
 

 

SPIN AND CHARGE TRANSPORT IN GRAPHENE BASED DEVICES 

 

 

by 

 

MARTA ANGUERA ANTONANA 

B.S. Universitat de Barcelona, 2011 

M.S. University of Central Florida, 2015 

 

A dissertation submitted in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy 

in the Department of Physics 

in the College of Science 

at the University of Central Florida 

Orlando, Florida 

 

 

 

Summer Term 

2017 

 

Major Profesor: Enrique del Barco 



  ii   

 

 

 

 

 

 

 

 

© 2017 Marta Anguera Antonana 

  



  iii   

 

ABSTRACT 

The present dissertation is comprehended in two main parts. The first part is focused on 

understanding the mechanisms behind spin current to charge current interconversion (i.e. the spin 

Hall angle), where the spin current is generated by means of spin pumping. The measurement of 

a positive spin Hall angle of magnitude 0.004 in Uranium is reported in Chapter 2. These results 

support the idea that the electronic configuration may be at least as important as the atomic 

number in governing spin Hall effects. In Chapter 3, the design of a spintronics device designed 

to interconvert charge and spin currents in CVD graphene is presented.  

The second part of the thesis is centered in the study of transport through single 

molecules with the use of three-terminal devices. The first evidence of a molecular double 

quantum dot is detailed in Chapter 5. The conclusions are supported by self-assembled 

monolayers (SAMs) and single-electron transistors (SETs) measurements. Using gold electrodes 

for SETs measurements has its disadvantages, two of the main ones 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 and have no absorption in the visible range. Along those lines, the 

development of a multilayer graphene-based SET is reported in Chapter 6. Finally, a new 

technique, based on CVD graphene transistors, that will allow three-terminal measurements on 

an STM is described in Chapter 7. 
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CHAPTER 1:  

INTRODUCTION: DYNAMICAL SPIN PUMPING  

1.1. Introduction 

The control and manipulation of the spin and charge of electrons in nanoscale systems 

has developed into a very active field of research during the past few years, prompted by 

possible applications in emerging technologies, for 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 smaller, non-volatile memory devices than 

standard CMOS [1]. 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 technique for obtaining pure spin 

currents: Dynamical spin injection. 

On the other hand, molecular electronics is another very promising substitute to silicon 

nanoelectronics [1]. The idea that single molecules could replace every electric component in a 

circuit represents a final miniaturization for devices [3]. Molecules have already been 

functionalized to act as diodes, transistors and switches, to name a few [2]. To advance in the 

field, the electronic properties of single-molecules must be studied and only few techniques 

allow the study of transmolecular conduction, scanning tunneling microscopy (STM) and single-

electron transistors (SETs) spectroscopy are two of them [2]. Chapter 5 demonstrates single-

molecule transport on a molecular double quantum dot, Chapter 6 reports the development of a 

multilayer graphene SET, and in Chapter 7 a newly developed STM technique is presented. 
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1.2. Dynamical Spin Pumping 

As indicated in the introduction, pure spin currents offer further advantages in spintronics 

applications: reduced power dissipation, absence of stray Oesterd fields, and decoupling of spin 

and charge, to name a few [2]. Different experimental techniques can be used to obtain spin 

currents, for instance: nonlocal electrical injection from ferromagnetic contacts; spin Hall effect; 

thermal gradients; and spin pumping. The present chapter focuses on the generation of spin 

current by dynamical spin injection or spin pumping. 

In spin pumping, the precessing magnetization of an externally excited ferromagnet 

undergoing ferromagnetic resonance (FMR) is dynamically coupled to the charge carriers in an 

adjacent non-magnetic system, resulting in a net transfer of spin angular momentum across the 

ferromagnet/non-magnetic (FM/NM) interface [4]. 

1.2.1. Ferromagnetic Resonance 

At microwave frequencies, spin resonance in ferromagnets is similar to nuclear and 

electron spin resonance [5]. In a system of electronic or nuclear spin moments, the resonance 

arises when there is a Zeeman splitting of the energy levels, as a result of a uniform magnetic 

field being applied, and the system absorbs energy from an oscillating magnetic field at the 

frequencies that correspond to the transitions between levels (Equation 1.1). [6] 

ᴐʖ ЎὉ  (1. 1) 

where ᴐ is the reduced Planckôs constant and ɤ is the frequency of the electromagnetic radiation.  
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The value of the energy difference between the levels m and n is defined by Equation 1.2: 

ЎὉ Ὣ‘Ўά Ὄ   (1. 2) 

where g is the Lande factor, µB is the Bohr magneton, æmmn is the difference of the magnetic 

quantum numbers of the states m and n and H0 is the external magnetic field [7]. 

Combining Equations 1.1 and 1.2 we obtain the resonant condition: 


 

ᴐ
Ўά Ὄ  (1. 3) 

The values of the differences æmmn are limited by selection rules, which for a dipole radiation 

and given that for a Zeeman multiplet all levels have different quantum number (m Í n), are the 

following: 

Ўά ρ (1. 4) 

For transitions that obey Ўά ρ, the plane of polarization is perpendicular to the applied 

external magnetic field H0. In other words, to achieve the resonance condition the oscillating 

magnetic field (Hac) must be perpendicular to H0 [8]. Taking into consideration selection rules 

and using Equation 1.3 we can write a simplified expression for ɤres: 

  Ὄ  (1. 5) 

where, 


 

ᴐ
Ὣ  (1. 6) 
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Sometimes it is more convenient in experiments to set a constant frequency and sweep the 

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

Ὄ   (1. 7) 

It is significant that we can express ɤres (Equation 1.5) without the Planckôs constant. 

Which means that it is possible to use a classical 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 an isolated atom and a ferromagnet is 

the strong exchange interaction between the electrons in the latter. Because of the exchange 

interaction, the uncompensated magnetic spin moments of the atoms in the ferromagnet orient 

parallel to each other, which leads to the need of an effective field in Equation 1.5. Due to the 

effective field, if the magnetization shifts from the equilibrium position it will start precessing 

around Heff at the Larmor frequency (Figure 1). The classical equation of motion that describes 

the system is: 

ά ( (1. 8) 

where m is the mean magnetization per unit volume, ɔ is the gyromagnetic ratio and H = Hac + 

H0 

Near the Larmor frequency the magnetic susceptibility depends on the frequency of the 

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, dipole-dipole interaction, spin-orbit interactioné) as well as on its shape 
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and symmetry. Thus, FMR study provides very detailed information of the different properties of 

the system under study. 

 

 

Figure 1: Graphical representation of the precession of the magnetization about a uniform magnetic field in 

the absence of an A.C magnetic field. 

Equation 1.8 depicts a correct description of the system when energy losses are not 

present. Bearing that in mind, Equation 1.9 was suggested by L. D. Landau and E. M. Lifshitz, 

introducing a damping term to Equation 1.8: 

ά Ὄ  ά ά Ὄ  (1. 9) 

where Ŭ = ɚ/ɔ M is a non-dimensional damping parameter and ɚ characterizes the dipole-dipole 

interaction in the ferromagnet. 

For pulsed remagnetization processes the previous equation is not precise, the increment 

of the damping parameter is inversely proportional to the time of total reorientation of the 

magnetization. In order to correct this issue, Gilbert modified Equation 1.9: 
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ά Ὄ ά  (1. 10) 

The first term on the right-hand side represents the precessional torque and the second term 

represents the Gilbert damping torque. In the limit of small damping (Ŭ / MS << 1), Equation 1.9 

and 1.10 are equivalent [9]. In the majority of experiments the relation Ŭ / MS << 1 is true. 

In Gilbertôs equation, the relaxation term is proportional to the rate of change of the 

magnetization in time. Figure 2a shows a graphical representation of the two different torques 

acting on the magnetization vector, while Figure 2b is an illustration of the trajectory of the time 

dependent magnetization under the action of damping. 

Figure 2: a) Schematics of the magnetization vector (M), the applied magnetic field (H), the precessional 

torque (-M x H) and the Gilbert damping torque (M x 
▀╜

▀◄
 ).  b) Damped precession of the magnetization 

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

position. 

1.2.2. Theory of Precession-Induced Spin Pumping 

Yaroslav Tserkovnyak and Arne Brataas developed the theory of spin pumping in 2002 

to explain why the Gilbert damping constant was found to be dependent on the substrate and 

capping layer of the ferromagnet. Their theory demonstrates that the enhancement of the Gilbert 
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damping constant is due to a transfer of spins between the ferromagnet and the adjacent normal 

metal [4,10], i.e., the precessing magnetization vector transfers spin angular momentum into the 

normal metal. 

Tserkovnyak et al. [10] derived the adiabatic spin pumping theory via scattering theory. 

Considering a Ferromagnet/non-magnetic junction (FM/NM for future references), in the 

absence of voltage bias no charge currents flow and if the magnetization is constant in time there 

will be no spin currents. Once an external magnetic field is applied, the magnetization of the FM 

will start precessing, transferring spin angular momentum to the NM (Figure 3).  

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 (ISpump). IS
back represents the spin current that flows back to the 

ferromagnet. Figure based on reference [13]. 

The pumped current is given by: 

Ὅ
ü
ὃά ὃ  (1. 11) 
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where A ſ Ar + iA i is the spin-pumping conductance parameter and m(t) is the unit vector of the 

magnetization of the ferromagnet.  

The spin-pumping conductance can be written in terms of the transmission and reflection 

coefficients: 

ὃ  ὫᴻȢ ὸᴻȢ (1. 12) 

gŷŹ being the complex interfacial mixing conductance and tŷŹ the transmission matrix. In 

ferromagnetic films thicker than their spin-coherence length, tŷŹ vanishes and the spin pumping 

through the FM/NM interface is governed by gŷŹ.  

Previous calculations seem to indicate that Ai is very small for Cu/Co and Fe/Cr [11], and 

it vanishes in nonmagnetic tunnel barriers and in ballistic and diffusive contacts [12]. 

Consequently, Ai may be neglected in many systems. If that is the case, the spin current pumped 

into the NM is: 

Ὅ
ü
ὫᴻȢά  (1. 13) 

where gr
ŷŹ is the real part of the interfacial mixing conductance. 

In order to generalize the theory of spin pumping and consider the spin build-up in the 

NM, the backflow of spin current into the FM (IS
back) has to be included. The total spin 

accumulation can be written as: 

Ὅ Ὅ Ὅ  (1. 14) 
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As a first approximation, we are going to assume IS
back å 0. The model will be valid for 

highly conductive metals with effective spin-flip processes that prevent any backscattering into 

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

)
ü
ὫᴻȢά  (1. 15) 

Note that IS represents the instantaneous spin-pumping current at the interface. Pure spin 

currents are not conserved in real systems, spins relax over the NM spin diffusion length and the 

accumulated spin density diffuses across the NM (Figure 4). The spin accumulation diffuses 

according to [2, 13]: 

Ὥ‘ Ὀ  (1. 16) 

where ɤ is the precession frequency, µS is the spin accumulation (difference in local 

electrochemical potentials of up and down spins), D is the diffusion coefficient and Űsf is the spin-

flip time. 

Equation 1.16 is valid for Ű/Űsf << 1 , that is, the spin-flip relaxation can be treated as a 

perturbation (Ű is the transport mean free time). The boundary conditions for Equation 1.16 are 

set by the continuity of the spin current at the interface (x = 0) and the vanishing of IS for x = tN: 

ὼ πȡ Ὅὼ π Ὀ  (1. 17) 

ὼ ὸȡ π (1. 18) 

where tN is the thickness of the normal metal and ɚsd is the spin diffusion length. 
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Solving Equation 1.16 for the previous boundary conditions, we find the spin current 

density [2]: 

Ὅὼ Ὅ
 

Ⱦ
 (1. 19) 

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

be considered by replacing gr
ŷŹ in Equation 1.15 with an effective spin mixing conductance geff

ŷŹ: 

ὫᴻȢ ЎὌ Ⱦ ЎὌ  (1. 20) 

where ɔ is the gyromagnetic ratio, MS is the FM saturation magnetization in T, tFM is the 

thickness of the FM, µB is the Bohr magneton, ɤf is the microwave angular frequency and æH is 

the linewidth of the FMR signal [10]. 

Figure 4: In a real material, the spin current pumped at the interface builds up a spin accumulation 

dependent on the position. This spin accumulation can relax by spin-flip scattering or flow back into the 

ferromagnet. Figure based on reference [13]. 
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Combining Equations 1.15, 1.19 and 1.20, we obtain a final expression for I s(x): 

Ὅὼ
ü

Ⱦ
ὫᴻȢ ά   (1. 21) 

1.2.3. Spin Pumping Formulation in Thin Films 

According to Equation 1.21, IS depends on the variation of the magnetization with time 

(i.e., the trajectory of the magnetization precession). In thin films the magnetization precession 

trajectory is conditioned to the 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 

regarding thin films. 

 

Figure 5: Graphical representation of the magnetization precession trajectory for different angles between 

the magnetization-precession axis and the film plane. a)  Magnetization-precession axis perpendicular to the 

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

parallel to the film plane. Figure based on reference [14] 
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In equilibrium conditions, we set the direction of the magnetization M parallel to the z 

axis (Figure 6) and neglect the magnetocrystalline anisotropy. The total effective field is given in 

terms of the external magnetic field H and the static demagnetizing field HM. The demagnetizing 

magnetic field is conditioned to the shape and anisotropy of the ferromagnet. The terms for 

Equation 1.24 are taken from reference [14]. 

Ὄ Ὄ Ὄ  (1. 22) 

where 

Ὄ Ὄ

π
ÓÉÎ — —
ὧέί — —

 (1. 23) 

Ὄ ὓὧέί—
π

ÓÉÎ—
ÃÏÓ—

 (1. 24) 

H is the strength of the external magnetic field, ɗM and ɗH are the magnetization angle and the 

external magnetic field angle to the normal axis of the film plane (Figure 6) [14]. M x Heff = 0 

(static equilibrium condition) leads to the following condition: 

ςὌίὭὲ— — ὓίὭὲς— π (1. 25) 

Now, taking into account an external ac field h(t) and the consequent small precession of 

the magnetization m(t) that it induces:  

Ὄ ὸ Ὄ Ὄ Ὄ ὸ Ὤὸ (1. 26) 

where 
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Ὄ ὸ τ“ά ὸίὭὲ—
π

ίὭὲ—
ὧέί—

 (1. 27) 

Ὤὸ
ὬὩ
π
π

 (1. 28) 

άὸ ά Ὡ ȟά Ὡ ȟπ (1. 29) 

 

Figure 6: A schematic illustration of the coordinate system used for describing a ferromagnetic film (blue in 

the figure). M and m(t) are the static and dynamic components of the magnetization. H is the external 

magnetic field. ɗM and ɗH 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 from Equation 1.10, neglecting the external ac 

field, the damping term and disregarding second order contributions from the precession 

amplitude (Equation 1.30): 

Ὄ ὧέί— — ὓὧέίς— Ὄ ὧέί— — ὓὧέί— (1. 30) 

We can now solve Equation 1.10 for the different components of the time dependent 

magnetization m(t) by means of the relationships set in Equations 1.25 and 1.30: 
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ά ὸ  (1. 31) 

ά ὸ  (1. 32) 

 

Finally, time averaging Equation 1.15 for one period of precession and combining it with 

Equations 1.31 and 1.32 we find a general expression for the spin current density at the interface 

between a thin film of a FM and a NM: 

Ὅ
ᴻȢ ü

 (1. 33)  
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CHAPTER 2:  

MODERATE POSITIVE SPIN HALL ANGLE IN URANIUM  

2.1. Introduction 

The present chapter is based on the work published in Applied Physics Letters [27]. 

Spin pumping has been studied in a wide variety of materials, including transition metals 

[2,14,15], organic materials [17] and two-dimensional crystals [18-20], among others. 

Experimentally, 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 non-magnetic layers with sufficiently large spin-charge 

current interconversion [21, 22]. The latter has a figure of merit known as the spin Hall angle, ɗH, 

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

It is generally understood that the spin-orbit coupling, and consequently the spin Hall 

angle, scales as Z4 (being Z the atomic number) [17, 18, 23]. Indeed, most spin pumping and 

ISHE studies concentrate on metals with high spin-orbit coupling [18-20, 24]. However, a recent 

systematic study with transition metals shows that the spin Hall angle is strongly modulated by 

the orbital filling and can become comparable to that obtained in some heavy metals [18]. This 

indicates that the electronic structure is quite important in determining spin Hall conductivities 

and spin Hall angles, leaving the ultimate importance of the atomic number at a secondary level. 

Therefore, exploring higher atomic number elements in the periodic table is an important 

direction for understanding the underlying mechanisms governing the spin Hall effect in non-

magnetic materials.  
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As pointed out by Tanaka et al. [18-20, 23], the higher magnetic moment and the smaller 

band splitting near the Fermi surface of f-electron systems when compared to d-electron 

elements, place Lanthanides and Actinides as excellent candidates to display ñgiantò spin Hall 

and orbital Hall effects. In this context, this chapter reports the experimental realization of spin 

pumping and subsequent electrical detection of the generated spin current in the actinide metal 

Uranium, a super-heavy f-electron metal whose atomic number (Z = 92) is larger than any 

element studied to date in the context of spintronics. 

2.2. Sample Preparation 

Thin layers of permalloy (Py; Ni80Fe20) and bilayers of permalloy/uranium (Py/U) were 

deposited using a dedicated actinide sputter deposition chamber [25]. DC magnetron sputtering 

was employed to synthesize samples with thicknesses, tPy and tU of 12.5 nm and 3 nm, 

respectively. 3 nm of Nb was used as a capping layer to prevent oxidation of the underlying 

films. The growth rates were held between 0.05 and 0.1 nm/s in an argon pressure of 7 × 10-3 

mbar at a temperature of 300 K. The films were deposited onto BK7 glass with rms surface 

< 0.5 nm.  Depleted uranium sputtering targets are commercially available.  

2.3. FMR Measurements 

2.3.1. Experimental set-up 

As explained in Section 1.2., in order to perform FMR studies a dc magnetic field and a 

perpendicular a.c. magnetic field need to be applied to the sample. In our experiment, the d.c 

magnetic field is applied using an electromagnet (Figure 7a) with the capability of supplying 

approximately 1 Tesla. The electromagnet can be rotated 360 degrees, which allows for the 
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angular dependence studies of the FMR signal. The a.c. magnetic field is achieved by using on-

chip co-planar waveguides (CPW) fabricated on an insulating substrate (undoped GaAs) by 

means of optical lithography (Figure 7b). 

The CPW design must follow specific guidelines to minimize losses. The most important 

one being that the impedance 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 7b shows a picture of a CPW with its critical dimensions [26]. 

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 placed [27]. The pattern becomes wider at both ends in 

order to facilitate the connection to the coaxials. The CPW is then placed inside a custom-built 

housing box that will connect the CPW to the microwave source. The housing box containing the 

CPW is attached to a solid probe (Figure 7c) that will be positioned between the poles of the 

electromagnet. 
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Before proceeding to measure the sample, the CPW must be characterized. The 

transmission characterization is done with an Agilent Technologies Performance Network 

Analyzer (PNA). The PNA will send a microwave signal through port P1 and will measure the 

signal received in port P2. The transmission spectra of one of our CPWs is shown in Figure 8a.  

The sample is then placed upside-down on top of the CPW. During FMR measurements, 

the dc magnetic field is swept while the PNA sends constant frequency microwave radiation and 

measures the transmission coefficient. A Labview program is used to record the data and control 

the different elements of the circuit. A schematic of the set-up is shown below (Figure 8b). 

Figure 8: a) Transmission spectra of an on-chip CPW measured with the PNA between 100MHz and 25GHz. 

b) Schematic of the FMR measurement set-up with the CPW situated between 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 spectra of the two different set of samples (Py and Py/U) 

were measured for frequencies up to 18 GHz with the external dc magnetic field applied in-plane 

(Figure 9 a-b). The observed frequency dependence of the FMR linewidth for the Py and Py/U 

samples is shown in Figure 10 [27].  
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Figure 9: In -plane FMR signals for: a) the Py/Nb and b) the Py/U/Nb samples at eight different frequencies: 4 

GHz, 6 GHz, 8 GHz, 10 GHz, 12 GHz, 14 GHz and 18 GHz. 

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 linewidth at all frequencies, 

while it does not alter the quality of the Py film (as inferred from the linear behavior of the data 

and the zero-width frequency intercepts). This implies an enhancement of the magnetic damping 

of Py film due to spin pumping into the U layer. The damping is determined via the slope of the 

linewidth with frequency, as per the phenomenological Gilbert damping model [13]: 

Ὄ  Ὄ  Ѝ
 Ὢ  (2. 1)    

The first term in Equation 2.1 is the frequency independent inhomogeneous broadening, which is 

negligible in the samples studied here. The second term denotes the dynamical damping. The 

extracted damping parameters for both samples are represented in Table 1: 

Table 1:Values of the damping parameter Ŭ and the Gilbert damping parameter G for the samples of Py and 

Py/U. The Gilbert damping damping parameter is related to Ŭ as ἑ ♪♬╜▼, with ╜▼ (= 9.5 kG) being the 

saturation magnetization. The saturation magnetization is obtained from the dependence of the magnetic 

field position of the FMR peak with frequency. 

 Ŭ G (GHz) 

Py 
9.6³10-3 0.257 

Py/U 
14.3³10-3 

0.384 

 

The observed damping enhancement (150%) 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 is given by the spin-

mixing conductance [13]: 

Ὣ   Ⱦ                                                    (2. 2) 
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where tPy is the Py thickness. Using the damping parameters obtained from the linewidth-

frequency data and the saturation magnetization of the Py [28]: 

ὫᴻȢ ςȢςψρπά  (2. 3) 

This value is comparable to those found in Py/heavy-metal interfaces. One needs to keep 

in mind that Equation 2.2 assumes that no spins flow back into the Py film. This assumption 

should hold for this thickness of Uranium owing to its large expected spin-orbit coupling and 

hence small spin diffusion length, which, while unknown at this moment, should be, at least, 

comparable to those found in heavy metals (e.g., 1-4nm in Pt) [29,30].  

This spin mixing conductance value should be taken as a lower bound for Py/U 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 damping in the Py/Nb control sample, 

which enhances the damping slightly from that of isolated Py. Consequently, using the damping 

change observed between Py/Nb and Py/U/Nb samples would underestimate the spin-mixing 

conductance of the Py/U interface.  

2.4. ISHE Measurements 

2.4.1. Experimental set-up 

Next, we turn our attention to the experimental realization of spin-charge conversion in 

Uranium. The sample was placed on the bottom plate of a high-quality factor cylindrical 

resonant cavity with inner radius of 1.75 cm and inner length of 3 cm, machined out of a Copper 

piece (Figure 11).  



  22  

 

Figure 12: Reflexion spectra of the cavity for frequencies up to 15 GHz. The different TE and TM modes are 

identified. 

Figure 11: a) Optical image of the copper cavity b) Optical image of the top plate of the cavity. The metallic 

circular loop is used to couple the microwave radiation from the source to the cavity. 

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

Each mode has a particular resonance frequency. Figure 12 identifies specific modes to their 
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resonance frequency.  

The ISHE measurements were carried out by tuning the cavity to its TM011 mode (8.54 

GHz). The sample is placed such that the rf magnetic field is maximum and parallel to the 

direction of the current generated through the ISHE (Figures 13a and 13b). This configuration 

minimizes the electric field components of the oscillating field along the ISHE field direction, 

avoiding interference with the measurements.  

The rf field is then pulse-modulated at a few kHz, and the generated ISHE voltage 

measured by a lock-in amplifier. The schematic of a typical ISHE measurement is depicted in 

Figure 13c, wherein the precessing magnetization of the Py (about the y-axis) 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 001 mode.  b) Color-coded plot of the magnitude of microwave magnetic 

field at the bottom plate of the cavity. c) The schematic of ISHE experiment, ɗ is the angle between the 

externally applied dc magnetic field and x direction. The spin currents are injected into uranium with 

polarization along the y-axis. 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 pumping (Equation 1.33) is converted into an 

electromotive force through the Inverse Spin Hall effect. The equivalent circuit for the Py/U 

bilayer is represented in Figure 14b and the expression for the originated voltage is [14]: 

ὠ Ὅ Ὅ Ὅ ộὮỚ (2. 4) 

where RPy id the resistance of the Py film, RU is the resistance of the Uranium film, IC = ldU < j c 

>  is the charge current created, ůPy is the conductivity of Py, ůU is the conductivity of U, tPy is the 

thickness of Py, tU is the thickness of U, w is the distance between the contacts and l is the length 

of the sample (Figure 14a). 

 

Figure 14: a) Graphical representation of the Py/U sample, where w is the distance between the contacts, l is 

the length of the sample, tU is the thickness of Uranium and tPy is the thickness of Permalloy b) Equivalent 

circuit for the Py/U bilayer. 

 The spin current density and the charge current density are related by the spin hall angle, 

ɗH, as follows: 
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ộὮỚ —
ü
ộὮỚ (2. 5) 

 <j S>  being the averaged spin current density: 

ộὮỚ ᷿ ὮὼὨὼ (2. 6) 

where jS (x) is given by Equation 2.19: 

ộὮỚ ᷿
 

Ⱦ
ὮὨὼ ὸὥὲὬ Ὦ (2. 7) 

Combining Equations 2.5 and 2.7 and recovering the expression of jS
0 for thin films with the 

magnetization parallel to the film (Equation 1.33): 

ộὮỚ —
ü

ὸὥὲὬ Ὦ —
ü

ὸὥὲὬ
ᴻȢ ü

 (2. 8) 

Finally, substituting Equation 2.8 into Equation 2.4: 

ὠ
 

ὸὟ

ς‗ίὨ 
ᴐ

Çὶ
ςὬςüὓὛ ὓὛ

ςς τς

ψ“ς ὓὛ
ςς τς

 (2. 9) 

As observed from Equation 2.9, the spin Hall angle depends on the magnitude of 

measured ISHE voltage signal, thus it 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 in-plane oscillating magnetic fields within the film plane [2, 30]. Fortunately, 

the AMR voltage is antisymmetric around the resonance field [2], contrary to the symmetric 

nature of the voltage generation expected from the ISHE [2, 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 the y-axis (ɗ = 90 and -90 

degrees). In order to separate the ISHE voltage signal arising from the spin pumping in our 

experiments, the observed signal (black circles in Figure 14) is fitted (solid black line) using a 

combination of symmetric, ὠ Ὄ , and antisymmetric, ὠ Ὄ  functions: 

ὠὌ ὠ Ὄ ὠ Ὄ                                                        (2. 10) 

ὠ Ὄ ὠ
 
  Ƞὠ Ὄ ὠ

 
                               (2. 11) 

where Hres is the FMR resonance field and ɜ is the resonance width extracted from the FMR 

measurements.  

Figure 15: Field dependence of the measured dc voltage in Py/U (circles). The continuous lines are fits to a 

sum of symmetric 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 shown in Figure 

15 with gray and blue dashed lines, respectively. The pure ISHE voltage originated from the spin 

pumping mechanism can be extracted from the peak value of the symmetric component at 

resonance. Figure 15 also shows the switching of the induced voltage upon reversal of the 

magnetic field polarity, thus confirming the pumping 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 positive [28].   

According to spin pumping theory, the amplitude of the generated spin current depends 

on the microwave power proportionally to the cone-angle of magnetization precession in the 

ferromagnet. As expected, the measured ISHE signal increases with microwave power (Figure 

16a). The linear behavior of the ISHE voltage with microwave power agrees well with the 

expectation from spin pumping (Figure 16b). 

Figure 16: a) Microwave power dependence of inverse spin Hall effect voltage signal in Py/U. The red arrow 

points to the increasing microwave power direction. 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 spin-charge current interconversion efficiency in uranium 

we proceed to calculate the spin Hall angle from Equation 2.9. The values for the different 

parameters are shown in Table 2. 

Table 2: Values of the different parameters used to calculate the spin hall angle from Equation 3.9, where h is 

the magnitude of the ac magnetic field and ɚSD the spin diffusion length of Uranium. 

ůU 3.5 106 (ɋm)-1 

ůPy 1.5 106 (ɋm)-1 

tU 3 10-9 m 

tPy 12.5 10-9 m 

w 1 10-3 m 

MS 0.95 T 

ɔ 2.06 

h 0.86 10-4 T  

gr  2.28 1019 m-2 

VISHE 0.76 10-6 V 

ɚSD 3 10-9 m 

Since no data is available for the spin diffusion length in uranium, we have used ‗  

3 nm (a value within the range of those found in Pt), noting that the obtained result from 

Equation 2.9 would not change much for ‗  3 nm.  In addition, we note that the Nb capping 

layer may contribute to the ISHE signal if not all spins are diffused within the 3nm-thick 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 interconverted to 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 for a 3 nm-thick 

U film, since most spins would be absorbed before reaching the Nb layer.   
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With the values given in Table 2 we find the spin Hall angle in uranium to be 

—  = 0.004(0.4%) [28].  Where if we were to use the spin mixing conductance estimated relative 

to isolated Py, —  would be about 30% lower, 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 from 0.006 to 0.4 have been reported in the literature [2, 30-32].  

2.5. Conclusions 

According to the rule of thumb that the spin-orbit interaction is proportional to the atomic 

number, platinum (Z = 78) should present a lower spin-charge interconversion efficiency than 

uranium.  This is contrary to our observations, which points to alternative explanations for the 

origin of spin-orbit coupling in metallic systems. Following those same lines, Du et al. have 

recently reported a comprehensive study of spin pumping at FM/NM interfaces using several 

transition metals [16]. They found that the spin Hall angle in some of these elements is 

comparable to that found in substantially heavier metals (e.g., Pt), and that its value and sign do 

not follow a proportional law with 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 role of the d-

electron configuration in the spin Hall effect in 3d elements. More specifically, these authors find 

that the effects of atomic number and d-orbital filling are additive. For example, for elements 

with filled electronic orbitals, such as in the Cu, Au, Ag series, the atomic number is the most 

relevant parameter governing spin-orbit coupling because of their zero orbital moment [15, 16, 
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24], while for transition metals with partially filled d-orbitals, the orbital moment contribution is 

dominant [15, 16, 24]. It is likely that the same construction applies to Lanthanides (4f) and 

Actinides (5f metals), and that the f-orbital filling in elements of these series may govern the spin 

Hall conductivities.  

Our results clearly show there is novelty in the f-electron systems: aside from the 

moderate magnitude of the spin-Hall angle in uranium, its positive sign is incommensurate with 

results of transition metals. Since its electronic configuration ([Rn]5f36d17s2) has less than half 

filling of both the d and f orbitals, one would have expected a negative spin Hall angle, as is 

observed in transition metals. Perhaps, the strong spin-orbit coupling in lanthanides and actinides 

mixes the spin and orbital Hall effects in the same way that it makes only the total angular 

momentum, J = S+L, to be a good quantum number, and one should start thinking about the total 

angular momentum Hall effect (JHE) to understand spintronics effects in f-electron systems. A 

comprehensive study involving more elements on these series would be necessary 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 interfaces use a heavy 

element as the NM layer [2, 16, 27], since heavy metals present efficient spin current to charge 

current interconversion, as reported in Chapter 2. Nonetheless, in the past few years, a great deal 

of effort has been made towards exploring the possibilities of carbon-based materials, such as 

organic semiconductors [33, 34], carbon nanotubes [35], and graphene [36], for novel spintronics 

applications. Graphene, in particular, is a very promising spin channel material owing to high 

electron mobility [37], gate-tunable charge carrier density, and room-temperature long spin-

diffusion length [38]. Above all mentioned advantages, the possibility of enhancing spin-orbit 

coupling in graphene, by either doping [39,40] or by the proximity effect [41,42], is the most 

promising one, as it facilitates the electrical manipulation of spin currents in 2D systems. 

Although spin pumping at FM/Graphene (FM/Gr) interfaces has already been 

demonstrated [18, 19, 42-46], the real nature of spin pumping and the spin relaxation processes 

in graphene are still poorly understood. Along those lines, J. B. S. Mendes et al. [45] and S. 

Dushenko et al. [46] reported measurements of spin current to charge current interconversion 

generated in FM/Gr devices, offering conflicting interpretations (Figure 17a and 17b). On one 

hand, Mendes and collaborators associated the results to the inverse Rashba-Edelstein effect, and 

noted that the effect could not be ascribed to the ISHE due to the geometrical disposition of the 

experiment (see Figure 17b). On the other hand, S. Dushenko et al. conducted the same 
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experiment with the capability of gating, and observed that the amplitude of the signal was 

independent of the gating voltage far away from the Dirac point. The absence of gate dependence 

made them conclude that the effect could not be associated to the Rashba-Edelstein effect, since 

the latter depends on the Fermi velocity of the carriers, which would be modified by an electric 

field in graphene. Therefore, the detected signal had to be originated from the ISHE. However, 

they did not provide with a clear explanation of the impossibility to obtain an ISHE signal in the 

plane of the device, since it violates the required symmetry, i.e., that the spin polarization, spin 

current and induced ISHE electric field must be orthogonal to each other (Ὁ ᶿ—  ὐ  „). 

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

interface, which obviously not possible given the real bidimensionality of single-layer graphene.  

Figure 17: a) Results obtained by M. Shirashi et al. with a schematic of the sample configuration. Figures 

adapted from [46] b) Voltage signal measured in an in-plane configuration by J. B. S. Mendes et al. The inset 

shows linear dependence of the voltage amplitude versus the microwave power. Figures adapted from [45]. 

The goal of the experiment proposed in the present chapter is to better comprehend the 

processes involved in dynamical spin injection in FM/graphene interfaces. 
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3.2. Set-up and Sample Preparation 

Damping studies performed in Py/Gr bilayers by our group [19], show an enhancement of 

the Gilbert damping parameter in the Py/Gr sample only when graphene is protruding away from 

a ferromagnetic strip (Figure 18). The indicated enhancement can only be associated with the 

loss of spin angular momentum of the Py as taken away by the graphene areas away from the 

ferromagnet (i.e., spin pumping). Hence, the report proves that when graphene is under the 

ferromagnet no additional damping is observed. This is likely due a strong hybridization between 

the ferromagnet and the graphene, and/or because all the spins pumped into graphene flow back 

into the ferromagnet, as there is no possibility for the spins to decay, since the whole area 

underneath is homogenously excited. Therefore, if one is to measure the ISHE in graphene, the 

contacts of such device should be placed on a strip of graphene protruding away from the 

ferromagnet and the external magnetic field should be applied perpendicular to the plane. 

Figure 18: a) Sketches illustrating the strips used in the experiment [19] b) Out-of-plane frequency 

dependences of the FMR linewidth of the three strips measured by S. Simran et al. [19]. 
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The proposed device schematics is illustrated in Figure 19. Following the design, when 

the magnetization of the ferromagnet is directed perpendicular to the plane of the device (z-axis), 

its precession will generate spin current in graphene with spins polarized in the z direction. The 

spins will then decay away from the ferromagnet, in opposite directions for each of the strips, 

along x-axis as seen from the figure. Considering that Ὁ ᶿ—  ὐ  „, the ISHE voltage will 

be generated along the y-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 the x-direction. Note that the 

spin current has opposite directions for the different strips. The electric ýeld can be measured along the y 

direction by inducing the ferromagnet FMR out of the plane of the film (z-axis). 

It should be pointed out, that metallic ferromagnets cannot be used in this experiment, 

since they would shunt the ISHE signal considering the large resistance of the single layer 

graphene strips. To avoid this, a ferromagnetic insulator, Yttrium Iron Garnet (YIG), will be 

employed instead of Permalloy. 










































































































































