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Organic—Inorganic Hybrid Interfaces for Spin Injection into

Carbon Nanotubes and Graphene

Pascal Martin, Bruno Dlubak,* Pierre Seneor, Richard Mattana, Marie-Blandine Martin,
Philippe Lafarge, Frangois Mallet, Maria Luisa Della Rocca, Simon M.-M. Dubois,

Jean-Christophe Charlier, and Clément Barraud*

Spintronics is a quantum technology which aims at adding the spin quantum
degree of freedom to conventional CMOS electronics. Since the discovery of
the giant magneto-resistance in 1988, considered as the birth of this field,
spintronics continues flooding the market with plethora of devices used in
everyday life applications such as hard drive read heads or magnetic
random-access memories, and so on. From a fundamental research
perspective, the field is still blooming bringing post-CMOS perspectives
technologically closer to the reality with, for instance, prototypes of
all-spin-logic circuits and neuromorphic chips. To sustain this intense research
activity, a quest for new platform materials is also taking place not only to
enhance existing performances but also to generate novel functionalities. In
this vein, carbon nanostructures such as molecules, graphene, and carbon
nanotubes are among the most sought-after materials. In this review, spin

1. Introduction

Spin electronics or spintronics!?! is a quan-

tum technology which aims at adding the
spin quantum degree of freedom to conven-
tional CMOS electronics. Since the discov-
ery of the giant magneto-resistance (GMR)
in ultrathin Fe/Cr multilayers in 1988 in-
dependently by the groups of Fertl®! and
Griinberg, [l considered as the birth of this
field,l’) spintronics continues flooding the
market with plethora of devices used in ev-
eryday life applications such as hard drive
read heads, magnetic random-access mem-
ories or ultrasensitive magnetic sensors.[¢!
From a fundamental research perspective,

transport experiments in carbon nanotubes and graphene are first detailed
and then, the necessity to consider new hybrid interfaces are highlighted for a
better control of the spin injection at the quantum device level.
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the field is still blooming bringing post-
CMOS perspectives technologically closer
to the reality with, for instance, prototypes
of all-spin-logic circuits!”®! and neuromor-
phic chips.”1% To sustain this intense re-
search activity, a quest for new platform
materials is also taking place not only to enhance existing perfor-
mances but also to generate novel functionalities.!'!] In this vein,
carbon nanostructures such as molecules, graphene, and carbon
nanotubes are among the most sought-after materials.">* The
reason can be given by considering a core requirement of spin
electronics: the spin information needs to be conserved during a
spintronics device operation until it is manipulated for compu-
tations. Spin information storage is achieved in hard magnetic
materials with a more and more reduced numbers of individual
spins.!’*) However, transporting spins in a non-magnetic mate-
rial over long distances (>100 um) between two gates!'®! remains
a great technological lock. Indeed, it is mainly attributed to two
phenomena with quantum origins:

1) The spin-based information is fragile by essence and can be
easily lost by different processes within the host material.l'”]
Conducting or semiconducting materials presenting weak
spin scattering are thus interesting.['®]

2) The spin injection process is particularly inefficient between
materials of different electronic natures (i.e., from a metal to
a semiconductor for instance)!'*?° and a careful investigation
and tuning of the interfacial spin dependent transmission is
needed. More specifically, an intercalated barrier with well-
calibrated properties is generally needed between the spin
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Figure 1. Schematics of a single wall carbon nanotube (SWNT) in the center built by rolling up a graphene nanoribbon (shown on the left). The schematics
of a multiwall (double-wall here) carbon nanotube (MWNT) is shown on the right. The outer diameter of a multiwall nanotube can well exceed 50 nm.

source and the propagating channel to enable and efficiently
regulate the spin currents.[20-22]

In this review, spin transport experiments in carbon nanotubes
and graphene will be first detailed and then, the necessity to con-
sider new hybrid interfaces will be highlighted for a better control
of the spin injection at the quantum device level.

2. Carbon Nanotubes and Graphene

Historically, carbon nanotubes were discovered in 1991 by
lijima at the NEC laboratory in Japan.[?)] They are 1D tubular
nanoscopic structures uniquely composed of C atoms arranged
in a honeycomb lattice rolled-up to form a tube with diameter
ranging from 0.5 nm to several tenths of nm. Starting from a
graphene nanoribbon, a quasi-1D stripe of graphene, the crystal
structures of a single wall carbon nanotube (SWNT) and a mul-
tiwall carbon nanotube (MWNT) are depicted in Figure 1 in the
center and right of the image respectively. Graphene was discov-
ered later in 2004 by Geim and Novoselov at the University of
Manchester.[2*]

Today  with  the  discovery of  unconventional
superconducting!®?%! or ferromagnetic/?’! phases in 2D moiré
or the exploration of light emission properties of carbon
nanotubes!®8! or transport properties of 1D moiré,[2*30 those
nanomaterials continue to reveal novel physics at the funda-
mental levell">! but also starts to find a path toward applications
such as touch screens.?!l Their unique quantum properties in
terms of electronic and optical applications are fully detailed in
the following reviews.[32-34

In this review, we will focus more on the application of such
carbon-based nanomaterials to spintronics and we will stress the
importance to properly consider the different interfaces at play.
The original interest from the spintronics community toward
such z-conjugated carbon-based nanomaterials originates from
two complementary aspects:

1) The expected extremely long spin lifetimes due to weak spin-
orbit coupling of light chemical elements such as C and to
the weak hyperfine interactions of z-conjugated systems in-
sensitive to nuclear spins.!'8] Past measurements in molecu-
lar compounds revealed spin lifetimes exceeding 10 ps!*>3¢]
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against 0.1-1 ns in semiconductors!®! and 1 and 100 ps in
metals.[%]

2) The rather large Fermi velocity of charge carrier moving
through graphene and nanotubes ( vz = 8 X 10° m s7!) gen-
erally associated to long elastic mean free paths up to 28 um
in graphene for instancel32%) against 1-30 nm in standard
metals.[*?]

Playing in concert, those two specific features, characteriz-
ing both carbon nanotubes and graphene, bring expectations for
large spin diffusion lengths well-beyond the micrometer range
as usually found in inorganic semiconductors like Si.[1*%l In this
review, we will first describe the pioneering spin transport experi-
ments performed in single-wall and multiwall carbon nanotubes
and in graphene. We will emphasize the lack of control or the
wrong calibration regarding spin injection/detection properties
usually pointed out as the large dispersion presented in the lit-
erature in the contact resistance between a spin source and the
transport channel being a carbon nanotube or graphene. We will
show how this extrinsically limits spin transport properties of
those promising systems. We will then discuss the benefits of hy-
brid organic barriers for spin injection in carbon-based channels,
such as nanotubes and graphene, unlocking giant spin signals.

3. Physics of Lateral Spin-Valves

In their simplest form, the studied devices present a unique lat-
eral architecture depicted on Figure 2a: two ferromagnetic elec-
trodes with colinear magnetizations (in blue) with two tunnel
contacts (in black) separated by a conducting or semiconduct-
ing channel (in gray) with a certain length (L) constituted by the
carbon nanomaterial (i.e., graphene or carbon nanotube). The
first and second electrodes act as a spin polarizer and a spin
analyzer, respectively. Both polarizer and analyzer are character-
ized by a specific spin polarization (P;). The spin polarization P,
quantify the imbalance between the two spin directions of the in-
jected/detected charge current | = ]l.T +] f In a magnetic tunnel
junction (shown in Figure 2b) it can also be defined in terms of
the effective tunneling density of states D]*[4!]
Ji-J _Dl-D

1

"'+ D +D

1)
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Figure 2. a) Schematic of a lateral spin-valve architecture with two electrodes (in blue) composed of a ferromagnetic metal and a thin tunnel barrier (in
black) separated by a semiconducting channel (in light blue). b) Schematic of a magnetic tunnel junction with two electrodes (in blue) composed of a
ferromagnetic metal separated by an ultrathin (<3 nm) tunnel barrier (in black). Schematics of the density of states for c) a non-magnetic metal (P = 0),
a ferromagnetic metal, d) positively spin polarized (P > 0), e) negatively spin polarized (P < 0), and f) fully spin polarized (P = +100%).

P; = 0 (Figure 2c) means for instance that the two spin directions
are equally injected. P, = 1 (Figure 2f) means on the contrary that
only one spin direction is injected. It can present a negative sign
if the majority spin (noted 1) direction is less injected than the
minority spin direction (noted |) at a given energy as shown in
Figure 2d,e. Note that, by convention, the majority spin direction
identifies the most important spin population (N') within the fer-
romagnetic material expressed by

Ep Ep
N' = e/ p(e)'de > N* = e/ p(e) de ()
0 0

where, p(e)'" designates the spin resolved density of states.

The effective tunneling density of states and, a fortiori, the spin
polarization is energy dependent quantities. In the free electron
model, at equilibrium, and in the limit of a high tunneling bar-
rier, it is reasonable to associate DiTl with the spin-resolved Fermi
level density of states.[*!] In a real spin polarizer/analyzer, the sit-
uation is more complex as each state has a different probability to
tunnel through the barrier and to overlap with a propagating state
of the channel. For example, it has been recognized early on that,
states of s and p characters dominate the tunneling current from
transition metal ferromagnets even though d-like electrons con-
tribute predominantly to the Fermi level density of states.[**~#41 In
these cases, the estimation of DiTl from the total density of states
would lead to a predicted negative polarization, while the spin po-
larization observed experimentally has just the opposite sign/*!
at least with standard Al,O, and MgO barriers.[*14¢]

As a consequence, the calculation of the Fermi level density of
states of the ferromagnet, routinely computed in the framework
of density functional theory (DFT),*’*8] is not sufficient to a pri-
ori estimate the spin polarization. Indeed, in the calculation of
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D;, each electronic state has to be suitably weighted to account
for its ability to tunnel through the barrier and to overlap with
an electronic state of the channel. In the case of tunneling from
a ferromagnet through an epitaxial barrier, qualitative conclu-
sions regarding the sign and magnitude of P, can be drawn from
the symmetries of the electronic states in the ferromagnet and
the inspection of the complex band structure of the insulating
barrier.*] For a quantitative ab initio estimation of P;, one may
turn in first approximation to the linear-response theory of tun-
neling as formulated within the Landauer theory of transport or,
equivalently within the Kubo formula.l’®! The computed tunnel-
ing conductances have a straigthforward interpretation in terms
of the density of state of each transport channel duly weighted
by a “transmission” coefficient associated with the overlap of the
electron wave functions. Such a method has, for example, been
used by the group of Kelly to predict the spin filtering proper-
ties at interfaces between Ni or Co ferromagnets and graphene
or h-BN layers.[>’3] While the aforementioned approaches all
consider the device at equilibrium, the bias dependence of the
polarization is of great importance from the applications point of
view. Over the last decade, the non-equilibrium Green’s function
formalism®¥ has been used by a few groups to rationalize the
spin-injection properties of various interfaces under finite bias
voltage.l>>7]

In a lateral spin-valve device configuration as shown in Fig-
ure 2a, the spin information is first generated and injected by the
spin polarizer. By applying a rather small bias voltage (typically in
the 10 mV range), the spin information is then propagated within
the channel carried by the electrical charge current.l>®>°! Finally,
it is detected by the spin analyzer!®®) when absorbed within the
ferromagnetic contact. The electrical resistance of the device is
expected to vary depending on the relative configuration of the

© 2022 Wiley-VCH GmbH
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Figure 3. Magnetoresistive response of a spin-valve. The two configurations of the magnetizations (parallel and antiparallel) are represented. The two
ferromagnetic electrodes must present different coercive fields in order to exhibit an antiparallel configuration. The spin signal AR is defined by the

difference between Rpp and Rp.

magnetizations of the electrodes namely parallel (R;) and an-
tiparallel (R,;) as illustrated in Figure 3. This change of electrical
resistance with respect to an external magnetic field is caused by a
magnetoresistance (MR) effect and is quantified by the following
generic equation

Ry — R
MR (%) = % x 100 3)
P

The measured MR signal can be attributed to spin transport
only if the spin information is conserved during the transport
along the channel until it is detected by the second ferromagnetic
contact. In other words, the spin lifetime (7) has to be larger
than the dwell time within the channel (,)). Or the spin diffusion
length (I) characterizing the spin transport distance before los-
ing the spin orientation has to be much larger than the distance
(L) between the two ferromagnetic contacts.

In a standard model of spin transport in a two-terminals and
confined geometry, the MR is described based on the original
GMR formulations!?®!l by the following equation(®?!

MRZRAP_RPZ PP, 2

R 1-P,P s
P ! 22cosh(£>+<&+ﬁ>sinh<i)
L R R, ¢
(4)

R, being the contact resistance between the channel and one
the ferromagnetic electrode. The contact resistance can originate
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from the presence of a native Schottky barrier for instance or it
can be intentionally tuned by intercalating a thin tunnel barrier
for instance. R}, is defined as the spin resistance of the channel
material ( RS, = p X ) with p its electrical resistivity. We can al-
ready see with this spin transport model two different limits with
respect to the R, /R?, ratio, illustrating the so-called “impedance
mismatch” issue.?’l The corresponding derived equations for
multiterminal devices are presented and fully discussed in the
following references!'*%% but the following criteria remains also
valid for multiterminal devices.**

If Ry/R?, < 1: the spin relaxation occurs mostly within the
spin polarizer due to spin absorption. The spin information has
been lost even before reaching the first interface. The transported
current within the channel is unpolarized as depicted in the Fig-
ure 4a (case (2)).

If R,/R, = 1:itis the ideal condition for spin injection. How-
ever, the intrinsic spin lifetime or the spin diffusion length of
graphene and carbon nanotubes is not known. It is thus difficult
to estimate an intrinsic value for the spin resistance of graphene
and carbon nanotubes as depicted in the Figure 4a (case (3)). It
is particularly interesting to note that even in this specific case
(R, = R}, > R where R} is the spin resistance of the ferromag-
netic contact), the injected spin polarization is lower than the in-
trinsic spin polarization of the ferromagnetic contact itself.

If R,/R, > 1: The spin relaxation occurs within the transport
channel. The spin information is lost before being detected by
the spin analyzer.

It is also intuitive to see that for a given channel with a
given spin diffusion length, the MR signal should decay while

© 2022 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advquantumtech.com

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

0.5
(a) B F|N

(1) Co/Cu with rb'=0 :
(2) F/SC with r_ =0
(3) F/SC with

0.4

0.3 rb'= wr7=0.5 7

(3,-3.)/3

A (2)l
0.6

0.0

0.2 0.4
Z ( um )

-0.2 0.0

www.advquantumtech.com

(b) 0.35 Ty e vy vy vy vy oy vy
* F F
0.30F X lsf 1
0.25}
EHEE
_aeeseees 2
. 0.20f
R . ty
I 1 = 2 pum
g 0.15 | st
0.10}
0.05}
Tr
0.00 T - .
1E-15 1E-14 1E-13 1E-12 1E-11 1E-10 1E-9 1E-8 1E-7 1E-6

rb'(ﬂ.mz)

Figure 4. lllustration of the impedance mismatch issue. a) Calculation of the spatial profile of the injected spin polarization at (1) a Co/Cu interface, (2)
a FM/SC interface without any contact resistance (noted here r), and (3) with an appropriate contact resistance. b) Calculation of the MR signal as a

b

function of the contact resistance for different channel lengths (noted here t). y is the spin polarization. Details of the calculations are given in the ref.
[22]. Adapted with permission.[?2]. Copyright 2001, American Physical Society.

increasing the channel length as calculated in Figure 4b. Effec-
tively, the current slowly loses its spin polarization while prop-
agating within the channel as represented in the Figure 4a for
instance.

Concerning spurious effects in spin-valves, it is mandatory
to ensure that the observed magnetoresistive effect originates
from spin transport because there may co-exists other contri-
butions from magnetoresistive effects not necessarily related to
spin transport and that could perfectly mimic a spin-valve behav-
ior like tunneling anisotropic magnetoresistive effects,®*] stray-
field induced magnetoresistive effects linked to the intrinsic mag-
netoresistance of a carbon nanotubel®* or magneto-Coulomb
effects.I] Experimentally, there exists several options. It is pos-
sible to replace one of the ferromagnetic electrodes by a non-
magnetic material like Cu or Au. In this case, the MR should
totally disappear. Another method is to track the magnetoresis-
tive response with respect to the angle between the magnetic field
and the easy axis of the ferromagnetic electrodes. The magnetore-
sistance, if correlated to spin transport, should quickly disappear
with respect to the angle between the polarizer and the analyzer.
If correlated to tunneling anisotropic MR (TAMR!®]) for instance,
the magnetoresistive response will survive and will even change
its signs while respecting the symmetry of the device. Finally, an
upgrade in the device’s architecture with multiterminal geome-
tries for non-local magnetoresistive measurements and Hanle ef-
fects is also mostly considered by the community.[°6-72]

4. Spin Transport Experiments in Carbon
Nanotubes

All experimental studies published so far and presented in this
review are conducted by depositing the ferromagnetic metal di-
rectly in contact with a single carbon nanotube either single-
wall or multiwall. This naive approach is in striking contradic-
tion with all the developments from the last 20 years concerning
spin injection into semiconductors as discussed before.[20-22:62]
Indeed, depending on the value of the R,/ R}, ratio and the value
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of P, the spin information can either be inefficiently transmit-
ted or even be lost before being detected.['*??] This phenomenon
dubbed “impedance mismatch”?’! was not really tamed by the
community at the beginning of this activity in 1999 and there-
fore the devices were not necessarily optimized to maximize the
spin injection and transport. Moreover, the intimate properties
of metal/carbon nanotubes interfaces are still widely debated in
the literaturel”>7] but it is known that even a single material de-
posited as a contact over a carbon nanotube can display orders of
magnitude of variation on the contact electrical resistance even
on the same carbon nanotube.l”®7°! All those factors bring a great
disparity in the observations and in particular on the transport
and injection regime and therefore on the interpretation itself of
the magnetoresistance as presented in the following.

The first experimental report of spin transport in single car-
bon nanotubes date back to 1999 and come from Ago’s group at
the Cavendish Lab in Cambridge, UK.3% It concerns devices in
which multiwall carbon nanotubes deposited on a Si/SiO, sub-
strate are contacted directly by two ferromagnetic electrodes of Co
(Pc, = 35%)181) separated by a distance of the order of 250 nm tak-
ing up the concept of spin-valves. An image of the device investi-
gated in this study is illustrated in Figure 5a. Magnetoresistance
effects of the order of +1% to 2% at 4.2 K (as shown in Figure 5b)
are reported to rapidly decrease and disappear for temperatures
of the order of 25 K. The resistance of the devices varies from 10
to 250 kQ as shown in Figure 5b. A quasi-ballistic charge trans-
port in the multiwall carbon nanotube is envisaged by the authors
in a later publication in 2001.182]

A second study published in 2002 by Schneider’s group at
IFW Dresden in Germany shows in Co/multiwall carbon nan-
otube/Co device with a separation between the contacts of the
order of 200 nm, an example of which is shown in Figure Sc,
much greater MR effects up to + 30% at 4.2 K and for a low cur-
rent of 1 nA.®¥] An example of 15% magnetoresistance is shown
in Figure 5d. In these devices, the electrical resistance is greater
than those of Ago’s group (10-100 kQ) and reaches 2.4 MQ at
4.2 K. It is mainly attributed to the contact resistance between

© 2022 Wiley-VCH GmbH
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Figure 5. Magnetoresistance in carbon nanotubes-based spin-valves. a) Scanning electron microscope image of two Co contacts separated by a multiwall
carbon nanotube. The gap distance is 250 nm. b) Magnetoresistive signals ranging from 1% to 2% of different devices measured at 4.2 K. a,b) Adapted
with permission.[8] Copyright 1999, Springer Nature. c) Scanning electron microscope image of two Co contacts separated by a multiwall carbon
nanotube. The gap distance is 200 nm. d) Magnetoresistive signal of 15% measured at 4.2 K. c,d) Adapted with permission.[8] Copyright 2002, AIP
Publishing. e) Variation of device resistance for multiwall carbon nanotubes contacted with Ni. The equivalent circuit of the device is shown above.

Adapted with permission.[”?l Copyright 2016, AIP Publishing.

the Co and the multiwall carbon nanotube whose resistance is
rather around the kQ range.®**! In this study, the transport in the
carbon nanotube is also assumed to be quasi-ballistic. Magne-
toresistance effects also decrease rapidly with the current applied
through the carbon nanotube reaching a near-zero MR signal
around 50 nA. A third study in 2002 by Kim’s group concerns
Co/single wall carbon nanotube/Co with separations between the
electrodes of Co varying between 420 nm and 1.5 ym. MR effects
between +2.6% and +3.2% are reported at 100 mK for channel
lengths of 1.5 um and 450 nm respectively. These devices present
fairly large resistances greater than 10 MQ showing, according
to the authors, a transition to the Coulomb blockade transport
regime.[%]

Those first studies were followed by a large collection of
articles®2] all investigating spin transport in the Coulomb
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blockade regime.[®>%*] Most of those references are discussed in

the following review proposed by Cottet et al.**] We will not again
review in detail those articles because the phenomenology in the
transport step is very different and does not consider parame-
ters like the spin diffusion length. However, an important sub-
conclusion can be formulated based on those studies: the ferro-
magnetic contacts were directly deposited above the carbon nan-
otube giving a wide range of device’s electrical resistances and
showing no clear control of the electrical properties.”®% As a
striking example, the study by Preusch et al., reveals that Pd,Fe,,
contacts evaporated on the same nanotube can present variations
in the contact resistance (R,) between 20 kQ to 1 MQ.["®! Fig-
ure 5e also reveals this variation in the case of the multiwall car-
bon nanotubes contacted with Ni electrodes (Ry., = 2Ry + Ry
while Ry is of the order of few kQI*).

© 2022 Wiley-VCH GmbH
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Figure 6. Recent spin transport studies in carbon nanotubes. a) Magnetoresistive signal of +60% measured at 5 Kand V = 25 mV in a LSMO/mutliwall
carbon nanotube/LSMO device. An electron microscope image of the device is shown in inset. b) Magnetoresistive signal versus temperature (empty
square) and bias voltage (filled triangle). a,b) Adapted with permission.[®8] Copyright 2007, Springer Nature. c) Current-voltage characteristics of
CoPd/carbon nanotube/CoPd measured at 300 K (black dots) and 4 K (red squares). d) Magnetoresistive signals measured in different devices at 4
K and 35 mV (left) and 15 mV (right). c,d) Adapted with permission.['9"] Copyright 2016, American Physical Society.

To summarize, until 2007, spin lifetimes for charge carriers
in a carbon nanotube reported experimentally in the literature
have been estimated between 3 ps and 3-5 ns.] Theoretically,
there is practically almost no calculation giving the intrinsic spin
lifetime in a carbon nanotube. Lafrate’s group at North Carolina
State University has, as the only example, estimated the spin life-
time to 1 5.1 Regarding the spin diffusion length, it is, until this
date, limited to 1.5 um which corresponds to the inter-contact dis-
tance of the devices from the Kim'’s group reported during the
first experiments of 2002.351 As we will show now, these values
were largely improved by playing with R, and P.

In 2007, Mathur’s group in Cambridge in collaboration with
Fert and Littlewood published a major article in Nature!®! report-
ing significant magnetoresistance effects of the order of +60% in
La,Sr(MnO,)/multiwall carbon nanotube/La,Sr(MnO;) (P gy0 =
90%)%%1 devices with inter-electrode distances of the order of
1.5 um and an electrical resistance of 150 MQ (i.e., Ry = 75 M >
Ryr). An example of a +60% magnetoresistance effect is shown
in Figure 6a with an image of the device in inset. Figure 6b il-
lustrates the voltage and temperature dependence of the magne-
toresistive signal which disappears for voltages of 450 mV and
temperatures around 75 K well below the Curie temperature of
the LSMO being around 300 K.[1% With the following spin trans-
port derived from the main formula presented before

Ry~ R, _ P}/(1-P)
Rp 1+7, /74

MR = ()
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the authors were able to estimate, at a minimum, spin diffusion
lengths of 50 pm and relaxation times of the order of 30 ns.

These large spin diffusion lengths were reported experimen-
tally for the first time in a non-magnetic material.

Following this publication, there have been some very inter-
esting studies all from the Meyer’s group in Jiilich.["9710] In
particular, this team focused on the impact of the native tunnel
barrier between CoPd contacts (P py = 25%)1190192 and a (single
and multiwall) carbon nanotube on the amplitude of the MR ef-
fects. They showed that the MR increases when the contacts are
resistive (>100 kQ) especially at low temperatures compared to
simple ohmic contacts whose resistance does not vary much with
temperature. Current-voltage characteristics at 300 K (in black)
and 4 K (in red) are, for example, presented in Figure 6¢ for a
CoPd/carbon nanotube/CoPd device with resistive contacts re-
vealing a clear decrease in the current level at 4 K. Two exam-
ples of MR curves with contact resistances varying between 4
and 15 MQ are also illustrated in Figure 6d. Thanks to Hanle
measurements in more complex non-local geometries,'*! this
group also reported spin lifetimes of the order of 7, = 1.1 ns
even if this technique is known to underestimate the effective
spin lifetime.['%] Spin transport effects in non-local geometries
had also been presented and discussed as early as 2010 by the
Kontos’ group without however providing quantitative informa-
tion about the spin lifetime. 1]

In this section dedicated to spin transport in carbon nan-
otubes, we are able to highlight several aspects of this topic:
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Figure 7. Lateral spin transport in graphene channels. Two main configurations are analyzed in the literature. a) The non-local measurements are based
on the injection of the current in on set of electrodes and the measurements of the spin induced potential variations in a second set of electrodes.
The decoupling of charge and spin transport allows to reach less noisy spin signals thus more easily observed if small. b) The local configuration use
only one set of electrodes mixing charge and spin transport as in usual GMR and TMR-based devices. c) Early results starting in 2006 have pinpointed
sizeable spin signals in both local and non-local configurations, highlighting the strong potential of graphene for spin transport. d) Introduction of
highly confined graphene channels (high impedance tunnel contacts, confined two-contact geometries, shielded transport) leads overall to larger spin
signals. a,b) Adapted with permission.[™! Copyright 2012, Springer Nature. c) Adapted with permission.['?2] Copyright 2012, Elsevier. d) Adapted with

permission.!'23] Copyright 2012, Springer Nature.

1) The low representation of spin transport studies in quasi-
ballistic and/or diffusive regimes where there is finally only
one major result published in 2007 showing I > 50 ym and
Ty > 30 ns.

2) The rather limited use of highly spin-polarized contacts (only
one study!®®)).

3) The lack of characterization and control of barriers at ferro-
magnetic metal/carbon nanotube interfaces leading to dis-
parate injection properties: 120 MQ > R, > 5 kQ.

Those two last points are also valid for studies related to spin
transport in graphene, as presented in the next section.

5. Spin Transport in Graphene

Starting in 2004-2005, graphene has been made available for
device integration following the seminal work of Geim et
al. based on exfoliation.['””] Exceptional spin transport expec-
tations for graphene have been formulated early, with pre-
dicted spin diffusion lengths above the 100 um range for
this crystalline material.l*?] Similarly to works on metals,!1%!
semiconductors,® M and carbon nanotubes,*®! lateral spin
valve geometries based on graphene have been then studied
(both in local and non-local multiterminal configurations, see
Figure 7a,b), in an attempt to extract graphene intrinsic spin
transport properties. As early as 2006, initial experiments with
pioneering lateral spin valves based on exfoliated graphene flakes
connected to NiFe electrodes have been presented,!'?! with un-
specified contact interface nature and resistance. This has been
followed by works of different teams in the 2007-2010 period in-
cluding seminal studies by Ohishi et al.,['!?] Tombros et al.,[%!
Cho et al.,['"?] Goto et al.,[''?] Popinciuc et al.,l'"3] and Han et
al..['"] These pioneer works revealed exciting results of success-
ful spin transport in different graphene channel configurations,
with sizeable spin signals for channels extending over several mi-
crons (see Figure 7c). Most of these early works on graphene re-
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veal spin lifetimes of about 1 ns and spin diffusion lengths below
few um. It thus appeared that the measured properties are well
below theoretical expectations for graphene and early experimen-
tal results on carbon nanotubes.

This raised the question of the physical origins of the quench-
ing of the extracted graphene spin properties: device’s architec-
ture and environment (interaction with the substrate or atmo-
sphere), purity of the materials, control of the interfaces, and
more specifically the precise role of contacts in the depolarization
of spin currents. This last point has been already a strong drag for
the study of conventional semiconductors as spin channels.[?]
Reported variations between the cited seminal studies can al-
ready be, even partially, attributed to contact definition protocols.
When available, oxide barriers descriptions depict mostly inho-
mogeneous properties!!3] typically of evaporated ultrathin films
on graphene, and resistance-area products are set in the 1 to few
10 kQ um?. Following this early set of studies of graphene spin
transport properties (see more details in review in ref. [115]), pro-
gressive optimization of the devices with for instance the integra-
tion of h-BN layers as a way to isolate the graphene layer from
the substrate and the environment, or also using h-BN also as a
tunnel barrier, led to remarkable increased spin properties for ex-
foliated graphene, with spin relaxation lengths reaching the 10—
100 pm range.[66:69116-118]

This large dispersion of values over several orders of mag-
nitude for the spin relaxation lengths tends to indicate that the
measured properties were finally not fully and intrinsically re-
lated to graphene, but were also influenced by different device’s
parameters and configurations. As an example of this debate,
Idzuchi et al., have investigated the underestimation of the
spin lifetime in graphene-based devices due to spin absorption
induced by invasive ferromagnetic electrodes.['% As for carbon
nanotubes or every inorganic semiconductor, the role of the
contact interfaces with the spin sources is well understood to be
critical for the preservation of the spin lifetime in the overall de-
vice. As previously discussed, the R,/R}, =1 criteria remains a
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primordial condition to fulfill being in a 2-terminal or 4-terminal
geometry.!*21 Tt has also been discussed that transport proper-
ties in a device with tunnel contacts but with extended channel
and multiple contacts can be detrimental to the spin signal.[6211%]
Hlustratively, a leaky contact deposited on the channel, even if
located further away from the probed area, can act as a strong
spin-sink for the device properties,['? while this situation has
been neither discussed or even less systematically analyzed in the
literature. This lets open clear perspectives for further enhance-
ment of graphene spin transport properties exploitation.[11%121]

In this direction, focusing on multilayer graphene grown epi-
taxially on SiC, Dlubak et al.'?3] have investigated spin trans-
port in a highly confined device configuration, where multilayer
graphene shields the inner transport channels which are further
strictly limited to the space between the two spin-polarized tun-
nel electrodes (see Figure 4d). This has been deemed the optimal
configuration to reach the intrinsic properties of the channel.(?]
Furthermore, sputtered high quality Al,O, tunnel barriers have
been used to prevent the impedance mismatch situation of leaky
contacts and reach the high impedance regime described in sem-
inal spin transport formalism[22¢! (right side of the bell-shaped
curve of Figure 4b). Indeed, reported resistance-area products
for the contacts developed in this study achieve values of 1 MQ
pum? and higher, setting the devices in the high contact resistance
transport regime with extended spin dwell times. A non-leaky
tunnel barrier prevents also the hybridization effects of graphene
with the ferromagnetic metals, a possible source of spin informa-
tion loss during spin currents transport in non-ideal devices.[?4]
In the specific confined configuration of ref. [123] graphene spin
lifetimes have been measured in the 100 ns and spin diffusion
length well above 100 pm, in-line with the increase of spin prop-
erties expected while reaching a fully confined scenario (closing
on the intrinsic graphene capabilities). While this result is much
more in-line with early carbon nanotubes measurements®®! and
initial theoretical expectations,*°] this might still represent only
an underestimate of graphene potential.

Overall, these different works based on graphene have un-
doubtedly highlighted the crucial role of interfacial contacts en-
gineering for efficient spin injection. Most of these works focus
on usual inorganic insulators, either well demonstrated tunnel
barriers Al, O, or MgO, or other insulators such as TiO,, with dif-
ferent deposition techniques leading to varied results for a given
material.['13115125] More recently 2D h-BN has also been intro-
duced as a tunnel barrier for spin devices.l'?1?’] The main dis-
cussed objective for the use of a tunnel barrier in graphene based
devices has been so far on reaching a passive resistive interface to
prevent spin back-flow and losses.[**??] Interestingly, we note that
h-BN already offers the possibility to tailor its spin properties by
proximity effects and hybridizations thanks to its 2D nature with
reported strongly increased spin polarizations,[*?8! as such it rep-
resents the first step toward more control over interfacial spin
transport.

6. Interest for Developing New Barrier Materials
for Spintronics in Carbon-Based Materials

As discussed before, the insertion of a well-calibrated tunnel bar-
rier between the ferromagnetic contact and the graphene chan-
nel in graphene-based spin-valves has been a key technological
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element to drastically promote spin signals (defined as AR =
Rup — Rp) from 10° to 10° Q and thus the spin diffusion length
from 1 um up to 200 pm during the past few years.['#123] Ag dis-
cussed previously, the properties of the injection barrier dictate
the MR response of a lateral device thanks to two physical param-
eters: the interfacial spin polarization (P) from the spin polarizer
and detector and the interfacial electrical resistance (Ry,).

In graphene, the pioneering work of Tombros et al. was con-
ducted using a 0.6 nm thick Al oxide layer on graphene deposited
thanks to evaporation under high vacuum conditions.[®8! On the
other hand, Dlubak et al. characterized sputtered Al,O; and MgO
ultrathin layers deposited on graphene.l'”! Sputtering is an in-
dustrial deposition method to grow high quality ultrathin tun-
nel barriers especially for spintronics devices such as magnetic
tunnel junctions.['?) However, all those physical deposition tech-
niques are not necessarily compatible with carbon nanotubes due
to their peculiar shape. Being quite anisotropic, those deposition
methods can induce shadow effects and lead to uncovered parts
of the carbon nanotube with the tunnel barrier. For instance, if
a carbon nanotube is deposited over a flat substrate, this type of
anisotropic deposition method will cover only the upper part of
the nanotube and will let the side and its part in contact with
the substrate completely uncovered leading for instance to spa-
tial variation of doping. It is thus mandatory to use more isotropic
methods. One recent technique with such properties is named
atomic layer deposition (ALD).'®) In 2014, Martin et al. have
successfully implemented this technique to grow thin AL, O, tun-
nel barriers over graphene with similar properties than with the
standard sputtering method but with the benefit of a conformal
layer by layer growth.[124130] This ALD approach has also been
extended later to MgO tunnel barriers.['*"132] There exist few at-
tempts in the literature using ALD to grow ultrathin barriers over
carbon nanotubes but not yet for spintronics applications.[133134]
One alternative promising path lies in surface chemistry. Carbon
surfaces such as graphene and the outer shell of a MWNT are
perfect platforms for chemistry especially for using C—C chemi-
cal bonds.[135-137]

7. Advantages of Hybrid Molecular Barriers

7.1. Engineering at the Atomic Scale of the Spin Polarization

Molecules at the interface with a metal are known to chemi-
cally hybridize with the metallic surface.l*®13% The quantum
interaction at the interface can strongly impact the electronic
structure of the molecules but also of the metal.™*%! This hy-
bridization has also been described more recently in the spe-
cific case of ferromagnetic metallic surfaces."=1*] Tt was orig-
inally proposed for explaining apparently divergent observations
in magnetotransport experiments in (La,Sr)MnO,/Alq;/Co or-
ganic spin-valves.[141145,146]

Indeed, the discrete orbitals of the molecule tend to be affected
by the quantum coupling with the spin states of the nearby fer-
romagnetic metal as depicted in the Figure 8a. The chemical re-
action of the molecule with the metal can give rise to a chem-
ical bond in the case of strong coupling (like for the first Alg,
layer over Co as shown in Figure 8b) or to a weaker interac-
tion similar to van der Waals interactions in case of physisorp-
tion for instance.'*] As a result of this quantum interaction and
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Figure 8. a) Hybridization of a discrete molecular orbital (here the lowest unoccupied molecular orbital) with a ferromagnetic surface. The orbital tends
to be shifted (AE™ terms) in energy and broadened (I'!* terms) in a spin dependent way. Adapted with permission.[™’] Copyright 2018, IOP Publishing.
b) Chemical structure of two layers of Alg; molecules deposited over a Co surface. Three calculations corresponding to the three N (N’; (left panel), N’,
(middle panel) and N’; (right panel)) atoms from an Alg; molecule belonging to the top layer revealing the shift and broadening of a molecular orbital are
shown below. Adapted with permission.[8] Copyright 2016, Springer Nature. c) Reversal of the spin polarization observed at a H,Pc/Fe interface thanks
to spin polarized scanning tunneling spectroscopy. d) Spin polarized photoemitted current with respect to the energy for both spin directions measured
at a Co/MnPc interface. Only the signal from the majority spin direction crosses the Fermi energy meaning that this interface is highly spin polarized
(P = 100 %). Adapted with permission.["* Copyright 2016, American Chemical Society. e) Reversal of the sign of the magnetoresistive signal thanks in

organic spin valve due to the change in sign of the top interface spin polarization (Pyire/napyclq < 0 @2nd Pco/napyclq > 0)- Adapted with permission.

Copyright 2018, Wiley-VCH GmbH.

depending on its strength, the discrete molecular orbitals are
broadened (') in energy and can also be shifted in energy
(AE)[138151152] sometimes becoming even metallic. The spin de-
pendent nature of the electronic density of states of the mag-
netic surface imposes that the shift and the broadening become
also spin dependent (1).1!*1314] As a consequence of the pres-
ence of those interfacial hybridized states, the ferromagnetic
metal/molecule interface can be described for magnetotransport
as an effective magnetic electrode acting as a spin source com-
prising the hybridized molecular interfacial state in addition to
the metallic states.l*11471 This hybrid electrode is named “organic
spinterface” on Figure 8a. Effectively, in magnetotransport ex-
periments, it is this last hybridized state which dominates and
imposes the value and the sign of the spin polarization of the
emerging current into the organic film and of the spin detec-
tor. The almost infinite variety of organic compounds available
have paved the way to an on-demand atom by atom engineering
of spintronic properties of hybrid interfaces.[31531%4] As a flag-
ship, molecules such as phthalocyanines have demonstrated that
changing only the central atom could provide a sufficient lever
to completely tune the interfacial spin polarization.'55-1%] Tt has
also been reported that for a given molecule, a change in the fer-
romagnetic metal can lead to a drastic change in the coupling
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[150]

and thus on the sign of the emerging spin polarization for in-
stance (see Figure 8e for the case of the NaDyClq molecule for
instance).[150:161]

In terms of tailoring of the spin polarization, two main cases
of interest were deduced from calculations and/or experiments
(spectroscopy, magnetotransport, and so on):

1) A reversal of the sign of the initial spin polarization (Fig-
ure 9a). The hybridized states of the molecule present an ef-
fective spin polarization with an opposite sign than that on
the ferromagnetic surface alone (it may also modify the am-
plitude of the spin polarization). It corresponds to the iconic
cases of the (La,Sr)MnO, /Alq,;!"*! and Fe/H,Pc(!%%] interfaces
shown in Figure 8c.

Pey = =Pryt/mol (6)

2) An enhancement of the initial spin polarization often re-
ferred as spin filtering (Figure 9b). The hybridized molecu-
lar states reinforce by an additional spin filtering mechanism
the spin polarization of the current emerging from the fer-
romagnetic surface. Such cases were reported for instance at
the Co/Alq, interface,[1#1:148163] Co/MnPc interface (shown in
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Figure 9. a) Case of the reversal of the initial spin polarization emerging from the ferromagnetic surface. b) Case of the enhancement of the emerging

spin polarization.

Figure 8d)!'*! and to the Co/ZMP interfacel!** but also widely
in other systems,[157:165-172]

Prv < Pev/mol (7)

In this last case, it is common to express this enhancement in
terms of spin filtering efficiency (SFE) as SFE = Pp\;/mol/ Ppy, X
10011731 which could reach values as high as 85% in the case of
Co/CuPc interfaces.'3]

7.2. The Perfect Match in Terms of Chemistry

The chemical functionalization of graphene and carbon nan-
otubes is a vast topic of research. Several reviews have been writ-
ten on this pluridisciplinary field.l'747%] Tt offers powerful levers
in order to tune the electronic,['®! mechanical,[*®! or opticall'®?]
properties of the carbon-based nanomaterials. Technologically, it
is possible to distinguish between two main chemical approaches
for the functionalization which depend on the strength of the in-
teraction between the molecule and the graphene or the carbon
nanotube surface:

1) The physisorbed approach (weak interaction),
2) The chemisorbed approach (strong interaction).

The physisorbed scenario includes interactions like z—z in-
teractions, van der Waals interactions, H bonding or ionic
interactions.!'83] In all those cases, the z-conjugation related to
the sp? hybridization of the C atoms forming the graphene or the
carbon nanotube is conserved even after the functionalization.
The adatoms or the adjacent molecules will slightly perturbate
the electronic structure of graphene or of the carbon nanotube
and might also lead to charge transfer!'8*'%I and thus doping.
In this sense for instance, carbon nanotubes and graphene are
excellent and extremely precise gas sensors.[190-12]

In the chemisorbed scenario, there exists several alternatives
with radicals, carbene, nitrene, or aryne species!!**! described in
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Figure 10. Each of those approaches will lead to different chem-
ical bonding with the graphene or with carbon nanotubes. The
diazonium approach will lead to a single covalent C—C bond be-
tween the molecule and the C surface.'*1% Carbene moieties
will attach with two C atoms from the surfacel'8! like arynel™81. A
single nitrene molecule will produce N—C bonds with a single N
atom attached to two different C atoms from the surface!’®?l. In all
those cases, the C atoms from the graphene surface or from the
outer shell of the carbon nanotube will rehybridize from a con-
ducting sp? configuration into an insulating sp* configuration.

8. The Winning Combination

As discussed before, there are obvious technological and fun-
damental interests in combining carbon nanomaterials such as
graphene and carbon nanotubes with organic molecules:

1) Very strong spin polarizations (P) can be reached with an on-
demand atom-by-atom tunability of the interfacial spintronic
and electronic properties;[14917]

2) A perfect compatibility in terms of chemistry with ex-
tremely stable configurations such as the covalent coverage
of carbon nanotubes with diazonium-based molecules for
instance: 79198199

3) A stability also with respect to standard CMOS technological
fabrication processes.[200-202]

A recent study from Vera—Marun’s group in Manchester shows
an increase in the spin injection efficiency (namely the spin po-
larization) by a factor of two, thanks to the covalent functional-
ization of graphene compared to devices without any chemical
functionalization.[?®] The group reported on the use of benzoyl
peroxide molecules grafted over graphene thanks to irradiation.
Surface characterization reveals a decrease of the rms roughness
of the Al,O, grown after chemical functionalization from 1 nm to
less than 0.5 nm. The high quality of the Al,O; injection barrier
and thus of the interface with the ferromagnetic metal (Co) leads
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b) Comparison of the spin diffusion coefficient and contact spin polariza-
tion between regions without (gray points) and with functionalization (red
points). Adapted with permission.[293] Copyright 2021, American Physical
Society.

to a increase by almost two orders of magnitude of the resistance-
area (R, x A) product of the contact (from 10°Q pm? to 10°Q pm?)
as shown in Figure 11a and by a factor two in terms of spin
polarization from P = 4% to P = 10% as shown in Figure 11b.
The effect of the interface roughness with the spin polarization
was already well detailed in the literature about magnetic tunnel
junctions.[204-26] Other works have introduced functionalized or
molecular graphene interfaces as welll203207208] with a strong po-
tential for tailoring, but focusing so far only on their use as a seed
or substitute for more difficult to control inorganic tunnel inter-
faces. Those efforts did not take full advantages of ferromagnetic
metal/molecules interfaces.

In 2020, the observation of giant spin signals in functional-
ized MWCNT using nitro-benzene diazonium (NB) molecules
covalently attached to the outermost shell of the MWCNT were
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reported.”?] The idea of the covalent functionalization of the out-
ershell of a multiwall carbon nanotube was to positively combine
different effects such as the strong spin polarization offered by
the molecule/ferromagnetic metal interface and to redirect the
electron and spin flows through the inner conducting shells of
large diameter (d > 60 nm) multiwall carbon nanotubes intrin-
sically more protected from the environment. The redirection of
the current through the inner shells was already demonstrated
by the group of Martel in the case of functionalized double-wall
carbon nanotubes (DWNTs).[209210] The results are depicted
in Figure 12. As expected the functionalization of a SWNT
reveals a dramatic decrease of the current in the transistor
configuration, whereas the current of functionalized DWNT is
comparable to the non-functionalized SWNT one (Figure 12b).
In Figure 12c¢ three different signatures have been observed in
DWCNT devices corresponding to the theoretical distribution of
electrical behavior for DWNTs. Moreover, the reversible process
(functionalization/annealing) is an efficient way to identify the
electrical combination of walls forming the DWNT. In case of
MWCNT, the presence of the molecules at the surface is also
creating an injection barrier of Ry =1 — 100 MQ whereas the
pristine NT has a larger distribution of injection barrier as il-
lustrated in Figure 13a. A high-resolution transmission electron
microscope image of a functionalized MWCNT is also displayed
in Figure 13b and allows determining the thickness of organic
layer.

Density functional theory calculation revealed strong spin po-
larization of the Ni/NO, group interface of the order of +60% as
shown in Figure 13c with the red line, thus predicting very effi-
cient spin transport through the MWCNT with record spin dif-
fusion lengths of the order of the millimeter and spin lifetimes
of the order of 800 ns.[?!!] Such an efficient spin transport was
also confirmed experimentally with the observation of magne-
toresistive signals atlow temperatures. In the Figure 13d, a signal
close to —40% was measured very close to the theoretical limit of
—50% as imposed in Equation (1). These examples demonstrate
the particular interest of using organic thin film in spintronic
carbon-based devices. These studies also suggest that the control
of the metal/molecule interface is a key issue to enhance spin
injection/detection into carbon-based devices.
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9. Conclusion

Carbon-based nanomaterials such as carbon nanotubes,
graphene, and molecules represent a class of physically comple-
mentary and chemically compatible materials. More specifically
to spintronics, they offer different advantages such as high
electronic mobilities, weak spin scattering, hybridization leading
to strong spin polarizations fulfilling the core requirements of
spintronic devices. In this perspective, first technological attempt
to combine those nanomaterials for spintronics already reveal
excellent characteristics such as outstanding spin diffusion
lengths. We focus on the physical and chemical compatibility
between the materials to reach exceptional figures of merit
in the next generation of spintronics devices. As reviewed in
the present article, this innovative approach requires strong
developments in surface chemistry, spin transport physics, and
theoretical descriptions of devices.
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