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Summary

The rise of semiconductor electronics has triggered deep changes in our society over
the last 50 years. The increasing ability to realize complex calculations with unprece-
dented speed has brought to the introduction of such devices in many aspects of
our daily life. The miniaturization of transistor devices has made this progress pos-
sible. The decrease in transistor size from the 10 µm length in the first processors
down to the 10 nm range used nowadays in state of the art transistors is described
by Moore’s law from 1975, that states that the number of transistors on a chip dou-
bles every two years. However, this approach is reaching a fundamental limit, the
atomic scale. In this regime, the device operation becomes less efficient and new
computational methods are needed to keep increasing the device performance once
this limit is reached.

Current semiconductor devices are based on the use of the electronic charge to
transmit information. However, apart from their charge, electrons also have an
intrinsic magnetic moment called spin. This magnetic moment has a magnitude
of ±~/2 and is quantized in the direction of the external magnetic field. In ferro-
magnets, there are more spins parallel than antiparallel to the magnetization. Typi-
cally, the electrons which contribute to the charge transport are also polarized, even
though they can be antiparallel to the total magnetization. In practice, the polar-
ization of the conduction electrons can be used to polarize charge currents. This is
used in multilayers with two ferromagnets separated by a non-magnetic conductor
that is thin enough so that the spin polarization is not lost during transport. In this
case, the resistance becomes sensitive to the relative orientation between the ferro-
magnetic layers. When the magnetizations are antiparallel, the spin polarized charge
current propagating from the first magnet enters the second magnet with the major-
ity of its spins antiparallel to the majority of spins in the latter, causing an increase
in the resistance. When the magnetizations are aligned parallel, the current enter-
ing the second ferromagnet has a polarization which is parallel to the conducting
electrons in the second ferromagnet and this results in a resistance lower than in the
antiparallel case.

The process described above is known as giant magnetoresistance and was dis-
covered by the groups of Albert Fert and Peter Grünberg in 1988. It entered the
electronic industry at the mid 90s and is used in the read heads of the hard drives
because it is a sensitive magnetic field probe. The replacement of the conducting
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layer for an insulating one in magnetic tunnel junctions has lead to even larger per-
formances and are used nowadays in state of the art hard drives.

The use of small magnetic domains as memory units, which can be addressed
with spin polarized currents, make spintronics very appealing for combining logics
with in-situ memory applications. However, the realization of spin-based processing
units poses several requirements to achieve new device architectures: 1) A scalable
way to control the spin currents, preferentially using electric fields. 2) Materials with
spin relaxation lengths significantly longer than typical device lengths required for
efficient device operations. 3) Efficient means for spin injection and detection. Datta
and Das in 1990 showed that in a ballistic semiconductor one can control the spin
accumulation with a perpendicular electric field. This approach has been achieved at
low temperatures, however, at room temperature, because of scattering with lattice
vibrations (phonons), semiconductors become diffusive and the spin-orbit coupling,
that makes spins precess in a coherent way in ballistic devices, induces fast spin
relaxation making the device operation very inefficient.

In this context, graphene is an optimal material for spin transport experiments.
Its low spin-orbit coupling caused by the low atomic mass of carbon and high elec-
tronic mobilities at room temperature make it an ideal material for spin transport.
First theoretical predictions indicated that the spin lifetimes in graphene should be
as long as microseconds, allowing for room temperature spin relaxation lengths of
hundreds of micrometers. However, experimental results for graphene on SiO2 sub-
strates showed spin lifetimes in the range of 100 ps and relaxation lengths of few mi-
crometers. Successive improvements in the device fabrication have allowed for sev-
eral improvements in the spin relaxation times and lengths. In chapter 5 of this thesis
we show that the spin relaxation length in boron nitride encapsulated bilayer gra-
phene at room temperature increases up to 13 µm with 2.5 ns spin lifetimes, whereas
at 5 K it raises up to 24 µm with 2.9 ns lifetimes, mostly due to an enhancement of
the charge transport properties. These results were the longest relaxation lengths
reported in a graphene based device at the moment of publication. Currently, the
record spin relaxation time is of 12 ns in monolayer graphene with spin diffusion
lengths up to 30 µm achieved using a boron nitride layer to protect the graphene
from contamination.

Typical spin transport experiments rely on the diffusion of the nonequilibrium
spin accumulation between the spin injector and detector electrodes. The spin accu-
mulation in these devices is induced by a small electrical current which is applied
between a ferromagnetic contact and graphene. When the contacts are spin polar-
ized, a non-equilibrium spin current is injected, that propagates in the channel via
diffusion and takes a relatively long time to reach the spin detector, which is a third
ferromagnetic contact typically placed several micrometers away from the injector
and out of the charge current path. The detection time can be reduced by applying
a charge current between injector and detector. Because the spins are transported by
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the charge carriers, the application of a charge current that modifies their average
velocity allows for a wide control of the spin detection times and, hence, the spin
relaxation lengths.

In Chapter 6 we show that, when a charge current is applied between the spin
injector and detector, the spin relaxation length can be controlled all the way from
7 µm at zero drift currents, up to 90 µm when the drift velocity is parallel to the spin
propagation direction. Moreover, when the drift current is reversed, the spin relax-
ation length decreases down to 0.6 µm. Such control allows for efficient directional
guiding of the injected spin currents, which can be used to perform logic operations
using spin currents. In Chapter 7 we show that the spin current guiding achieved
with drift can be used in Y-shaped graphene devices to perform demultiplexer and
multiplexer operations with spin information. This approach has the advantage that
shows high ‘on/off’ ratios (up to 106) but has the disadvantage that the power con-
sumption is very large to achieve efficient device operations in logic devices. We
argue that two dimensional semiconductors such as black phosphorous can be help-
ful to increase the performance of spin current demultiplexer devices.

In graphene, because of its 2D form, the out-of-plane spin lifetime can be different
than the in-plane one. In pristine graphene samples, however, this has not been
observed and in-plane spins relax roughly as fast as out-of-plane spins.

When monolayer graphene is placed in proximity to a transition metal dichalco-
genide (TMD), that has strong spin-orbit fields and broken inversion symmetry, spin
relaxation in the graphene/TMD channel becomes anisotropic. In particular, the bro-
ken in-plane inversion symmetry, together with the large atomic mass of the transi-
tion metals introduce a large spin splitting out of the heterostructure plane. Because
electrons in graphene propagate in two different valleys which have opposite crystal
momentum, the splittings have to be opposite in both valleys due to time reversal
symmetry. As a consequence, the relaxation of in-plane spins is mostly controlled by
the intervalley scattering time and the out-of-plane spin splitting. Heterostructures
of graphene and TMD, apart from the broken in-plane inversion symmetry, also
posses a broken out-of-plane inversion symmetry. As a consequence, the in-plane
spin-orbit fields are significantly larger than in pristine graphene devices. Therefore,
the out-of-plane spin lifetimes are also affected by the TMD. In Chapter 8 we use spin
precession experiments around in-plane magnetic fields to show that spin transport
in graphene/TMD heterostructures is strongly anisotropic. In particular, our results
show that the lifetime for out-of-plane spins is 11 times longer than for in-plane spins
with an in-plane spin lifetime of 2.5 ps and an out-of-plane spin lifetime of 30 ps.

The last experimental chapter of this thesis is about spin lifetime anisotropy in
bilayer graphene. At the charge neutrality point, and when a finite perpendicu-
lar electric field is applied, the intrinsic spin-orbit fields in bilayer graphene induce
an out-of-plane spin splitting which, due to time reversal symmetry, has opposite
sign in both valleys. The mechanism turns out to be exactly the same as in the gra-
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phene/TMD heterostructures, just that the spin-orbit fields are only 24 µeV, more
than 3 orders of magnitude smaller. As a consequence, the out-of-plane spin lifetime
increases up to 9 ns, a value 300 times longer than in the graphene/TMD case. The
out-of-plane spin-orbit coupling decreases as the carrier density increases and, as a
result, we obtain carrier density tunable spin lifetime anisotropies that increase up to
8 at the charge neutrality point and drop down to 2.5 at the highest density we mea-
sured. Both results are relevant towards the achievement of tunable spin transport
in graph-ene-based spintronic devices.
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