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Spintronics is a field that harnesses the spin degree of freedom of electrons
to store, process, and transmit information. Van der Waals heterostructures
combining graphene and high spin orbit coupling 2D materials are a promising
platform to control spin transport, where proximity-induced effects change the
behaviour of spin relaxation in graphene giving rise to spin lifetime anisotropy.
In this work we study devices made of graphene and CulnP,Sg (CIPS), demon-
strated to be a ferroelectric material in the few layers limit, with the goal of
controlling spin transport properties in graphene by means of electric fields.
We demonstrate that charge transport in graphene can be tuned by alter-
ing the ferroelectric state of CIPS, and we observe spin-lifetime anisotropy
in graphene. Furthermore, we explore the potential of controlling the strength
of this anisotropy through ferroelectric modulation.
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1 Introduction

1.1 Spintronics

Spin electronics, commonly known as spintronics, seeks to control the spin degree of free-
dom of electrons in condensed matter systems to manipulate, store, and transmit infor-
mation and it has emerged as a promising route to reduce energy dissipation in electronic
devices.

Magnetic regions, made of an arrangement of spins, have been used to store information
since the 19th century [DMG98|. From hard disk drives [HJ70] with magnetoresistive read
head, to giant magnetoresistance [BBF 88, BGSZ89] and many other phenomena, the field
has advanced significantly, enabling breakthroughs in data storage and magnetic sensing,
and bringing promising architectures for spin-based logic. These developments have laid
the foundation for modern spintronic technologies, where electron spin is actively exploited
to achieve functionalities beyond the reach of conventional charge-based electronics.

Ultra-low energy operation can be achieved by exploiting the recently proposed magneto-
electric spin-orbit logics [MNL 18], paving the way for the development of reconfigurable
energy-efficient spintronic devices.

Nonetheless, most materials are not suitable for the transmission of information, since
spins suffer fast decoherence resulting in loss of information.

1.2 Graphene spintronics and proximity effects

The most promising candidate is graphene [NGM™04], since it has a weak spin-orbit cou-
pling (SOC), reducing the mechanisms of spin relaxation, it presents minimal hyperfine
interactions, a major source of decoherence, and it has a high carrier mobility, with elec-
trons behaving as massless Dirac fermions. Although this ensures a long spin lifetime
[DEVT16, GPST19], the weak spin-orbit coupling in graphene precludes efficient spin ma-
nipulation, limiting its role to that of an interconnect. Spin-orbit coupling is a fundamental
quantum mechanical interaction between the spin of an electron and its motion, leading
to coupling between spin and momentum and offering powerful ways to control spin using
electric fields or structural asymmetries.

On the other hand, other 2D materials have been recently studied since the isolation of
graphene [BLM " 15], exploring van der Waals heterostructures with the goal of imprinting
spin-orbit coupling onto graphene through proximity effects [SFK " 21].

Van der Waals heterostructures are artificially stacked layers of 2D materials, held
together by weak van der Waals forces. In these heterostructures, there are short-range
interactions across their interface where a material induces a property in another material,
called proximity effects [ZMAST19].

In recent studies, spin lifetime anisotropy was achieved assembling heterostructures by
placing transition metal dichalcogenides on top of graphene [BSST 17, HSTA 20, SSST*25].
These materials have strong spin-orbit coupling that imprints anisotropy in the spin dy-
namics in graphene, which for some cases can be modified through a back-gate voltage.
However, the modulation of anisotropy is not retained after the gate voltage is removed.

This thesis investigates the control of spin dynamics using ferroelectric materials. Char-
acterized by nonvolatile internal electric fields, these materials have the potential to mod-
ulate SOC in graphene through proximity effects. In recent years several van der Waals
materials have been identified with ferroelectric properties. The polarization of these mate-
rials can be switched by an applied top-gate voltage modifying, in principle, the interactions
with graphene.




In this work, CulnP2Sg (CIPS) is used with the stated objective.

1.3 CulnP3Sg, a 2D ferroelectric material

CIPS is one of the few layered materials that presents room-temperature ferroelectricity
[SRMT94] in the ultrathin limit [LYS"16] showing an out-of-plane polarization [MCST97].

The atomic structure of CIPS consists of a sulfur framework, with octahedral voids
occupied by Cu, In, and P-P triangular units, which can be seen in Fig. 1.

Figure 1: CIPS structure. a. Two adjacent monolayers are needed to describe CIPS symmetry due to
the site exchange between Cu and P-P. b. Top view where triangular patterns can be seen.

The Curie temperature of CIPS is ~315 K [SRM " 94], when a spontaneous out-of-plane
polarization appears in the ferrielectric phase due to off-center ordering of Cu atoms and
displacement of In cations, causing a symmetry change from Cj). (centrosymmetric) to C
(non-centrosymmetric). The direction of polarization corresponds to the z axis in Fig. 1.
Furthermore, the polarization of this material can be reliably switched using a bias voltage
[LYS™16], motivating its use.

All in all, CIPS becomes a promising material to investigate in proximitized devices for
spintronics.

2 Theoretical background

2.1 Hamiltonian

To understand the behaviour of these heterostructures, we have to know the interactions
that are taking place. For this, we will discuss all the contributions to the Hamiltonian,
going from isolated graphene to the heterostructure identifying the key differences.

2.1.1 Graphene

The Hamiltonian describing electrons in pristine graphene can be described by the massless
Dirac fermions term near the K and K’ points:

Hy = hop(kkyop — kyoy), (1)

where £ is Planck constant, vp is the Fermi velocity, k is the valley index with value +1
(=1) for K (K'), k is the wave vector and 00,2,y,> are the sublattice pseudospin Pauli
matrices. This gives graphene the usual linear dispersion relation and the corresponding
Dirac cones.

Due to its weak intrinsic spin orbit coupling, graphene is the material with the longest
spin diffusion length and spin lifetime, making it ideal as an interconnect for spin transport




[SFK*21]. Nevertheless, its weak spin orbit coupling, of magnitude A; ~ 12 peV [GF15], it
is not suitable for spin control. This term opens a gap of 2A; from the following contribution

H] = /\[HUZSZ, (2)

where sg 5, . are the spin Pauli matrices.

Moreover, graphene is usually placed on substrates, stabilizing it and decreasing its
thermal fluctuations. This breaks the out-of-plane inversion symmetry, coupling spin and
in-plane momentum and leading to spin splitting. This can be described by the Rashba
spin orbit coupling term

Hp = Ag(kogsy — 5y02), (3)

with Ag the strength of the interaction. Additionally, space-inversion symmetry can be
broken by applying an electric field or by stacking 2D materials in heterostructures, also
causing Rashba spin orbit coupling.

2.1.2  Proximitized graphene

One way to overcome weak spin orbit coupling is by designing van der Waals heterostruc-
tures, layered structures built by stacking atomically thin 2D materials. In these systems,
proximity-induced effects, caused by hybridization of electronic orbitals and tunneling be-
tween adjacent layers, can imprint useful properties on pristine graphene, potentially en-
abling manipulation of the spin relaxation [SFK*21, ZMAST19, GF15].

Spin orbit coupling proximity effects decay exponentially with the distance from the
interface, therefore van der Waals heterostructures enhance them originating noticeable
changes in their properties, predicted by several first-principles studies |[GKE"09, GF15,
GKHF16, ZJNF23, ZKGF25].

As a result, the Hamiltonian in proximited graphene will have additional contributions
that will modify the low energy term Hjy. Since heterostrucures are made, inversion sym-
metry is broken producing Rashba spin orbit coupling Hg. Besides, this term is further
enhanced when having graphene combined with materials with strong intrinsic spin orbit
coupling.

Furthermore, when materials with different elements breaking inversion symmetry (see
Fig. 1 b.) are placed on top of graphene, the two sublattices (A and B) will feel different
electrostatic potentials, breaking pseudospin symmetry. This results in an orbital gap
opening described by the staggered potential [GF15]

Hp = Ao, (4)

The pseudospin symmetry breaking will affect also the intrinsic spin orbit coupling experi-
enced by each sublattice, modifying the corresponding contribution ()\?, )\’IB ) as follows:

1
Hy = 5 [M(0: + 00) + AP (0: — 00)| s (5)

Moreover, new spin orbit coupling terms emerge due to the pseudospin inversion asymmetry
(PIA) |[GKF13, GKHF16| capturing a k linear band splitting and spin flip:

a
Hpra = 5 |[Xpra(0: +00) + ABra(0: — 00)| (kosy — kyso), (6)

with )\é TA> /\g 14 the strength in each sublattice, and a the lattice constant of graphene.




In addition, these type of heterostructures can break time-reversal symmetry locally
in k-space, generating a valley dependent spin-splitting, called valley-Zeeman, of strength
Avz [SFKT21]:

HVZ = )\VZK/SZ' (7)

Overall, energy bands in proximitized graphene can be described near K and K’ points as

H=Hy+Ha+Hr+Hr+ Hpra+ Hyz (8)

2.2 Spin transport

Now that we have the contributions to the Hamiltonian, we discuss how the spins flow in
graphene.

Besides charge, electrons have spin as an additional degree of freedom. When injecting
charge current j;, electrons may have different spin polarization. In the two spin channel
model of conduction, the charge current has contributions of both spin up (jT) and spin
down (J_i) polarized currents, namely

Jo=F4 . (9)

On the other hand, we can define a pure spin current that accounts for the imbalance in

both spin polarized currents:
Js = Jpy — J|. (10)

In non-magnetic materials both spin up and spin down currents are equal, since there
is no preferential spin polarization, resulting in a zero spin current. Nonetheless, ferro-
magnetic materials may present a spin-polarized current because of the imbalance in the
density of states for spin up and spin down carriers. Since non-magnetic materials have a
spin-independent conductivity we can write

Jr) = =52 Vi), (11)

where o is the electrical conductivity of the non-magnetic channel.
Hence, we can express the pure spin current as

-

Oia  on_ O
Js = =5 Vit — ) = =5 Vils. (12)

This means that the driving force for the spin current is the gradient of the spin
accumulation fis [MVSKI17].

2.3 Spin valve lateral device configuration

To study proximity effects in the heterostructures designed in this work, we have to be able
to inject and detect spin polarized current propagating in the graphene plane. For this,
we will use the device geometry called non-local lateral device, proposed by Johnson and
Silsbee [JS88b, JS85]. These type of devices can be used in non-local measurements where
the injection and detection region are spatially separated, i.e. the charge current does
not flow through the detector electrodes. Non-local measurements are useful to eliminate
[VT06] or reduce |VBS™22| spurious effects due to anisotropic magnetoresistance in the
ferromagnetic electrodes or the Hall effect, making them mainly sensitive to pure spin
currents.

In Fig. 2 a. we can see the geometry of the devices, where the graphene flake is
connected by two non-magnetic and two ferromagnetic electrodes. The graphene channel




has a width W and a length L, the latter being the distance between the ferromagnetic
electrodes. These ferromagnetic electrodes are built as thin and narrow strips to have their
easy axis of magnetization along the long axis due to shape anisotropy. Moreover, each
ferromagnet has a different width so that they have different coercive fields, enabling the
preparation of the parallel and antiparallel relative configurations of their magnetization
applying a magnetic field along the easy axis.

On the other hand, the conductivity of graphene is considerably smaller than that of
ferromagnetic contacts. Consequently, there would be spin absorption to the ferromagnetic
electrode due to the impedance mismatch, reducing the spin injection [SFMT00]. To
overcome this issue, ferromagnetic electrodes are usually prepared with a tunnel barrier at
the interface [Ras00, JHFT02]. Several tunnel barriers had been used in graphene devices
such as Al,Og [TJPT07], but in this work we employed TiO, beneath Co ferromagnetic
electrodes as in previous studies [SNC17].

Since the ferromagnets have different density of states for spin up and spin down elec-
trons, charge current flowing through a ferromagnet will be spin polarized. This conversion
between charge and spin current is described by an effective polarization of the injector
electrode

Js = P, (13)

which depends on the relative difference between spin up and spin down density of states,
the quality of the tunnel barrier, the voltage applied, etc.

As we have seen, a current is related to a gradient in electrochemical potential which
will diffuse obeying the 1D diffusion equation

1
FH& (14)

S

Vi, =

under the assumption of L > W, and \s being the spin diffusion length.

This electrochemical potential gradient results in a spin accumulation underneath the
detector at a distance L with a corresponding non-local voltage along the magnetization
direction of magnitude

P,
Vi = “2u(L), (15)

with p¥(z) = uge*‘”/ As after applying boundary conditions. This non-local voltage is
related to a non-local resistance Ry = Vi/I, the magnitude that we will study.

This resistance can be measured while sweeping the magnetic field along the direction
of magnetization, i.e. the easy axis of the ferromagnetic electrodes. Consequently, there
will be switchings from + R, to —Ry corresponding to the relative magnetization of the
ferromagnetic electrodes going from parallel to antiparallel, respectively, as seen in Fig. 2 ¢
and d. This difference in resistance gives us the magnitude of the spin signal ARy;. Notice
that in Fig. 2 d there are extra switchings due to the fact that the device was measured
using four ferromagnetic electrodes [TJP07].

2.4 Hanle spin precession in pristine graphene

The determination of the spin lifetimes is typically achieved by performing Hanle spin
precession measurements. These experiments consist of applying a magnetic field perpen-
dicular to the graphene plane causing the injected spins to precess in-plane as they diffuse.
The magnetic field B applied exerts a torque on the injected spins (s, which precess with
a given Larmor frequency. The torque is given by

7= .jis X B, (16)

(€]



Rnl‘

b . i —pie(z) (spin-up) d 21 [
i —— (=) (spin-down) =

=== u(z) (no spin injection)

i;: 01 ARnl

0 L -100 =75 —50 -25 0 25 50 s} 100
x (L) B (mT)

Figure 2: Non-local device geometry. a. Spin valve lateral device in a non-local configuration. b.
Electrochemical potential beneath the electrodes. c. Non-local measurement sweeping the magnetic
field in the direction of the ferromagnetic contacts. d. Experimental data showing the switchings of the
ferromagnets and the magnitude of the spin signal.

where 7. is the gyromagnetic ratio. In the case of electrons, the gyromagnetic ratio is

ge~2

€9e | €
= = —, 17
Ye my e (17)

with e, g and m. the charge, the g-factor and the mass of the electron, respectively. The
Larmor frequency is therefore wy, = ~.|B|.

Hence, in the devices used spins are injected at the ferromagnetic contacts, they diffuse
through the channel, they precess due to the magnetic field applied and they also relax.
Thus, to model spin dynamics we will use the 1D Bloch diffusion equation

Q-’_Dﬁ—'_ i.x B -1l 18
a¢Hs = Dsg g lis = Yelis % Ty Hs, (18)

where we introduced a spin diffusion constant D,, and the relaxation time 7.

Notice that the third term is the torque exerted by the magnetic field B which describes
the spin precession, while the fourth term models the spin relaxation.

In the high contact resistance regime, neglecting the relaxation processes induced by the
contact, we can express the non-local spin signal when applying a perpendicular magnetic
field as [JHEFT02]

PPy o0 1 L?
=% p) / exp <—
e2N(Ep)W Jo /4rDgt 4Dt

RH](B)

Ts

> cos(wrt) exp (—t> dt, (19)

since it is related to the spin accumulation at the detector, as derived in Appendix A.l.
Here + corresponds to parallel and antiparallel relative configurations of the ferromagnetic
contacts. The first term \/ﬁ exp (fﬁ;t) accounts for the distribution of the spins that

arrive to the detector at a certain time ¢. The second term cos(wrt) is the projection
of the spins along the magnetization of the detector and accounts for Larmor precession.




The third term exp(—t/7s) describes the spin relaxation. In this way, we can extract the
desired spin dynamics parameters 75, Ds, As and P;P; by fitting the experimental data to
the analytical expression in Eq.(19).

In Fig. 3 we can see a scheme of the spin precession in a graphene spin valve and the
corresponding Hanle curve. This curve is symmetric due to isotropic in-plane spin lifetimes,
it has a maximum at zero magnetic field due to the alignment of the diffused spins and the
magnetization of the detector, and it has two minima at 4+B,;;, where spins precess such
that they arrive to the detector antiparallel to its magnetization. Above £By,,, spins fully
dephase giving zero signal. The value of Bq, depends on the length of the channel and
the spin parameters (diffusion and lifetime) in graphene. For longer channels spins travel
more and need lower fields to dephase completely.

—0.4 —0.2 0.0 0.2 0.4
B(T)

Figure 3: Hanle spin precession. a. Spin in-plane precession in graphene spin valve device. b.
Analytical Hanle curves for both parallel and antiparallel configurations of the injector and the detector.

2.5 Tilting of the ferromagnetic contacts

Due to the applied magnetic field, the magnetization of the cobalt ferromagnetic contacts
starts to rotate, modifying the expected Hanle precession curve. In thin ferromagnetic
cobalt electrodes the out-of-plane magnetization saturation field is high enough such that
the analytical curves fit the experimental data. However, fittings can be improved by
taking into account the tilting of the ferromagnetic contacts, important for shorter graphene
channels, where larger magnetic fields need to be applied to reach Bgy,.

The tilt angle v of the magnetization of the ferromagnetic electrodes can be related
to the angle S in which magnetic field is applied. The angle § lies in the yz plane and is
measured from the y axis (direction of the ferromagnets), being f = 90° in Fig. 3. To do
so, we use the Stoner-Wohlfarth model [TG08, SW48|, where the tilting takes the form

Bsin g >

_ 2
Bs+ Bcosf (20)

7 = arcsin (
This angle can be introduced to improve the analytical expression of the non-local resistance
taking into account the projections of the magnetization onto the contacts in the following
way
4(B) = Ru(B) cosy + RS sin?7, (21)

nl

where RY, is the resistance at zero magnetic field.

In Fig. 4 we can see how the rotation in the magnetization affects the Hanle precession
curve. Since the tilting angle v increases with the magnetic field applied, the non-precessing
component of the spin current also increases.
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Figure 4: Tilting of the ferromagnetic electrodes. a. Spin precession in graphene spin valve device
taking into the account the tilting in the magnetization of the ferromagnetic contacts. b. Corresponding
analytical Hanle curves for both parallel and antiparallel configurations of the injector and the detector.

2.6 Proximitized spin valve lateral devices

Up to this point we assumed isotropic spin relaxation lifetimes, resulting in equal 75 for all
directions. Nevertheless, spin dynamics can be anisotropic, especially in heterostructures,
giving rise to different spin lifetimes 7, 7 and 77 and providing insights about the spin
orbit fields relevant in the relaxation.

Thus, applying an out-of-plane magnetic field, spins precess in-plane, giving us infor-
mation about 77 and 7. To understand the spin dynamics out-of-plane one could think
to apply a magnetic field parallel to the channel. However, the in-plane saturation field
deviates from the Stoner-Wohlfarth model, being much lower and causing a discrepancy
between the experimental data and the analytical expression. Hence, we will use a different
approach.

2.7 Oblique spin precession

The scheme used in this work to study anisotropic spin transport is the one proposed in
[RSCT16]. In the heterostructures studied, we expect the spin orbit field to be out-of-plane,
since the polarization of CIPS will modify the Rashba interaction, which is in-plane. Then,
we assume that the spin dynamics in-plane is isotropic, i.e. 7] = 7, = T|T, and we define
TS =1T].

To estimate the spin anisotropy ¢ = 7§/ T‘T we can simplify Eq.(18) for the limiting case
in which the precession is fully dephased . In this scenario, the component perpendicular to
the magnetic field dies away leaving only the component along the magnetic field direction

B. Projecting the spin electrochemical potential onto the direction of B we have
iy, = s B = iy cos 4+ s sin f, (22)

since we apply the magnetic field in the yz plane.
Taking into account that we expect the system to present anisotropy between in-plane
and out-of-plane spin lifetimes we can write

8 S 82 s s\—1, s
oty = Dsg gty — (1)~ g
0 0? _

ihe = Dsgsus — (71) 7 pt.

If we differentiate Eq.(22) and we plug it in Eq.(23) we obtain

as_ D825 s\—1, s : D82s s\—1, s 24
aﬂBH*C()Sﬂ s@ﬂy—(ﬂ\) ty | +sin swﬂz_(TJ_) Ho (24)




Now we can assume that spin remains aligned with B during its decay, and that the
transverse components are dephased, giving pi; ~ MSBH cos 3 and pf ~ ,uSBH sin 5. Hence,

Eq.(24) can be written as

9 s 82 s s\—1, s
5¢1B) = Dsg st — (75) " iy, (25)
with 1
(75)71 = (7'|f)*1 (cos2 B+ c sin? ﬁ) (26)

In the steady state, the solution to Eq.(25) is known and the non-local spin resistance
in the detector at a distance L is of the form [RSCT16, JHE 02, JS88a]

Ry
Ry = ayfgre VI cos* (5 ), (27)
S

where a depends on the sheet resistance of graphene and on the polarization of the fer-
romagnetic contacts. The factor cos?(3 — 7) is a correction due to the tilting, given by
the angle v, in the magnetization of both the ferromagnetic injector and detector to the
projection along the magnetic field. Here we assumed that both contacts behaved the same
when tilting. Normalizing to the value at B = 0, and neglecting magnetoresistance effects
(a(B)/a(0) = 1) we obtain

Ry 75 L? i 2
Tl B e |- I — ). 2
Rgl 7'|T exp T‘TDS = cos“(8 — ) (28)

Combining Eq.(26) and Eq.(28) we can determine the value of ¢ by plotting Rﬁl /RY,
against cos?(3 — 7).

The behaviour of the signal depending on the anisotropy ¢ following Eq. (28) can be
seen in Fig. 5. When ¢ > 1 the curve falls above the straight line corresponding to { = 1,
while if ¢ < 1 it falls below it.

0.00

0.0 0.2 0.4 0.6 0.8 10

cos*(B — )

Figure 5: Non-local resistance dependence on anisotropy ratio, (. Non precessing spin component
Rf, as a function of cos?(3 — v) for different values of (.




3 Anisotropic spin dynamics

In the experimental design described, we will study the spin dynamics taking into account
both spin diffusion and spin precession. Here we will introduce the basic equations to
understand anisotropic spin dynamics and to extract the parameters of the system, such
as the spin lifetimes and the anisotropy ratio.

As discussed above, to model spin dynamics we will use the steady state 1D Bloch

diffusion equation
& I e
Ds@ﬂs — Yelis X B —Ts lﬂs =0, (29)

where [is is the spin electrochemical potential, D, is the spin diffusion constant, -, is the

gyromagnetic ratio, B is the applied magnetic field and 75 ! is the matrix with the spin
relaxation times in the diagonal

Y A € I 0
= 0 ()t o0 |. (30)
0 0 (m)!

Since we expect to have anisotropy between the in-plane and the out-of-plane spin
lifetimes we will apply the magnetic field B in the yz plane in a certain direction given by
the angle 5 from the y axis, i.e. B = B(0, cos 3,sin f3).

Hence, Eq.(18) can be simplified to

92 1 (Tg)_l —YeBsinf8 ~.Bcosp
@ﬁs = F YeBsin 8 (Tys)_l 0 fis = Mis, (31)
* \—eBcosj 0 ()~

which has a solution of the form iy = e**@, with k a scalar and ¥ a constant vector. Thus,

substituting this in Eq.(31) we get the following eigenvalue problem
M, = k20, (32)

with {k2, 4, }2_, the eigendecomposition of M. The corresponding solution will be a linear
combination of all the independent solutions of the form

3
s = Z (ane\/’?m + bne_\/’?%) U, (33)
n=1

where the constants a,, b, are given by the boundary conditions.
The boundary conditions are determined by the geometry of the device, in the studied
case, it presents 4 different regions as seen in Fig. 6. Regions I, IT and IV consist of pristine

graphene, known for its isotropic behaviour (75 = 7, = 77) [RSC"16]. Regions I and II are

separated by the ferromagnetic contact that injects the spin current f;nj located at x = 0.
Region III corresponds to the proximitized region where we expect to have anisotropic spin
dynamics.

Therefore, we will have solve the equations imposing the following boundary conditions

p=0: =gl =

r=1": ﬁglzﬁgll j'sII:j’SIII (34)
e=l+w: gl =gV j’SIH:jSIV :

r=x00: jis=0 J, =0
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Figure 6: Device scheme. Proximitized spin valve with graphene/CIPS heterostructure to study spin
dynamics.

4 Device fabrication and characterization

4.1 Mechanical exfoliation

Graphene, the first two-dimensional material to be obtained and characterized, was iso-
lated by Geim and Novoselov in 2004 using mechanical exfoliation [NGM™04]. Since this
milestone, mechanical exfoliation has become a widely adopted technique in laboratories to
produce high-quality 2D single crystals. We will make use of this method to exfoliate both
graphene and CIPS, which involves breaking the weak van der Waals forces that hold the
layers of the bulk crystal together. By repeatedly peeling the material with adhesive tape,
thinner flakes can be separated from the bulk, until achieving few-layer or monolayer flakes.
However, overexfoliation can reduce the lateral size of the flakes, as the crystals tend to
shatter during the process. Once thin layers are present on the tape, a final exfoliation
step is carried out to transfer the 2D material onto a target substrate. For the graphene
flakes the substrate is a heavily doped silicon wafer with a thin SiOq layer of 285 nm on
top (SiO2/Sit™). These silicon substrates are cleaned with an oxigen plasma immediately
before the exfoliation to minimize the humidity and the amount of molecules on the surface.
In the case of CIPS, the substrate is a polymer called polydimethylsiloxane (PDMS), which
will be used for the deterministic transfer of the flake. The PDMS stamps are treated with
an UV /Oj3 cleaner to ensure the complete reaction of free radicals, avoiding contamination.

4.2 Characterization of the materials

The substrates with exfoliated 2D materials are examined under an optical microscope.
For graphene flakes, selecting a substrate with an optimal SiOs thickess ensures a suitable
optical contrast [LWHT13]. For CIPS, we used the microscope in transmission mode to
verify the quality of the flakes.

Optical microscopy is combined with Raman spectroscopy and atomic force microscopy
(AFM) to characterize the flakes obtained. For graphene, Raman peaks such as the G and
2D bands were monitored to confirm layer thickness and assess potential doping or strain.
For CIPS, a recently studied material, we performed Raman spectroscopy to characterize
the sample and compare with previous results [RCJ23]. Atomic force microscopy provided
topographic and thickness data of exfoliated flakes. The AFM scans verified layer count
and uniformity in CIPS flakes and gave us a correlation between the optical image of the
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flakes and their thickness. Fig. 7 shows the Raman spectra for both graphene and CIPS,
and the topography of a CIPS flake.

Figure 7: Raman spectra and AFM topography. a,b. Raman spectra of graphene and CIPS,
respectively. c,d. Optical image and topography map obtained by AFM.

4.3 Deterministic transfer of 2D materials by all-dry viscoelastic stamping

For the transfer of the 2D materials we will follow the procedure in [CGBMT™14|. This
procedure is depicted in Fig. 8. Here, the PDMS with the CIPS flake is approached to the
silicon substrate with the graphene flake until they are in close contact. Then, the PDMS
is removed leaving the CIPS flake on the silicon substrate.

a b C
! — Glass slide l l—l |

T PDMS

cps<

l/, Graphene

SiO,

Figure 8: All-dry viscoelastic deterministic transfer. a. The glass slide with the PDMS having the
CIPS flake is approached to the graphene flake on the SiO5 substrate. b. Both flakes are put into
contact. ¢. The glass slide with PDMS is removed from the substrate and the heterostructure is formed.

After the transfer, high vacuum thermal annealing is used to remove residues from
the surface of the heterostructure, remaining from the previous steps, and to improve the
interface quality between the flakes by reducing air and humidity molecules in between.

4.4 EBL, evaporation and wirebonding

After assembling the heterostructures, electrodes are patterned using electron-beam lithog-
raphy and evaporation. A bilayer resist made of methyl methacrylate and polymethyl
methacrylate (MMA /PMMA) is spin-coated, patterned with the electron-beam lithogra-
phy system, and developed in methyl isobutyl ketone and isopropyl alcohol (1:3). Metal
contacts are deposited via electron-beam evaporation.

Non-magnetic Ti/Pd electrodes are first defined and evaporated (2 nm of Ti and 25
nm of Pd), and contact both graphene and CIPS, as seen in Fig. 9 b.

For the ferromagnetic electrodes, the tunnel barrier, consisting of TiOs, is prepared
by a two-step evaporation-oxidation process. First, 4 A thick layer of Ti is evaporated,
followed by 30 min of oxidation in Oy. The process is repeated to have a tunnel barrier
of approximately 8 A. Afterward, 25 nm of Co are evaporated to give the ferromagnetic
electrodes, as seen in Fig. 9 c¢. These contacts have varying widths to control magnetic
switching, ranging from 140 to 180 nm.

Eventually, the resist is removed by lift-off in acetone, and the device is wire-bonded
to a chip carrier and loaded into a cryostat under vacuum for measurements.
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Figure 9: Device fabrication. a. Transferred heterostructure of single layer graphene (SLG) and CIPS
on SiOs. b,c. Evaporation of non-magnetic and ferromagnetic electrodes,respectively.

4.5 Measurement setup

The measurement setup included a cryostat, a switch box, an electromagnet, and a rack
equipped with a temperature controller, current and voltage sources, and multimeters.

The cryostat presents a closed-cycle helium system, with high-purity helium gas circu-
lating between a compressor and cold head to reach a base temperature of ~5 K. A local
heater allows temperature control up to room temperature.

An electrical switch box selects the measurement configuration, while grounding pro-
tects the sample from electrostatic discharge. The electromagnet, made of two coils, is
mounted on a rotatory stage in low-temperature setups to precisely control the magnetic
field angle relative to the ferromagnets of the device, getting up to 1 T.

4.6 Scanning Electron Microscopy

When all the measurements are done in the device, scanning electron microscopy (SEM)
images are taken.

Since the lithography is never identical to the designed geometry, actual lengths are
measured from the SEM images as seen in Fig. 10, to be more precise when fitting the
experimental data to the analytical expressions.

-
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I 1.72 pm

_1.62 jinn

- Graphene +—

Mag= 313KX EHT = 1000V Signal A = SE2 Mag= 313KX EHT = 1000 KV
WD = 9.9 mm Aperture Size = 120.0 ym 7 2um WD = 9.9 mm

BALLH

2um

Figure 10: SEM image of the device. a. Secondary electrons detector image where the dimensions of
the channel are depicted. b. Primary electrons image with FM and NM electrodes labeled; we observe
the oxidation of the FM resulting in device degradation.
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5 Results

Once we have the device prepared we proceed with the measurements. First of all, we do a
back-gate voltage characterization to find the charge neutrality point in our sample. Then
we perform Hanle spin precession experiments in the graphene reference, to extract the
parameters in the isotropic case, and compare the signal with the one from the proximitized
region. Afterwards, we measure oblique spin precession in both graphene and proximitized
region at different back-gate voltages. Finally, we vary the top-gate and back-gate voltages
to investigate the switching of CIPS, and find signatures in the transport properties of our
device. We do all the experiments at different temperatures, finding that the proximity
effects are more relevant at lower temperatures. The non-magnetic contacts were not
operational, possibly due to the residues resulting in a poor interface quality. Therefore,
only ferromagnetic contacts were used in the experiments.

5.1 Back-gate dependence

Since the device is placed on a p-doped Si/SiOy substrate, we can apply a back-gate
voltage Vi,. This enables the modulation of the carrier type and density, going from holes
to electrons. At the charge neutrality point, the Fermi level lies exactly at the Dirac point,
where conduction and valence bands meet in graphene, meaning that there is a minimal
carrier density and therefore a maximum in resistance. In a clean sample of pristine
graphene, this peak should appear at zero back-gate voltage, but doping in the fabrication
coming from polymers or other molecules can shift it. Hence, we inject a current and
detect the voltage drop locally for each back-gate voltage applied. Moreover, we sweep the
back-gate voltage back and forth to notice if there is some charge trapping, causing the
charge neutrality point to move. We measure both graphene and proximitized region to
see the effect of CIPS and the behaviour of the heterostructure, and the results are shown
in Fig. 11. We injected current from FM; to FMj5, and measured the voltage drop between
FM3 and FMy for graphene, and between FMy and FM3 for the proximitized region (see
Fig. 10).

Notice in Fig. 11 a that the charge neutrality point of graphene is at around V},; = 30.5
V, meaning that the sample is p-doped. We attribute this to the fact that some lithography
steps were repeated several times due to a malfunctioning of the system, which forced us
to spin-coat more resist onto the susbtrate resulting in a higher contamination. In Fig.
11 b we also observe an additional peak appearing at around V;z = —10 V showing a
hysteresis loop between the forward and the backward sweep. This behavior suggests that
the hysteresis originates from the ferroelectric polarization of the CIPS layer, which can
also modulate the carrier density in the graphene channel.

From this, we know if we are near to or far from the charge neutrality point when
applying a certain back-gate voltage.
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Figure 11: Back-gate voltage dependence. Resistance as a function of back-gate voltage for a.
graphene and b. proximitized region. Black dots indicate forward sweep, while red dots correspond to
backward sweep.

5.2 Hanle spin precession

The measurements of the Hanle spin precession experiment are performed at room tem-
perature and at T' = 20 K. We measured the graphene region as a reference, and also the
whole channel with the proximitized region as seen in Fig. 12. Reference measurements
were performed by injecting current from FMy to FM5 and measuring the non-local voltage
drop between FM; and FM3. For the proximitized region, current was injected from FM3s
to FM5 and the non-local voltage drop was measured between FM; and FMs.

At room temperature, we noticed that the spin signal through the proximitized region
did not present any anisotropy, result which is further confirmed in Sec. 5.3. On the
other hand, to fit the data measured at T' = 20 K we needed to introduce different spin
lifetimes for the in-plane and the out-of-plane spin dynamics. Since there is isotropic
in-plane transport, the behaviour for positive and negative fields is the same.

Fittings to Eq. (21) give the reference values of 75 = 200 ps at room temperature, and
Ts = 156 ps at T' = 20 K. Solutions of Eq. (31) in all regions give the values of 75 = 200
ps at room temperature. Besides, at 7' = 20 K we obtain 75 = 85 ps (graphene), and
7, = 7, = 13 ps and 77 = 110 ps (proximitized region), taking into account the tilting of
the magnetization. This clearly shows that out-of-plane is the long spin lifetime direction.
Additionally we extacted the polarization of the electrodes with a value of P = 9.8%, which
falls in the typical range (5 — 10%) [HSIA 20, STAHT19].

To further study the out-of-plane spin lifetime anisotropy, we analyze in the next section
the oblique spin precession experiment in more detail.

15



2 1
1
g £}
3’ S 0
< <
-1 .
Dy = 0.026 m2s~! D, =0.015 m2s~!
7y = 200 ps 7s = 200 ps
Graphene . Graphene/CIPS ] l
2‘“0 ]"y“ 100 1;0 1'\ 'v:i ll;(i 150 _]('NI 150 ]‘lHI 50 |‘l 50 100 150
By (mT) By (mT)
C 8 d o

D, = 0.020 m?s~!

% 4, n=1560s
q J -1
Graphene ¥ Il

~300 -200 ~100 0 100 200 300 —150 -100 -50 0 50 100 150

By (mT) By (mT)

Graphene/CIPS %P0

10

Figure 12: Hanle spin precession measurements. Non-local resistance as a function of the magnetic
field perpendicular to the heterostructure plane at room temperature (a,b) and at 7' = 20 K (c,d).
a,c. Measurements for the graphene region and b,d. for all the channel. Parallel and antiparallel
configuration of injector and detector are depicted in black and red, respectively. Lines correspond to
the theoretical expressions fitted for the parameters specified.

5.3 Oblique spin precession

In this section, we will discuss the experiment of oblique spin precession for both the
graphene reference and the proximitized region. This experiment allows us to take the
spins out-of-plane and therefore probe their out-of-plane lifetime. Measurements at room
temperature and at T = 20 K are performed to gain deeper insight in the anisotropic spin
transport.

In Fig. 13 we observe the non-local spin signal when applying a magnetic field in
different directions at room temperature and with a back-gate voltage of V},; = 30 V. Both
Fig. 13 a. and b. present a similar behaviour, without showing a significant anisotropy.

On the other hand, the measurements at 7" = 20 K and with a back-gate voltage of
Vbg = 0 V are shown in Fig. 14. In this case, we notice that for the proximitized region
(Fig. 14 b.) there are angles in which the non-local resistance is larger than the signal at
zero field, R?ﬂ, indication that spin lifetimes are larger out-of-plane. This is in contrast to
the pristine graphene (Fig. 14 a.) and the room temperature scenarios, where Rgl was an
upper limit of the resistance.

Solving for the analytical solution, we introduced an out-of-plane spin lifetime anisotropy,
giving rise to a similar response in both Fig. 15 a. and b. curves.

With this, we can fit the data obtained to Eq. (28) to compare the room temperature
and the T' = 20 K cases. This analysis can be seen in Fig. 16. Fig. 16 a. shows that both
reference and proximitized region have isotropic spin dynamics, with anisotropy ratios of
¢ = 1.01 and ¢ = 1.04, respectively.

Conversely, in Fig. 16 b. we observe the expected out-of-plane anisotropy of the
proximitized region in comparison to the reference, as the extracted anisotropy ratios for
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Figure 13: Oblique spin precession at room temperature. Non-local resistance as a function of the
applied field for different directions, in a. graphene and b. the whole channel. Slight change in the
shape of the curves is observed, but not a noticeable out-of-plane anisotropy.
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Figure 14: Oblique spin precession at 7' = 20 K. Non-local resistance as a function of the applied
field for different directions, in a. graphene and b. the whole channel. b. Anisotropic out-of-plane spin
transport is observed.
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Figure 15: Analytical curves for the oblique spin precession. a. Experimental data of the anisotropic
dynamics and b. theoretical curves for the specified values.
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graphene and the proximitized region are ( = 0.9 and { = 6, respectively. We consider
that the reference is isotropic since the data falls in the { = 1 line, considering the error
bars. Notice that the anisotropy ratio found for the proximitized region is of the same
order of magnitude as the values introduced in Fig. 15 b., confirming the validity of the
approximation.
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Figure 16: Spin lifetime anisotropy, (. Fitted data for a. room temperature and b. 7" = 20 K. Error
bars are extracted from the noise in Fig. 13 and Fig. 14. Regions with long and short out-of-plane spin
lifetime are depicted in green and yellow, respectively.

Once we demonstrated anisotropy at low temperatures, we performed a back-gate volt-
age characterization to see the possible anisotropy modulation. To this end, we chose
different values for the back-gate voltage and did the same oblique experiment extracting
the corresponding parameters. Results of these measurements are shown in Fig. 17.

0.0 02 04 0.6 08 10

0.0 02 04 0.6 08 10 0.0 02 04 0.6 08 1.0
cos?(B — ) cos*(B —7)

Figure 17: Back-gate dependence of anisotropy. Non precessing spin signal at values of the back-gate
voltage of a. Vi, = —40V, b. Vg = -15V, c. Vi, =—-10V, d. Vg =0V, e. Vi3 = 30 V. Notice
that in b. there are three additional points corresponding to 5 = —15°, —30°, —45°.

Fitting the data we extracted the anisotropy ratio for back-gate voltages of magnitude
Vog = —40,—-15,-10,0,30 V giving values of ( = 7,3.5,8,6, 3, respectively. To see the
dependence, we plotted the anisotropy ratio against the back-gate voltage, resulting in
Fig. 18. We observe that the anisotropy is larger for the back-gate voltage near the
hysteresis coming from CIPS. We could not see a clear trend when varying the back-gate
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voltage. However, we notice a large jump in anisotropy around the region in which the
CIPS hysteresis is observed (see next section).
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Figure 18: Anisotropy as a function of voltage. Error bars are extracted from the fittings in Fig. 17.
Largest anisotropy is observed at Vg = —10 V, but no clear trend is observed.

5.4 Top-gate + Back-gate characterization

Following the back-gate characterization, we also tried to study the influence of the top-gate
voltage in spin dynamics. Unfortunately, the tunnel barriers suffered a lot of degradation
making it impossible to inject nor detect any clean and reliable spin current.

Therefore, we decided to study how both top-gate and back-gate voltages affected the
resistance of the channel. For this, we swept both voltages at different temperatures. Since
we saw a hysteresis in the back-gate dependence (Fig. 11, possibly coming from switching
of the polarization domains in CIPS) we expect to have a similar behavior when varying
the top-gate voltage.

To determine if there are artifacts, we performed a forward and backward sweep in
the top-gate voltage. Subtracting both sweeps we should see one peak coming from the
hysteresis. If there is some charge trapping or inhomogeneity coming from the fabrication
residues, we would observe two peaks of different sign. This is due to the fact that these
trapped charges shift the local electrostatic potential, effectively doping regions of the
device differently, resulting in different charge neutrality points.

The results for different temperatures are shown in Fig. 19. In dashed lines we can
observe the trajectory of the hysteresis peak. When applying a back-gate voltage we shift
the carrier density. To bring the system back to the same electrostatic condition (e.g., same
electric field), the top-gate voltage must shift in the opposite direction. This shift is linear
because the carrier density in the channel depends linearly on the capacitive coupling of
both top-gate and back-gate voltages.

The slope in the trajectory varies with temperature since polarization switching is
thermally activated. At low temperatures, domain switching is more difficult and requires
larger gate fields. This makes the hysteresis peak shift more steeply with respect to back-
gate voltage, since compensation is harder.

This result further motivates the study of the spin dynamics in this type of device,
since it shows a great potential to tune the anisotropy.
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Figure 19: Top-gate and Back-gate voltage characterization. Resistance difference between forward
and backward top-gate voltage sweeping at a. 50 K, b. 70 K and ¢. 100 K.

6 Conclusions and Outlook

Controlling spin-orbit coupling in spintronics is essential for future low-dissipation and
energy-efficient information technologies. Graphene alone is ideal for spin transport due
to its weak spin-orbit coupling, but it cannot be used to control and manipulate spin
currents. Aiming to confere spin-orbit coupling through proximity-induced effects, other
materials such as transition metal dichalcogenides are combined with graphene, showing
spin lifetime anisotropy. Nevertheless, with them it is not possible to control the anisotropy
in a non-volatile manner. With this goal, we fabricated a graphene spin valve lateral device
proximitized with CulnPySg, a ferroelectric 2D material. The polarization of this material
lies out-of-plane, suggesting that it could tune the Rashba spin orbit field induced by
the broken out-of-plane symmetry in the heterostructure. Moreover, its polarization can
be switched by a local top-gate voltage, which is promising for the modulation of spin
anisotropy. With the device prepared we obtained several important results:

e The back-gate dependence showed an additional peak with a hysteresis coming from
CIPS.

e Theoretical analysis of spin dynamics in a proximitized spin valve lateral device with
out-of-plane anisotropic spin relaxation was achieved.

e Spin lifetime anisotropy was observed at low temperatures in the fabricated device,
which is a direct consequence of the imprinted spin-orbit coupling by CIPS.

e Study of the anisotropy by varying the back-gate voltage indicated that anisotropy
showed a sudden change around the region in which the hysteresis appeared. However,
further analysis with deterministic switching of CIPS is needed to assert whether
ferroelectricity is involved.

e Characterization of the influence of both top-gate and back-gate voltages exhibited
a hysteresis peak coming from CIPS, which reinforces the need to investigate spin
dynamics in this type of devices.

We are confident that with future cleaner and less noisy devices we will be able to
fully characterize the proximity-induced spin-orbit coupling, and also to tune the spin
lifetime anisotropy by varying the carrier density of graphene and the polarization of CIPS
simultaneaously. Furthermore, we should explore the possibility of having an additional in-
plane anisotropy, since there are devices that have shown anisotropic spin dynamics in the
three spatial dimensions [SSST25]. Eventually, we could improve the oblique precession
data analysis with other tools like machine learning, since the fittings are very sensitive to
the variation of the variables and the parameter space is huge.
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A Derivations

A.1 Isotropic Hanle spin precession curve

In this experiment we inject a spin current fis polarized in the y direction, and we apply a
perpendicular magnetic field B = BZ. The Bloch diffusion equation reads

0 0” fs

— e = Dg——=[is —wpfis X 2 — = 35

ot Hs s 92 s LHs e ( )
Therefore, spins will precess in the zy plane, so we will ignore p3. Defining i = (s, fty)
we can write

8 82 —1 wr,
2 =D,——ji Ts 7
prids 52 H L + (_WL _%S fi1 (36)
If we perform the Fourier transform of i, (k,t)
i (k1) = / e~ (2, t)da, (37)
we can express Eq.(36) as
T I it i i1 (kyt) = M(k)TL (.t 38
ol (k,t) = o —D? - L fir(k,t) = M(k)jiL (k). (38)
Hence, the solution is of the form
fi(k,t) = eM®l (k,0) (39)

For the initial condition:
. 0 5 0
fir(z,0) = pod(z) ||| = ALk, 0)=po| ], (40)

where pg is the magnitude of the initial spin electrochemical potential. Thus, we obtain

fiL(k,t) = poe™ ! <(1)> : (41)

Diagonalizing M (k) we get the eigenvalues Ay = —Dgk? — 7_—15 + dwr. Since the detector is

also polarized in y, the signal will be related to py:

py(kyt) = uoe_(DSku%)t cos(wrt). (42)

Performing the inverse Fourier transform we get the real space solution

1 o< . _ 1
py(w,t) = 2—/ e*e g (Dsk?+70)t cos(wrt)dk
T J—oco

2 (43)
1 €T ( t) ( t )
— — X —_—— COS(W ex —_—
Ko Dt P\ T 4Dt Ly exp{ =

Then we can compute the steady state spin accumulation at a distance L, where the
detector is placed:

© 1 L? ¢
o (L) = — - t —— ) dt. 44
My( ) MO‘/O \/mexp ( 4Dst> COS<O‘)L )exp ( Ts) ( )
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Notice that the initial spin electrochemical potential can be related to the spin polarized
current in the injector P;I and the density of states per unit area N(Er)W, where W is
the width of the graphene channel, as follows

PI

B eN(Ep)W (45)

Ho
Moreover, the spin electrochemical potential at the detector can be converted into a

voltage as
P

an = %My (L)v (46)

where P, is the polarization of the detector. Eventually, the spin signal expressed as a
non-local resistance (V4/I) can be expressed as

Ry(B) = +— L4 /Oo L L2 Y costunt) ( t)dt (47)
0 = exp | ———=— | cos(wpt)exp [ —— | dt,
! ENERW Jo VarDit P\ 4Dyt LU P~

where £ corresponds to P and AP configurations of the ferromagnetic contacts.

A.2 Tilting of the ferromagnetic electrodes

We can model the tilting of the ferromagnets using the Stoner-Wohlfarth model [T GOS8,
SW48|, which assumes that the ferromagnet is a single magnetic domain with uniaxial
anisotropy and the magnetization M is constant in magnitude rotating coherently. This
model defines the magnetic energy in the following way

B(7) = T2 sin?y — MBeos(8 — ), (48)

where the first term is the uniaxial anisotropy energy, which is lowest when the magnetiza-
tion aligns with the easy axis of the ferromagnet, and the second term is the Zeeman energy.
Here B; is the saturation magnetic field, the field required to fully align the magnetization
with it. Minimizing this energy and assuming that the system is in the low field limit (v
small), we obtain the following expression for the tilting

Bsin )

_ 49
Bs + Bcos 8 (49)

7y = arcsin (
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