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Chapter 10

Conclusions and outlook

Abstract

This chapter presents the conclusions of this thesis and compares the results described
here with those from other groups. A short outlook is provided about open questions and
future potential perspectives related with each topic addressed in this thesis.

10.1 High-quality graphene for long distance spin trans-
port

The first results on hBN-encapsulated graphene devices in 2014 showed spin relax-
ation lengths up to 12 µm with 2 ns spin lifetimes at room temperature [1], more than
a factor of two longer than the previous achieved values for suspended graphene [2]
and graphene on hBN [3]. The use of a double gated geometry, which allowed for
independent control of the carrier density and electric field, allowed to show that the
spin lifetime can be tuned with the electric field [1]. Motivated by these findings and
the results on bilayer graphene on SiO2 obtained in [4, 5], we studied spin transport
in hBN-encapsulated bilayer graphene that lead to the observation of spin relaxation
lengths up to 24 µm with 3 ns lifetimes at 5 K and 13 µm with 1.2 ns at room tem-
perature, as shown in Chapter 5. These promising results represent a lower bound
to the spin relaxation length in the studied devices. As our calculations show, the
spin lifetimes are limited by the non-encapsulated regions where the ferromagnetic
contacts are placed. Hence, to achieve longer spin relaxation lengths and determine
the intrinsic limits of such devices one has to fabricate samples with encapsulated
regions long enough so that the encapsulated regions dominate the spin relaxation.

Another approach to achieve high quality graphene devices for spintronics is the
use of few layer hBN as a tunnel barrier for efficient spin injection and a protection
barrier to protect the graphene from the fabrication induced residues. The first re-
sults were achieved in monolayer hBN [6, 7], however, this approach has proven
very successful when using bilayer and trilayer hBN barriers, showing large, bias
dependent contact polarizations and spin lifetimes in the ns range[8–12].

In parallel with the encapsulated graphene project developed in our lab, the
group from Aachen developed a technique to transfer hBN/graphene heterostruc-
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tures on ferromagnetic cobalt contacts with MgO barriers [13] leading to comparable
results as in [1]. Further improvements and the use of large and thick enough hBN
protective layers have lead to the observation of spin lifetimes up to 12 ns in mono-
layer graphene using this approach [14], currently the longest achieved spin lifetime
in a graphene spin valve.

10.2 Spin guiding using drift currents

Typical spin transport experiments are carried out using spin diffusion. This process
is slow and, hence, is not the most optimal way to perform long distance spin trans-
port. To increase the distance over which one can transport spin information, we
studied the effect of drift on spin transport in high quality bilayer graphene. Our re-
sults, shown in Chapter 6, show that the spin relaxation length increases up to 90 µm
and most of the spins (88% in our device) can be guided with the drift.

The drift control of the spin propagation offers new possibilities for different de-
vice applications. A recently introduced device geometry for spin currents is the
gate controlled spin current demultiplexer [15]. In this geometry, the spin current in
a graphene bifurcation is guided to the desired output by tuning the spin resistance
(Rsqλ/W ) of the different arms. The spins diffuse in the arm which has the lower
spin resistance that can be changed by electrostatic gating. However, the efficiency
of such guiding is quite limited by the fact that the spin relaxation length decreases
as the channel resistance increases, limiting the contrast between the ’on’ and ’off’
arms. To increase the guiding efficiency we have developed a new way to perform
such operations using spin drift in the different arms. Our results from Chapter 7
show that, by changing the carriers from electrons to holes in the different arms it
is possible to guide the spin currents with efficiencies more than an order of magni-
tude higher than in the diffusive experiment with moderate drift current densities of
20 µA/µm.

Another advantage of the spin drift approach is that, since drift occurs much
faster than diffusion, it can be used for the fast device operations required to realize
practical applications. The major drawback of the spin drift approach is the power
consumption that arises from the drift current application. This consumption needs
to be reduced further to achieve useful operations. We propose the use of 2D semi-
conductors such as black phosphorous, where the spin lifetimes are in the range of
nanoseconds [16]. Its semiconducting nature allows for the carrier densities to be
reduced down to orders of magnitude lower than in monolayer graphene at room
temperature. Because the drift velocity is inversely proportional to the carrier den-
sity, the drift currents required to achieve efficient operation can be greatly reduced
[17].
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Another approach to realize spin-based logic using carrier drift is the use of gra-
phene pn junctions. The output in this case is the spin accumulation instead of the
spin current like in the demultiplexer. In this case, because the drift velocity is oppo-
site for electrons and holes, the spin accumulation at the pn junction gets amplified
when the drift velocities at the left and right sides point towards the junction [18].
This is because diffusion away from the junction is greatly reduced by the effect of
drift. This geometry also allows for logic operations since the spin accumulation at
the pn junction can be efficiently tuned by the drift.

10.3 Proximity induced spin orbit coupling in TMD/gra-
phene heterostructures

The ability to fabricate heterostructures with different layered materials and the 2D
nature of graphene allow the control of the electronic properties of graphene via
proximity to different materials [19]. The control of spin-orbit coupling is crucial to
tune the spin relaxation [20] and realize logic operations using spin currents. With
this purpose, we studied spin transport in graphene in close proximity with a mono-
layer of transition metal dichalcogenide posessing a large spin-orbit coupling. By
studying spin precession around an in-plane magnetic field we determined that the
in-plane spin lifetime is of 3.5 ps and the out-of-plane one of 40 ps, as shown in Chap-
ter 8 [21], in agreement with the theoretical predictions from [22] and experimental
results obtained using a tilted B field technique [23]. These results are a signature of
the proximity effect imprinted on the graphene layer.

A promissing route towards the achievement of new spintronic applications us-
ing graphene/TMD heterostructures is to induce proximity on double-gated bilayer
graphene. When a perpendicularly applied electric field induces a bandgap, the
bands become layer polarized and this allows for the tunning of the spin-orbit cou-
pling in double gated bilayer graphene [24, 25].

However, there is another effect which is relevant for the study of graphene/TMD
heterostructures, which is the spin absorption. Since the in-plane spin lifetimes in the
TMD layer are shorter than in graphene, activation of the TMD conductivity leads to
a flow of spins that relax in the TMD layer. This provides a way to control the spin
signal across the TMD/graphene heterostructure with a gate voltage[26, 27].

10.4 Anisotropic spin transport in bilayer graphene

The biggest puzzle in graphene spintronics is the source of spin relaxation [28]. A
useful tool to determine its origin is to study the spin lifetime anisotropy. Aniso-
tropy has been studied using high magnetic fields (above 1 T) that pull the contact
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magnetizations out of the plane and allow to compare between the nonlocal signals
generated by in-plane and out-of-plane spins [29]. However, this technique only al-
lows for accurate determination of the anisotropy at high carrier densities where the
effect of magnetoresistance is negligible [1]. Recently, a technique applying mag-
netic fields at different angles with respect to the injected spins and extracting the
non-precessing spin component has been developed [30]. This procedure does not
require high magnetic fields and it is suitable to determine the spin lifetime aniso-
tropy at the charge neutrality point. In monolayer graphene spin relaxation is mostly
isotropic [30] and the anisotropy can be reduced with perpendicularly applied elec-
tric fields that induce in-plane Rashba fields [1]. However, in bilayer graphene, it
has been reported theoretically that the intrinsic spin-orbit fields induce a large spin
lifetime anisotropy near the charge neutrality point [31, 32].

In Chapter 9 we have studied the spin lifetime anisotropy in bilayer graphene
using tilted magnetic fields and obtained an anisotropy of 8 at the charge neutrality
point with out-of plane spin lifetimes up to 9 ns and in-plane lifetimes up to 1.8 ns.
These results are the first demonstration of spin lifetime anisotropy in bilayer gra-
phene, are consistent with the theoretical predictions, and represent the first exper-
imental result that indicates that intrinsic spin-orbit fields dominate spin relaxation
in a graphene-like system. Moreover, our results indicate that resonant scattering by
magnetic impurities does not limit the spin lifetime in our device since that would
lead to isotropic spin relaxation [33]. This anisotropy has also been shown recently
to change with the perpendicular electric field [34].
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