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ABSTRACT

The present dissertatios comprehended in twmain parts. The first part is focused on
understanding the mechanisms behind spin current to charge current interconuersiengpin
Hall angle), where the spin current is generated by means of spin pumping. The measurement of
a pasitive spin Hall angleof magnitude 0.004h Uranium is reported in Chapt2r These results
support the idea that the electronic configuration may be at least as important as the atomic
number in governing spin Hall effects. Ghapter3, the design of spintronics device designed

to interconvert charge and spin current€VD graphene is presented

The second parbf the thesis is centered ithe study of transport through single
molecules with the use of thréerminal devices. The first evidence ofn#lecular double
guantum dot isdetailed in Chapter5. The conclusions are supported by ss$embled
monolayers (SAMs) and singldectron transistors (SETs) measuremddssng gold electrodes
for SETs measurements has its disadvantages, two of tineomas being: the junctions are not
stable at room temperature and it does not allow for transport measurements in the presence of
light. Graphene electrodes, on the other hand, have been reported to be stable at temperatures
above room temperature am@ve no absorption in the visible rang&long those linesthe
development ofa multilayer graphenbased SETis reported in Chapte8. Finally, a new
technique, based on CVD graphene transistors, that will allow-tere@nal measurements on

an STMis descibed in Chapter.
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CHAPTER 1:
INTRODUCTION: DYNAMICAL SPIN PUMPING

1.1. Introduction

The control and manipulation dfie spin and chargef electronsin nanoscale systems
has developed intoa very active field of research duririge past few yeargpromptedby
possible applications inemerging technologiesfor instance spintronics and molecular
electronics. Spintronics final goal is to actively manipulate the spin degree of freedom of
electrons. In addition, it has the potential to provide smallervotatiie memory deviceshain
standard CMOS J]. It has also been demonstrated that pure spin current devices offer
advantages over spin and charge current devices, the main one being reduced power dissipation
[2]. Chapter 1, 2 and 3 will be focused on studying a particular teedriag obtaining pure spin

currents: Dynamical spin ingdon.

On the other hand, molecular electronics is another very promising substitute to silicon
nanoelectronics]]. The idea thasingle moleculescould replace every electric componenta
circuit represerd a final miniaturization for deviceg3]. Molecules have already been
functionalized to act as diodes, transistors and switches, to name 3].féw fadvance in the
field, the electronic properties of singi@olecules must be studiezhd only few techniques
allow the study of transmolecular conduction, scanning tunneling microscopy (STM) and single
electron transistors (SETs) spectroscopy are two of ti#mChapter 5 demonstrates single
molecule transport on a molecular double quantum dot, t€h&preports the development of a

multilayer grapheneEST, and in Chapter 7 a newly developed STM technique is presented.



1.2. Dynamical Spin Pumping

As indicated in the introductiopure spin currentsffer further advantages in spintronics
applicatiors: reduced power dissipation, absence of stray Oesterd fields, and decoupling of spin
and charge, to namefaw [2]. Different experimental techniques can be usedbtain spin
currents, for instance: nonlocal electrical injection from ferromagnetic a@sntpin Hall effect;
thermal gradients; and spin pumpinthe present chapter focuses on tgemeration of spin

current by dypamical spin injectiomr spin pumping.

In spin pumping, the precessing magnetization of an externally excited ferromagnet
underging ferromagnetic resonance (FMR) is dynamically coupled to the charge carriers in an
adjacent nommagnetic system, resulting in a net transfer of spin angular momentum across the

ferromagnet/nomagnetic (FM/NM) interfac@].

1.2.1. Ferromagnetic Res@mce
At microwave frequencies,ps resonance in ferromagses similar to nuclear and
electron spin resonangB]. In a system of electronic or nuclespin moments, lte resonance
arises when thre is aZeemansplitting of the energy levelgs a resulbf a uniform magnetic
field being appliedand the system absorbs energy from an oscillating magnetic figlte at

frequencieghatcorrespond to the transitions between le{Etguationl.1). [6]

25 YO (1.1)

whereoi s t he reduced Pisthefregueney ofthe elesttomayneticaadiation



The value of the energy difference between the leweladn is defined byEquationl.2:

Yo @ Ya O (1.2)

whereg is the Lande factongs is the Bohr magnetorgamnn is the difference of the magnetic

guantum numbers of the statesandn andHo is the external magnetic fie[d].

CombiningEquationsl.1 and1.2 we obtain the resonant condition

] —Y4 O (1.3

o)

The values of the differencesmmn are limited by selection rulesvhich for a dipole radiation
andgiven that for a Zeeman ntiglet all levels have different quantum numberi( n), are the

following:

v

ya P (1.4)

For transitions that obeYd p, the plane of polarization is perpendicular to the applied
external nagnetic fieldHo. In other wordsto achieve the resonance conditithre oscillating
magnetic field ac) must be perpendicular tdo [8]. Taking into consideratioselection rules

and usingequationl.3 we canwrite a simplified expression fof res

] 0 (1.5)

where,

ro— 0— (1.6)



Sometimes it is more convenient in experiments to set a constant frequency and sveep th

magnetic field. In that case, we can express the resonant condition in terms of the frequency:

0 A (1.7)

It is significant hat we can expressres (Equation1.5) withoutthe P | a s coksgant.
Which means that it is possible to wselassical approximation not only in the case of atomic

magnetic resonance but also in the treatment of magnetic resonance phenomena in solids.

The difference in the resonance condition between anasbdbm and a ferromagnet is
the strong exchange interaction between the electrons in the Betsause of the exchange
interaction, the uncompensated magnetic spin moments of the atoms in the ferromagnet orient
parallel to each other, which leads to tieed of an effective fielth Equation1.5. Due to the
effective field, if the magnetization shiffrom the equilibrium positioit will start precessing
aroundHess at the Larmor frequencffFigure 1). The classical equation of motidhat describes

thesystem is

— 1 a ( (1.8)

wherem is the mean magnetization per unit volurnes the gyromagnetic ratio arldl = Hac +

Ho

Near the Larmor frequency the magnetic susceptibility depends on the frequehey of
electromagnetic radiation and the energy absorption is maximum. The width and shape of the
absorption line have a strong dependence on the internal interactions in the ferromagnet

(exchange interaction, dipetépole interaction, sphorbit interactio®@ ) as wel | as on
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and symmetry. Thus, FMR study provides very detailed information of the different properties of

the system under study.

AH

Figure 1. Graphical representation of the precession of the magnetization about uniform magnetic field in
the absence of an A.C magneticdid.

Equation 1.8 depicts a correct description of the system wbkeaergy losses are not
presentBearing that in mindEquation1.9 was suggested by L. D. Landau and E. M. Lifshitz

introducirg a damping term tBquationl.8:

— 140 |—6& & O (1.9)

whereU=a/ 92 M 4id$ mansobnal dampi ng par amedpele and

interaction in the ferromagnet

For pulsed remagnetizatiqorocessethe previous equatiols not precisethe increment
of the damping parameteés inversely proportionato the time of total reorientation of the

magnetization. In order to correct this issue, Gilbert modHegdation1.9:



— 140 —a — (1.10)

The first term on the rightand side represents the precessional torque and the second term
represents the Gilbert damping torque. In the limit of small damplhdyls << 1), Equation1.9

andl1.10are equivalent [P In the majority of experiments the relatioi Ms << 1 is true.

I n Gil bertés equation, the relaxation ter:
magnetization in time. Figureazhows a graphat representation of thisvo different torques
acting on the magnetization vector, while Figure 2miglastration of thetrajectory of thaime

dependent magnetizatiomder the action of damping

a) b)
MxdM AH

H
= |

o (&) )

M (1)

Figure 2: a) Schematics of tle magnetization vector (MJ,Jthe applied magnetic field (H), the precessional
torque (-M x H) and the Gilbert damping torque (M x 74). b) Damped precession of the magnetization

vector. The magnetization spirals down along the field direction and gradually approaches equilibrium
position.

1.2.2. Theory ofPrecessiorinduced Spin Pumping
Yaroslav Tserkovnyak and Arne Bratadeveloped the theory of spin pumping in 2002
to explainwhy the Gilbert damping constant was found to be dependent on the substrate and

capping layer of the ferromagnet. Their thedgmonstratethat the enhancement of the Gilbert



damping constant is due a transfer of spins between the ferromagnet and the adjacent normal
metal[4,10], i.e., the precessing magnetization vector transfers spin angular momettuthe

normal metal.

Tserkovnyak et al. [J0derived the adiabatic spin pumping theoria scattering theory.
Considering a Ferromagnetih-magnetic junction (FM/NM for future references)in the
absence of voltage bia® charge currents flow and if the magnetization is constant in time there
will be no spin currentOncean external magneticdid is applied, the magnetization of the FM

will start precessingransferring spin angular momentum to the Kfgure 3.

FM NM

‘__ Isback

Figure 3: At the interface between a ferromagnet and a normal metal, the precession of the magnetization
(m(t)) induces a spin current in the NM (KPU™). [Pk represents the spin current that flows back to the
ferromagnet. Figure based on reference [13].

The pumpedurrentis given by

0 L9 — 6 — (1.11)



whereA [ A iAjisthe spinpumpingconductance parametandm(t) is the unit vector of the

magnetization of the ferromagnet

The spinpumping conductance can be written in termstled transmisn and reflection

coefficients:

o ¢ o (1.12)

g Zbeing the complex interfacial mixing conductance ani Zthe transmission matrixin
ferromagnetic films thicker than their spioherence legth, t’ Zvanishes and the spin pumping

through the FM/NM interface is governed dfy?

Previouscalculations seem to indicate thats very small for Cu/Co and Fe/€k1], and
it vanishes in nonmagnetic tunnel barriers and in ballistic and diffusiveéaas [12].
ConsequentlyAi may be neglected in many systems. If that is the case, the spin current pumped

into the NM is:

i

0 —a — (1.13
whereg! s the real prt of the interfacial mixing conductance.

In order to generalize the theory of spin pumpamgl consider the spin buitdp in the
NM, the backflow of spin current into the FM<®Y has to be includedThe total spin

accumulédon can be written as

0 0 0 (1.14)



As a first approximation, ware going to assume<a 0. The model will be valid for
highly conductive metals with effective sgiip processes that preneany backscattering into

the FM[13]. Taking that into consideration, the total spin current transferred to the NM is:

) Lfa — (1.15)

Note thatl s represents the instam&@ous spirfpumping current at the interface. Pure spin
currents are not conserved in real systespss relax over the NM spin diffusion length and the
accumulated spin density diffuses across the N\ure 4. The spin accumulation diffuses

according td2, 13:

o 0— — (1.16)

where ¥ is the precessionfrequency, Us is the spin accumulation (difference in local
electrochemical potentials of up and down spibss the diffusion coefficient andis the spin
flip time.

Equation1.16 is valid for Wls << 1, that is, the spiilip relaxation can be treated as a
perturbation {is the transport mean free tim@he boundary conditions fd&quation1.16 are

set ty the continuity of the spin current at the interfage=(0) and the vanishing o for x = tn:
w TMOw T 00— (2.17)
W o0dg— T (1.18

where {; is the thi&kness of the normal metal aeghis the spin diffusion length.



Solving Equation 1.16 for the previousboundary conditions, wénd the spin current

density [3:

The spin accumulation in the metal produces a spin backflow into the FM. This effect can

be considered by replacimg 4n Equation1.15with an effective spimixing conductancees’ z
¢ — YO ;4 YO (1.20)

where 9 is the gyromagnetic ratioMls is the FM saturation magnetization T, tem is the
thickness of the Fiug is the Bohr magnetors is the microwave angular frequency aad is

the linewidth of the FMR sign§l.0].

Figure 4: In a real material, the spin current pumped at the interface builds up a spin acamulation
dependent on the position. This spin accumulation can relax by spiip scattering or flow back into the
ferromagnet. Figure based on reference [13].
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CombiningEquationsl.15,1.19and1.20, we obtaima final expression fars(X):

O S——— ¢ 4 — (1.21)

1.2.3. Spin Pumping Formulation in Thin Films
According toEquation1.21, Is depends on the viation of the magnetization with time
(i.e. the trajectory of the magnetization precessiém}hin films the magnetization precession
trajectoryis conditioned tdhe angle between the magnetization and the normal plane of the film
(Figure 5. The following section is dedicated to the formulation of the spin pumping theory

regardingthin films.

Figure 5: Graphical representation of the magnetization precession trajectory for different angles between
the magnetizationprecessionaxis and the film plane. a) Magnetizatin-precession axis perpendicular to the

film plane. b) Magnetization-precession axis oblique to the film plane. c¢) Magnetizatieprecession axis

parallel to the film plane. Figure based on reference H]
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In equilibrium conditions, we set the direction of the magnetizakibparallel to thez
axis (Figure 6 and neglect the magnetocrystalline anisotropy. The total effdeldas given in
terms of the external magnetic fidttland the static demagnetizing fidttd,. The demagnéting
magnetic fieldis conditioned to the shape and anisotropy of the ferromagihet terms for

Equationl.24 are taken from reference [[L4

(O] O O (1.22
where
om
O O SE — — (1.23
WeéE 4+ —
A
O 0 we+ QE—L (1.24)
Al-©

H is the strength of the &rnal magnetic fielddw anddy are the magnetization angle and the
external magnetic field angle toetmormal axis of the film pland-igure 6 [14]. M X Hef = 0

(static equilibrium condition) leads to th@lowing condition

COi ¢ — 0i Qe ™ (1.25

Now, taking into account an external ac fibld) and the consequent small precession of

the magnetizatiom(t) thatit induces:

O 6 00 006 Qb (1.26)

where
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Tt
06 T4 of Q¢ i Q (1.27)
(1.29)

Qo

G0 @ Q hQ ht (1.29)

hY
Figure 6: A schematic illustration of the coordinate system used for describing a ferroagnetic film (blue in
the figure). M and m(t) are the static and dynamic components of the magnetization. H is the external
magnetic field. dv and dn are the magnetization angle and the external magnetic field angle to the normal axis
of the film plane. Figure based on reference [14].

The resonance condition can be obtained fEgnation1.10, neglecting the external ac
field, the damping term and disregarding second order contributions from the precession

amplitude Equation1.30):

- 0 HEE — D HEc— O Qe — b GE— (1.30

We can now solve Equation1.10 for the different components of the time dependent

magnetizatiorm(t) by means of the relationgls setin Equationsl.25and1.30:

13



& o (1.31)

& o (1.32)

Finally, time averagingquationl.15for one period of precession and combining it with
Equationsl.31and1.32we find a general expression for the spin current density at the interface

between a thin film of a FM and a NM:

ng

0 (1.33

14



CHAPTER 2:
MODERATE POSITIVE SPIN HALL ANGLE IN URANIUM

2.1. Introduction

The preset chapter is based on the work publishedpplied Physics Letters [27].

Spin pumping has been studieda wide variety of materials, including transition metals
[2,14,13, organic materials[17] and twoedimensional crystals[18-20], among others.
Expeimentally, the pumped spin current can be detected as an enhancement of the Gilbert
damping in the ferromagnet. The injected spin current can be converted into an electrical signal
by the inverse spin Hall effect (ISHE) for ramagnetic layers with suffiently large spircharge
current interconversiof21, 22]. The latter has a figure of merit known as the spin Hall adgje,

defined as the ratio of the inject spin current and resulting charge current.

It is generally understood that the spirbit couping, and consequently the spin Hall
angle, scales as*Zbeing Z the atomic numbefl7, 18 23]. Indeed, most spin pumping and
ISHE studies concentrate on metals with high gpbit coupling[18-20, 24. However, a recent
systematic study with transitiametals shows that the spin Hall anglestrongly modulated by
the orbital filling andcan beomecomparable to that obtained in some heavy méi&ls This
indicates that the electronic structure is quite important in determining spin Hall condtivitie
and spin Hall angles, leaving the ultimate importance of the atomic natdsecondary level
Therefore, exploring higher atomic number elements in the periodic table is an important
direction for understanding the underlying mechanisms governingpineHall effect in non

magnetic materials.

15



As pointed out by Tanaket al [18-20, 23, the higher magnetic moment and the smaller
band splitting near the Fermi surface feélectron systems when compared dalectron
elements, place Lanthanides andiActi des as excell ent candidates
and orbital Hall effects. In this context, tlibapterreports the experimental realization of spin
pumping and subsequent electrical detection of the generated spin current in the actinide metal
Uranium, a supeheavy f-electron metal whose atomic number (Z = 92) is larger than any

element studied to date in the context of spintronics.

2.2. Sample Peparation

Thin layers of permalloy (Py; BbiFex) and bilayers of permalloy/uranium (Py/U) were
deposited using a dedicated actinide sputter deposition chg@ijlerDC magnetron sputtering
was employed to synthesize samples with thicknessgsand ¢ of 12.5nm and 3wm,
respectively. 3im of Nb was used as a capping layer to prevent oxidatioheofinderlying
films. The growth rates were held between 0.05 and 0.1 nm/s in an argon pressur&0sf 7
mbar at a temperature of 300 K. The films were deposited onto BK7 glass with rms surface

<0.5nm. Depleted uranium sputtering targets are comnigreizaailable.

2.3. FMR Measurements

2.3.1. Experimental setip
As explained irSectionl.2., in order to perform FMR studies a dc magnetic fizhdl a
perpendicular a.c. magnetic field need to be applied to the saimpmer experiment,hte d.c
magneticfield is applied using an electromagn€&igure 7a) with the capability of supplying
approximately 1 Tesla. The electromagnet can be rotated 360 degreels allows for the

16



angular dependence studies of the FMR signal. The a.c. magnetic field is ddlyiaxg@ng on
chip coplanar waveguides (CPW) fabricateth an insulating substrate (undoped Gabg)

means of optical lithograph§rigure 7).

The CPW design must follow specific guidelines to minimize losses. The most important
one being that the impedee throughout the entire CPW has to match the impedance of the

microwave source (50 Ohms). This fact sets a relationship between the central line and the gap

widths Figure 7 shows a picture of a CPW with its critical dimensio2g

Figure 7: a) Picture of the electromagnet used for the experiments. b) Optical image of a CPW patterned on a
GaAs substrate with a closer look that shows the dimensions of the central line and the gap. c) Picture of a
CPW mounted on the housing box.

To maximize the magnetic field lines density, the width of the central line is reduced in
the area where the sample is going to be pl§Zéd The pattern becomes wider at both ends in
order to facilitate the connection to the coaxials. The CPW is tla@eginside a custotuilt
housing box that will connect the CPW to the microwave source. The housing box containing the
CPW is attached to a solid proldeigure 79 that will be positioned between the poles of the

electromagnet.

17



Before proceeding to mea® the sample, the CPW must be characterized. The
transmissioncharacterization is done with an Agilent Technologies Performance Network
Analyzer (PNA).The PNA will send a microwave signal through port P1 and will measure the

signalreceived in porP2.The transmission spectra of one of our CPWs is showigire &.

The sample is then placed upsti®vn on top ofie CPW. During FMR measurements,
the dc magnetic field is swept while the PNA sends constant frequency microwave radiation and
measures #transmission coefficient. A Labview program is used to record the data and control

the different elements of the cint. A schematic of the setp is shown belowFigure &).

a) b) Vector Network Analyzer |

Sy;-Transmission

Port1 Port2
= i

KAV .

z Hy

: E% B

-35

s,,(dBm)

0 é 1‘0 1‘5 2‘0 2‘5
Frequency (GHz)

Figure 8: a) Transmission spectra of an orchip CPW measured with the PNA between 100MHz and 25GHz.
b) Schematic of the FMR measurement saip with the CPW situated betwen the two poles of the
electromagnet and connected to the two ports of the PNA. In this geometry, the ac magnetic field will oscillate
in the y direction while the dc magnetic field can be applied on the xz plane.

2.3.2 Results
The transmission absorption speatfathe two different set osamples(Py and Py/U)
were measured for frequencies up to 18 GHz with the external dc magnetapfiketl inplane
(Figure 9 ab). The observed frequency dependence of the FMR linewidth for the PRyAdd

samples is shown iRigure 10[27].
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Figure 9: In-plane FMR signals for. a) the Py/Nband b) the Py/U/Nbsamples at eipt different frequencies: 4
GHz, 6 GHz, 8 GHz, 10 GHz, 12 GHz, 14 GHz and 18 GHz
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Figure 10: Frequency dependence of the FMR linewidths for Py/Nb and Py/U/Nb samples.
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The presence of Uranium substantially increases the FMR fitlewait all frequencies,
while it does not alter the quality of the Py film (as inferred from the linear behavior of the data
and the zeravidth frequency intercepts). This implies an enhancement of the magnetic damping
of Py film due to spin pumping intthé¢ U layer. The damping is determined via the slope of the

linewidth with frequency, as per the phenomenological Gilbert damping rfi&jel

] 010 —"Q 2. 1)

The first term inEquation2.1is the frequency independent inhomogeneous broadening, which is
negligible in the samples studied here. The second term denotes the dynamical damping. The

extracted damping parameters liath samples are represented able 1

Table 1:Values of the damping parameterUand the Gilbert damping parameter G for the samples of Py and
Py/U. The Gilbert damping damping parameter is relaed toU a s » # , with 4 ;(=9.5kG) being the
saturation magnetization. The saturation magnetization is obtained from the dependence of the magnetic
field position of the FMR peak with frequency.

U G (GHz)
Py 9.6 10° 0.257
Py/U 1A% 105 0.384

The observed damping enhancem@®0%)can be understood as a direct consequence
of the spin pumping mechanism which transfers angular momentum from the ferromagnet into
the Uranium. The efficiency of spin pumping across the Py/U interface én diy the spin

mixing conductancgl3]:

Q — 1 7 | (2.2)



where tpy is the Py thickness. Using the damping parameters obtained from the lirewidth

frequency data and the sedtion magnetization of the H28]:

"F & yp ma (2.3

This value is comparable to those found in Py/heaeyal interfaces. One n#eto keep
in mind thatEquation2.2 assumes that no spins flow back into the iRy.fThis assumption
should hold for this thickness of Uranium owing to its large expectedosbihcoupling and
hence small spin diffusion length, which, while unknown at this moment, shoulat teast,

comparable to those found in heavy metalg,(1-4nm in Pt)[29,3Q.

This spin mixing conductance value should be tek®m@ lower bound for Py/since it
comes from comparison measurements between Py and Py/U samples, both capped with a 3nm
Nb layer. The Nb already contributes to the magnetic dagnpirthe Py/Nb control sample,
which enhances the damping slightly from thatsolated Py Consequently, using the damping
change observed between Py/Nb and Py/U/Nb samples would underestimate -iinéisgin

conductance of the Py/U interface.

2.4. ISHEMeasurements

2.4.1. Experimental setp
Next, we turn our attention to the experimental realization of-cipemge conversion in
Uranium. The sample was placed on the bottom plate dfigh-quality factor cylindrical
resonant cavityvith inner radius of 5cm and inner length of 3 crmachined out of a Copper

piece(Figure 11).
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(b)

Figure 11: a) Optical image of thecopper cavity b) Optical image of the top plate of the cavity. Tie metallic
circular loop is used b couplethe microwaveradiation from the sourceto the cavity.

Different Transverse Electric (TE) and Transverse Magnetic (TM) modes can be excited.

Each mode has a particular resonance frequdfigyre 12 identifies specific modes to their
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Figure 12: Reflexion spectra of the cavity for frequencies up to3GHz. The different TE and TM modes are

identified.
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resonance frequency.

The ISHE measurements were carried out by tuning the cavity to its: Tdde (8.54
GHz). The sample is placed such that thenefgneticfield is maximum andoarallel to the
direction of the current generated through KBEIE (Figures13a and 13b). This configuration
minimizesthe electric field components of the oscillating field along the ISHE field direction

avoiding interference with ¢hmeasurements

The rf field is then pulsemodulated at a few kHz, and the generated ISHE voltage
measured by a loek amplifier. The schematic of a typical ISHE maeement is depicted in
Figure 13c, wherein the precessing magnetization of the Pyutalbite yaxis) adiabatically

pumps a dc component of spin current into the U.

Figure 13 a) Schematics of the direction and magnitude (length) of the microwave magnetic field at the
bottom plate of the cavity for the TM o0 mode b) Color-coded plot of the magnitude of microwave magnetic
field at the bottom plate of the cavity. c)The schematic of ISHE experimentd is the angle between the
externally applied dc magnetic field and x direction. The spin currents are injected intaranium with
polarization along the yaxis. The spin gradient normal to the interface results in electromotive force along
the x-axis
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2.4.2. Results
The spin current generated from spin pumpiBguation 1.33) is converted into an
electromotive force ttough the Inverse Spin Hall effect. The equivalent circuit for the Py/U

bilayer is represented Figure 14b and the expression for the originated voltagé 43:

@ — 0 — 0 - 0 500 (2.4

whereRpy id the resistance of the Py filRy is the restance of the Uraniurfilm, Ic = ldu < j¢
> is the charge current creatégly is the conductivity of Py(u is the conductivity of Utpy is the
thicknes=of Py, tu is the thickness of Uy is the distance between the contacts hisathe length

of the sampléFigure 14a).

b —(V)—

Ry

Figure 14: a) Graphical representation of the Py/U sample, where w is the distance between the contakts,
the length of the sample, d is the thickness of Uranium and #y is the thickness of Permalloy b) Equivalent
circuit for the Py/U bilayer.

The spin current density and the charge current density are rilated spin hall angle,

dy, as follows:
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000 — — 600 (2.5)
<js> being the averaged spin current density:

60 — TQowQw (2. 6)
wherejs(x) is given byEquation 2.19

§0 —, ———0Qb —ode— 0 2.7)

Combining Equations2.5 and 2.7 and recovering the expression jgf for thin films with the

magnetization parallel to the filEEquation1.33):

ns

0 — - —0de— 10 — - —0de— (2.8)

Finally, substitutingequation2.8 into Equation2.4:

gy o < - <
, — Gr e b+ O~¢ 1 ¢
w o

(2.9)

2 R A

As observed fromEquation 2.9, the spin Hall angle depends on the magnitude of
measured ISHE voltagsignal,thusit is necessary to separate the ISHE signal from any other
unwanted voltage generation effect. One of the most common alternative voltage contributions
can be originated by the anisotropic magnetoresistance (AMR), which is due to a classical
induction effect of irplane oscillating magnetic fields within the film plai2e 30. Fortunately,
the AMR voltage is antisymmetric around the resonance [@ldcontrary to the symmetric

nature of the voltage geration expected from the ISHE, 22,23].
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Figure 15 shows the measured dc signal corresponding to the FMR resonance of the
sample with the dc magnetic field along opposite directions along-thésyd =90 and-90
degrees)In order to separate the ISHE voltage signal arising from tive mpmping in our
experiments, the obsevesignal (black circles ifrigure 14) is fitted (solid black line) using a

combination of symmetricp "O, and antisymmetriap O functions:

®0 ®0 @ O 2. 10)

©0 G— M 0 ¢ —— 2. 11)

whereHres is the FMR resonance field arzdis the resonance width extracted from the FMR

measurements.
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Figure 15: Field dependence of the measured dc voltage in Py/U (circles). The continuous lines are fits to a
sum of gymmetric and antisymmetric functions (shown for 90 degrees as dashed grey and blue lines,
respectively).
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The symmetric and antisymmetric contributions to the observed data are sHéiguaran
15 with gray and blue dashed lines, respectively. The pure NgHEge originated from the spin
pumping mechanism can be extracted from the peak value of the symmetric component at
resonanceFigure 15 also shows the switching of the induced voltage upon reversal of the
magnetic field polarity, thus confirming theumping of spins from the permalloy into the
uranium film. Perhaps the most conspicuous feature of these results is that the ISHE voltage

signal indicates that the spin Hall angle for U is posita8}.

According to spin pumping theory, the amplitudettee generatedpin currentdepends
on the microwave power proportionally to the camgle of magnetization precession in the
ferromagnet. As expected, the measured ISHE signal increabemierowave powelFigure
16a). The linear behavior of the ISHi#oltage with microwave power agrees well with the

expectation from spin pumpir{§igure 16b).
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Figure 16. a) Microwave power dependence of inverse spin Hall effect voltage signal in Py/U. The red arrow
points to the increasing nicrowave power diredion. b) Voltage amplitude for the symmetric and
antisymmetric signals. The symmetric contribution scales linearly with power, confirming the spin pumping
origin of the signal
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Finally, in order to quantify the spitharge current inteonversion efficiency in uranium
we proceed to calculate the spin Hall anfyem Equation2.9. The values for the different

parameters are shownTable 2

Table 2: Values of the different parameters used to calculate the spimall angle from Equation 3.9, where h is
the magnitude of the ac magnetic field an@sp the spin diffusion length of Uranium.

Qu 3.5 10° (qm)*
Opy 1.5 10° (qm)*
tu 3 10°m

try 12.5 10°m
w 1 10°m

Ms 0.95T

o) 2.06

h 0.86 10*T

9 2.28 1019 m?
VisHE 0.76 10°V
9sD 3 10°m

Since no data iavailable for the spin diffusn length in uranium, we have used
3nm (a value within the range of those found in Pt), noting that the obtained result from
Equation2.9 would not change much for 3nm. In addition, we note that the Nb capping
layer may contributéo the ISHE signal if not all spins are diffused within the dhiok U layer,
which will ultimately depend on the spin diffusion length of uranium. Due to the negative spin
Hall angle for Nb {0.0087)[22], the small fraction of spin current interconeettto electric
current in the Nb film would decrease the signal obtained from U, and lead to an underestimation
of the spin Hall angle of the latter, although this effect is expected to be minimal fongh&k

U film, since most spins would be absorlbedore reaching the Nb layer.
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With the values givenin Table 2 we find the spin Hall angle in uranium to be
— =0.004(0.4%)28]. Whereif we wereto use the spin mixing conductance estimated relative
to isolated Py;— would be about 30% ‘er, with all else constant. Surprisingly for such a high
atomic number material, this value is lower than that of Pt, the most common system explored
for spin pumping/ISHE experiments and for which there is still debate and different values

ranging from0.006 to 0.4 have been reported in the literafy80-32].

2.5. Conclusions

According to the rule of thumb that the sqirbit interaction is proportional to the atomic
number, platinum (Z 78) should present a lower spiharge interconversion effemcy than
uranium. This is contrary to our observations, which points to alternative explanations for the
origin of spirorbit coupling in metallic system&ollowing those same lineDu et al. have
recently reported a comprehensive study of spin pumaingM/NM interfacesusing several
transition metalg[16]. They found that the spin Hall angle in some of these elements is
comparable to that found in substantially heavier metats Pt), and that its value and sign do
not follow a proportional law wi the atomic weight within the studied series of elements.
Indeed, the authors find the spin Hall angle sign to oscillate within the series, being maximum
for Cr (— =-0.05) and Ni{ =0.05), and associate this behavior to a dominant rotbeal-
electron configuration in the spin Hall effect id @ements. More specifically, these authors find
that the effects of atomic number adébrbital filling are additive. For example, for elements
with filled electronic orbitals, such as in the Cuwj,AAg series, the atomic number is the most

relevant parameter governing sqarbit coupling because of their zeoobital momen{15, 16,
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24], while for transition metals with partially filled-orbitals, the orbital moment contribution is
dominant[15, 16, 24. It is likely that the same construction applies to Lanthanidfsa(tl
Actinides (5 metals), and that tHeorbital filling in elements of these series may govern the spin

Hall conductivities.

Our results clearly show there is novelty in thelectron systems: aside from the
moderate magnitude of the sgitall angle in uranium, its positive sign is incommensurate with
results of transition metals. Since its electronic configuration ([Rés?) has less than half
filling of both thed andf orbitals, one would have expected a negative spin Hall angle, as is
observed in transition metals. Perhaps, the strongapihcoupling in lanthanides and actinides
mixes the spin and orbital Hall effects in the same way that it makes only the toté&rangu
momentum,) = S+L, to be a good quantum number, and one should start thinking about the total
angular momentum Hall effect (JHE) to understand spintronics effeétsl@ttron systems. A
comprehensive study involving more elements on these seried ieulecessary to completely

understand the underlying physics behind the spin and orbital Hall effects in heavy metals.
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CHAPTER 3:
DYNAMICAL SPIN INJECTION IN GRAPHENE

3.1. Introduction

Commonly, the studies of dynamical spin pumping on FM/NM interfasesa heavy
element as the NM laygR, 16, 27, snce heavy metals presesfficient spin current to charge
current interconversiqras reported ihapter2. Nonethelessin the past fewears a great deal
of effort has been made towards exploring fuessibilities ofcarbonbased materials, such as
organic semiconductof83, 34, carbon nanotubg85], and graphenf86], for novel spintroris
applications. @aphenein particular,is a very promising spin channel materaling to high
electron mobilly [37], gatetunable charge carrier density, and remmperature long spin
diffusion length[38]. Above all mentionedadvantagesthe possibility ofenhancingspinorbit
coupling ingrapheneby either dopind39,4Q or by the proximity effec{41,49, is the most

promising one, as facilitates theelectrical manipulation apin currents in 2D systems.

Although spin pumping at FM/Gphene (FM/Gr)interfaces has already been
demonstratedil8, 19, 4246], the real nature of spin pumpiagd the spin relation processes
in graphene arstill poorly understoodAlong those lines). B. S. Mendegt al. [45] and S.
Dushenkoet al. [46] reported measurements gbin current to charge current interconversion
generated in FM/Gr devicesffering conflicting inerpretationgFigure 17a and 17b). On one
hand,Mendes and collaboratoassociated the results to the inverse Ra@idsdstein effectand
noted that the effect could not be ascribed to the 18uk=to the geometrical disposition of the

experiment(see Figure 17b). On theother hand S. Dushenkoet al. conducted the same
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experimem with the capability of gatingand observedhat theamplitude of the signalas
independent of the gatingltage far away from the Dirgmint. The absence of gate depende

made them conclud#at the effect could not be associated toRBshbaEdelsteineffect, since

the latter depends on the Fermlogity of the carriers, which would beodified by an electric

field in grapheneTherefore the detectedsignalhad to le originated from thdSHE. However,

they did not provide with a clear explanation of the impossibility to obtain an ISHE signal in the
plane of the devigesince it violates the required symmetry, i.e., that the spin polarization, spin
current and inducetSHE electric field must be orthogonal to each off@r © — 0 ).

For this, the spin current should flow into the graphene layer perpendicularly to the FM/graphene

interface, which obviously not possible given the real bidimexadity of singlelayer graphene
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Figure 17: a) Results obtained byM. Shirashi et al. with a schematic of the sample configuration. Figures
adapted from [46] b) Voltage signal measured in ann-plane configuration by J. B. S. Mendeset al. The inset
shows linear dependence of the voltage amplitude versus the microwave power. Figures adapted frds).[

The goal of the experiment proposed in the present chapterbettercomprehend the

processes involved kynamicalspininjection in FM/graphenenterfaces
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3.2. Setup and SamplerEparation

Damping studies performed Py Gr bilayers by our groufd9], show an enhancement of
the Gilbert damping parameter in the Py/Gr saroplg when graphene is protruding awfaym
a ferromagetic strip(Figure 18). The indicatedenhancementan only beassociatedvith the
loss of spin angular momentum of the &ytaken away by the graphene areas away from the
ferromagnet(i.e., spin pumping) Hence,the report provesthat when gaphene is nder the
ferromagnet no additional damping is observed. THike$y due a strong hybridization between
the ferromagnet and the graphene, andémausall the spins pumped into graphene flow back
into the ferromagnet, athere is nopossibility for thespins todecay since the wholearea
underneath is homogenously excit@therefore, if one is to measure #8HE in graphengthe
contacts of such device should be placed on a strip of graphene protruding away from the

ferromagnetind the external magnefield should be applied perpendicular to the plane

a) b)

5H (G)
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Figure 18 a) Sketches illustrating the strips used in the experiment1P] b) Out-of-plane frequency
dependences of the FMR linewidth of the three strips measured by S. Sinmrat al.[19].
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The proposed device schematics is illustrateBigure 19. Following the design, when
themagnetization of théerromagnet iglirectedperpendiculato the planef the devicgz-axis),
its precession willgeneratespin current in graphenwith spirs polarized in the z directioifhe
spinswill then decay away from the ferromagnet opposite directions for each of the strips
alongx-axis as seen fronthe figure Consideringtha® ¢ — 0 ,, thelSHE voltage will

be generatedlongthey-axis.

Figure 19: Schematic of the proposed device configuration. Two independent graphene strips protrude away

from the ferromagnet, the spins are pumped into graphene and decay along theditection. Note that the

spin current has opposite directions for the different
direction by inducing the ferromagnet FMR out of the plane of the film (zaxis).

It should be pointed outhat metallic ferromagnets cannot be duge this experiment
since theywould shunt the ISHE signalonsidering the large resistance tbé single layer
graphene stripsTo avoidthis, a ferromagnetic insulatpiYttrium Iron Garnet(YIG), will be

employed instead of Permalloy.

34















































































































































































































