg, layer shows a rms roughness
r=0.7 nm, independently of its thickness and consistent with a
molecular size of around 1 nm. Finally, the top Py layer follows
the morphology of the Cg layer, resulting in r = 0.7 nm (see
Figure 2d.f).

In previous studies of organic tunnel junctions a fully-
optimized inorganic tunnel barrier was inserted between the
bottom ferromagnetic electrode and the OS.*717] As a con-
sequence, it is sometimes difficult to separate the effect of
the inorganic from that of the organic barrier. Nevertheless,
the AlO, layer is needed for its important role in isolating the
molecules from the Co underlayer, since Co is well known for
being very reactive with different organic molecules.? In our
case we employed a very thin AlO, layer which does not form a
tunnel barrier. In every chip the reference junctions without Cgq
show linear I-V curves, with a RT resistance area (RA) product
around 2 x 10™* Q cm? which decreases when lowering the
temperature as in a normal metal. Furthermore, no TMR was
observed in any case, but only anisotropic MR coming from the
metallic electrodes (not shown). The choice of a “leaky” AlO,
film, rather than a fully functional tunnel barrier, ensures that
in the hybrid ferromagnetic-organic junctions we are actually
measuring the electronic properties of the Cqy molecules, since
any conductive path across the molecular layer (so-called pin-
holes) would immediately eliminate any TMR effect.

We move now to the electronic transport properties of the
vertical spin valves, in which Cg, is sandwiched between the
ferromagnetic electrodes. For Cg, thicknesses below 10 nm,
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Figure 2. (a) X-Ray reflectivity data for a Co(23 nm)/AIO,(1 nm) bilayer
and (b) for a Cgo(15 nm)/Py (17 nm) bilayer. Several interference peaks
are visible in both measurements, characteristic of extremely small
long-range roughness. (c), (d) Atomic force microscopy (AFM) images
of, respectively, the Co/AlIO, bottom electrode and the Py top electrode
grown on the complete Co/AlO,/Cgo/stack (note the different z-scale).
The profiles along the lines highlighted in (c) and (d) are shown in
(e) and (f), respectively. The top Py contact is rougher than the bottom Co
layer, as it reflects the surface of the Cgq layer underneath.

the RT current-voltage (I-V) curves are non-linear and sym-
metric, similar to the representative curve of Figure 3a. In this
thickness range the resistance at low voltage (10 mV) increases
around 40% when lowering the temperature down to 80 K
(Figure 3c). The I-V traces become progressively more asym-
metric as the Cg, thickness is increased (see Figure 3b for a
representative sample). Above a thickness of 20 nm, the low-
bias resistance (measured at 10 mV) increases typically 400%
when lowering the temperature down to 200 K, keeping below
that temperature an almost constant value (Figure 3d). The
temperature behaviour of the resistance does not follow in any
case a simple thermally activated law. We will show below that
this temperature behaviour is compatible with the conductivity
dominated by quantum-mechanical tunnelling from molecule
to molecule.

The resistance area product of all our samples (measured at
10 mV) increases exponentially with Cg, thickness in the range
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Figure 3. (a), (b) Room temperature Current-voltage (/-V) traces for sam-
ples with 8 and 28 nm of Cq respectively. (c), (d) Temperature depend-
ence of the resistance measured at 10 mV for samples with 8 and 28 nm
Ceo thicknesses. () Room temperature low-bias resistance vs thickness
of Cgp layer. (f) Tunnel barrier thicknesses obtained by fitting the room
temperature |-V traces with the Simmons equation (see text) as a func-
tion of the nominal Cg thickness.

from 5 to 28 nm, spanning almost six orders of magnitude
(Figure 3e). An exponential increase of the resistance with the
interlayer thickness is expected in a quantum mechanical tun-
nelling framework. For example, the standard Simmons model
for coherent tunnelling?!l is based on the approximation that
the probability (D) for an electron to penetrate a potential bar-
rier can be expressed as:

Jmp
Doce it (1)

where d is the barrier thickness, ¢ is the mean barrier height
above the Fermi level of the negatively biased electrode, m is
the electron mass and h is the Planck’s constant.

We fitted 14 individual room temperature I-V traces at posi-
tive bias, corresponding to different Cg thicknesses, to the
equation proposed by Simmons.[?!l From each fit we can extract
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both ¢ and d of the tunnel barrier. The barrier height ¢ is fairly
constant for all thicknesses, with a value averaged over the 14
I-V traces of 2.4 £ 0.36 eV. The effective thickness d is always
much smaller than the nominal Cg, thickness, but a linear rela-
tion is present between these quantities (Figure 3f). For the
interpretation of this linear dependence, we follow a simple
multistep tunnelling model.?? In this model the electrons
are injected from the metal through an interface barrier into
the first molecular layer, and then they undergo a number of
tunnelling steps from molecule to molecule until they reach the
second electrode. Hence, the probability of an electron crossing
the whole molecular layer will be the product of the probabili-
ties of each tunnelling event:

DoctixUtn 2)

where t; is the transmission coefficient of the interface between
the metal and the organic material and accounts for both the
presence of “leaky” AlO, layer and for the mismatch between
the LUMO and the electrode Fermi energy. n is the number
of molecules that an electron encounters in its path from the
first to the second electrode, whereas t, represents the trans-
mission coefficient of each tunnelling process between adja-
cent molecules and can be expressed following Equation (1),
so that:

—ai —0n — ,—(ai+nan)
Dxe X l_[e =e¢ 3)

n

where a, is the effective intermolecular distance and g; is the
thickness of the interfacial barrier. This model allows us to
separate the contribution to the resistance of the interface from
that of the molecular layer. By comparing Equations (1) and
(3), we can deduct that in this model the relevant tunnelling
thickness is not the whole Cg, thickness, but rather the effec-
tive thickness d = a; + na,, ie., the sum of an interfacial
contribution plus each intermolecular distance multiplied by
the number n of molecules in the electron path. n can be esti-
mated as n = 2x/c, where x is the actual Cg, thickness, and
¢ =14.17 A is the lattice parameter of the Cg, face-centered
cubic (fcc) crystal structure.?®l The factor 2 accounts for the fact
that electrons encounter two molecules in every single fcc cell
(Figure 1c). Since n increases linearly with the layer thickness
x, also d should scale linearly with the actual Cg layer thick-
ness, in good agreement with our finding obtained fitting the
I-V traces to the Simmons equation (Figure 3f). In this same
figure 3f the interception at zero Cg, thickness is 1.15 nm,
which represents the thickness of the interfacial barrier a;. The
value of the effective intermolecular distance a, can be simply
obtained as a, = (d — a;) /n = 0.2 A. This very small effective
intermolecular distance can be explained considering that at
RT the tunnel electron might access empty states, which would
have energy higher than LUMO and a different charge density
distribution in the molecule. At a certain empty state, the charge
density may be located very close to its neighbor molecule.
Similar thickness dependence of the resistance was observed
in early stages of the research on fullerene samples, although
a simpler explanation was then provided.?* Here, our simple
model is capable of explaining the observed temperature
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dependence of the resistance as well (see above). Tunnelling
processes present only a weak temperature dependence, devi-
ating from a thermally activated behaviour which is observed in
organic bulk-dominated samples.

We should highlight that each tunnelling process is inher-
ently spin-conserving; hence, our interpretation of the elec-
tronic transport between molecules, together with the very
small intramolecular spin relaxation mechanisms, suggests that
coherent spin transport over relatively long distances should be
observed in our Cyy-based spin valves.

Accordingly, and very noticeably, MR signals are recorded at
RT for every Cg thickness sampled (up to 28 nm). This con-
stitutes a very relevant point, since, as explained above, sub-
stantial MR (>1%) at RT has been typically ascribed only to
organic tunnel junctions with ultra-thin molecular layers.[-18l
Figure 4a represents a typical RT MR curve for samples with
Cgp thickness below 15 nm. In this thickness range MR values
as high as 10% are measured at RT and do not increase sig-
nificantly at 80 K. The rounded shape of the MR and the low
coercive fields suggest that the antiparallel state is not well
stabilized, most likely due to the small magnetic shape anisot-
ropy created by our cross-bar junction configuration and a pos-
sible magnetic coupling between electrodes at such Cg, thick-
ness. For organic thicknesses above 15 nm, several steps are
always observed in the transition from the antiparallel to the
parallel state (Figure 4b). These steps are most probably related
to an increase in magnetic pinning sites as a consequence of
increasing surface roughness with thickness. The pinning sites
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Figure 4. (a), (b) Room temperature magnetoresistance in samples
with 5 and 28 nm thickness of Cgp, respectively. MR values of 9% and
5.5% are measured. The two traces are typical for thin (<10 nm) and
thick (>15 nm) Cq layers. (c) Bias voltage dependence of the MR for the
sample with 18 nm of Cg thickness measured at 80 K.
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alter the intrinsic coercive field of the magnetic layers, giving
rise to pseudo-stochastic behaviour in the MR. [25:2¢]

In any case, and irrespectively of the micromagnetic details
of the magnetization reversal process in the electrodes, signifi-
cant MR (up to 5.5%) is measured at RT in the 28 nm sample.
MR values become even larger (=8.5%) at lower temperatures
(80 K). These results compare very positively with the data avail-
able in the literature in two different aspects: on one hand,
RT MR is usually negligible in samples whose electrodes are
highly polarized magnetic oxides (such as manganites). On the
other hand, we report RT MR values for thicknesses at least
one order of magnitude higher than for samples composed of
3d-ferromagnetic metals and of such prototypical spin trans-
port organic semiconductors as Alq;. We believe the improved
device performance presented in this manuscript is intrinsi-
cally related to the superior spin transport properties of the Cg
molecular interlayer.'>1%! Considering the theoretical model
presented above, we expect significant MR values for Cqp-based
hybrid spin valves up to an approximate thickness of 100 nm.

As relevant as the room temperature MR values for thick Cg,
samples is the voltage dependence of that MR (see Figure 3c
for a typical curve measured from the sample with 18 nm of
Cqp)- At 80 K the MR at low bias reaches 13%, and at a high
bias of -1 V the MR is still 0.9%. The slow decay of the MR
with applied bias is important since the overall output current
increases simultaneously with bias, and relatively large current
values are needed for possible applications of spin devices, such
as long distance information transport.?’]

In conclusion, we have obtained spin coherent transport in
fullerenes at room temperature, as observed from the large
values (>5%) of RT MR in relatively thick (>25 nm) fullerene-
based spin valves. To interpret our experimental results we
present a multi-step tunnelling model capable of explaining
Dboth electronic and spin coherent transport in our samples. We
believe that both the large MR values and the small decrease
of this MR with applied bias are related to the robust intrinsic
properties of fullerenes for spin transport. Therefore we expect
that many more spin fullerene-based hybrid devices will follow
from this report, from ultra-thick (>100 nm) spin valves to the
development of more advanced organic spintronics devices,
such as the organic spin transistor.

Experimental Section

Co/AlO,/Cgo/Py vertical spin valves were fabricated in-situ in a UHV dual
chamber evaporator (base pressure < 10~° mbar). Metals were e-beam
evaporated in one of the chambers at a rate of 0.1 nm/s, while Cg was
evaporated in the second one from a Knudsen cell at a rate of 1 nm/
min. Metals were 99.95% purity (Lesker), while Cgy was triple sublimed
quality (99.9%) (Sigma Aldrich) and used without further purification.
X-ray reflectivity was performed in an X'Pert Panalytical system.
Atomic force microscopy images were recorded in tapping mode with
a conventional Agilent AFM. Electrical characterization was performed
under vacuum in a magnetic-field-equipped variable-temperature probe
station (Lakeshore) after the samples had been exposed to air for
approximately 1 minute. We should highlight that the conductivity of
our Cgo-based junctions decreases continuously if the samples are not
kept under vacuum. This is a well-known effect in fullerenes,?*l since
oxygen diffused into the organic acts as a very efficient electron trap.
This time relaxation of the conductivity proves indirectly that the carriers

Adv. Mater. 2011, XX, 1-5



ADVANCED
MATERIALS

el
T g
www.MaterialsViews.com

are flowing across the organic materials and that pinholes or metallic
conductive paths are absent between the metallic electrodes. A Keithley
4200 semiconductor analyzer system was used to record current (/)—
voltage (V) and magnetoresistance curves.
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