ABSTRACT
VETTER, ERIC PHILIP. Semiconductor Spintronics: Spin Transport and Dynamics in Organic,
Inorganic, and Hybrid Semiconductor Materials. (Under the direction of Drs. Jacob Jones and
Dali Sun).

Spin-based electronics seek to utilize the properties of electron spin in order to develop
next-generation devices with novel functionalities and applications. As with conventional
electronics, semiconductors play a critical role in spintronics by allowing for the active
manipulation of information carriers. The ability to control the transport and dynamics of spins
inside of a semiconductor material is a primary goal of spintronics. Towards this end, a thorough
understanding of spin behavior in different semiconductor materials warrants further
development. This dissertation investigates spin transport and dynamics in a variety of
semiconductor materials comprising inorganic, organic, and hybrid organic-inorganic
components with the aim of furthering the fundamental knowledge of these promising materials
for spintronics applications.

The first chapter of this thesis provides a brief overview of spintronics history and the
underlying physical phenomena that allow for the manipulation of spin-based devices. Spin
current generation and spin-to-charge interconversion are explained in the context of the spin
Hall and Rashba-Edelstein effects. Experimental methods for generating pure spin currents
through both continuous-wave microwave and ultrafast pulsed laser excitations are examined.

Chapter 2 details the experimental methods used to fabricate and measure the spintronics
devices studied in this thesis. The first half of this chapter discusses sample fabrication with
regard to vacuum deposition methods used for the development of magnetic thin films. The latter
half of this chapter discusses spin pumping measurements conducted at both room and low

temperature.



Chapter 3 represents the main body of this work and is split into three sections. The first
section deals with organic semiconductor spintronics and examines the major differences in spin
transport and spin relaxation in these materials as compared with their inorganic counterparts. A
manuscript about the effects of structural conformation on spin-orbit coupling in conjugated
polymers is detailed here. The following section touches on inorganic semiconductors and their
application in spintronics. Problems associated with spin injection into these materials and ways
to overcome them are discussed. A published manuscript investigating spintronic THz emission
from a NiFe/n-GaN heterostructure is reproduced here, and the effects of carrier concentration on
emitted THz intensity are analyzed. The last section of this chapter touches on the recent advent
of hybrid organic-inorganic perovskite semiconductor spintronics. Spin-dependent phenomena in
this class of materials is briefly discussed, followed by a publication on the observation of long
spin lifetimes in single crystal MAPbBTr3 as determined by oblique spin pumping studies.

Finally, Chapter 4 concludes this thesis and offers some future outlooks for the materials

discussed here.
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Chapter 1

Spintronics

The spin based devices described in this dissertation build on an extensive body of
research in the field of spintronics, and the first part of this chapter will provide a brief summary
of its history. The subsequent sections will review more recent progress and overview the

concepts of spin injection and detection.
1.1 History

Spintronics, a portmanteau of “spin electronics”, can trace its origin back to the discovery
of solid state electron tunneling in 1958 by Japanese researcher Leo Esaki, who was working for
Sony (then called Tokyo Tushin Kogyo) at that time. Dr. Esaki shared the 1973 Nobel Prize in
Physics along with Ivar Giaever, “for their experimental discoveries regarding tunneling
phenomena in semiconductors and superconductors, respectively.” [1]

His work paved the way for the subsequent discovery of tunnel magnetoresistance (TMR)
in 1975 by Michel Julliere, who observed electron tunneling between two ferromagnetic
electrodes separated by a semiconducting barrier in a Fe-Ge(amorphous)-Co tunnel junction [2].
The relative conductance of this device depended on the magnetization direction of the
respective electrodes as determined by the external magnetic field strength and direction in
conjunction with the electrodes’ differential coercivities, although the maximum
magnetoresistance was limited to about 14% at 4.2 K in his study. Julliére explained the resultant
magnetoresistance effect based on the spin polarization potential of the ferromagnets calculated
from the spin dependent density of states (DOS) at the Fermi energy. The Julliere model, as

depicted in Figure 1, expresses the
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Figure 1. Schematic illustration of Julliere’s tunnel magnetoresistance model depicting electron
tunneling in a ferromagnet / insulator / ferromagnet (F1/1/F2) tunnel junction with (a) parallel
and (b) antiparallel magnetization orientations. The spin-resolved density of states in the FM
metals have an exchange spin splitting of Aex. Red and blue arrows in the two ferromagnetic
regions are determined by the majority-spin sub-band and dashed lines represent spin-conserved

tunneling. This figure is taken from Ref. [3].

differences in device resistance for parallel (R,) and antiparallel (R,,) states, defined by the

external field direction, as:

Rap — R,  2PP,

TMR = =
R 1_P1P2

p

where the spin polarization P can be calculated from the spin dependent density of states D at the

Fermi energy Er by the relation:
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Figure 2. Schematic depictions of (a) resistor model for giant magnetoresistance; (b) spin-
dependent scattering at the interfaces between ferromagnetic and non-magnetic layers with
parallel (P) and antiparallel (AP) magnetizations; (c) spin-resolved density of states with parallel
and antiparallel configurations. E, Er, and N(E) are the electron energy, Fermi level, and density

of states, respectively. This figure is taken from Ref. [4].

A decade later, in the late 1980’s, the giant magnetoresistance (GMR) effect was

independently discovered by the research groups of Albert Fert and Peter Griinberg [5], [6], for



which Fert and Griinberg received the Nobel Prize in Physics in 2007. Their pioneering studies
on the antiferromagnetically exchange coupled magnetic multilayers of Fe/Cr/Fe grown by
molecular beam epitaxy demonstrated significant magnetoresistance of up to 50% at 4.2 K and
1.5% at room temperature. Their results showed that a spin polarized current traversing two
magnetic regions experienced spin-dependent scattering as determined by the local magnetic
orientation of the respective layers, as shown schematically in Figure 2, in agreement with the
two-channel transport model originally proposed by Nevill Mott in 1936 to explain the sudden
increase in resistivity of ferromagnetic metals when heated above their Curie temperature [7].
Here, conduction in magnetic metals can be treated as two independent channels, corresponding
to up-spin and down-spin electrons, for which the scattering rates are significantly different as a
result of their imbalanced density of states at the Fermi energy.

The technological ramifications related to the discoveries of TMR and GMR are immense
and omnipresent in the modern era, where magnetic storage devices taking advantage of these
effects have enabled the rapid progress of our present information age. In 1997, less than a
decade after the original discovery of GMR, commercial magnetic storage read heads based on
GMR went into production at IBM. The company was able to achieve an areal storage density of
1 Gbit/in? in a 16.8GB hard drive. This technology quickly became the industry standard until it
was supplanted by TMR-based heads in 2004, developed by Seagate. The new TMR devices
were able to achieve an areal density of 84 Gbit/in? initially, which has since improved to over a
Terabit/in? by 2014 [8]. Thus, in less than 20 years a two-order of magnitude increase in storage
density was accomplished in large part due to the initial discoveries of GMR and TMR. Further
advances in spintronics will continue to push these limits and enable unprecedented advances in

many other aspects of technology.



1.2 Spin-to-Charge Conversion

The discoveries and implementation of GMR and TMR effects laid the foundation for the
field of spintronics, yet the devices premised on these effects are still fundamentally electronic in
nature whereby a net flow of charge carriers is necessary for their primary functionality and thus
are subject to some of the same physical limitations as conventional electronics. However, more
recent progress in spintronics research has realized the ability to control and manipulate pure
‘spin currents’ where a transfer of angular momentum is achieved in the absence of any net
charge current, with important implications for the next generation of spin-based devices and
applications.

This following sections will detail the physical phenomena involved in the
interconversion between pure spin and charge currents in addition to the experimental techniques
used to access them. First we will focus on the spin Hall effect and its reciprocal the inverse spin
Hall effect, followed by the related but distinct Rashba Edelstein effect and its correspondent
inverse. Second we will detail two laboratory techniques used for probing these effects in
different material systems: ferromagnetic resonance, a continuous-wave microwave excitation
approach used for ‘spin-pumping’, and ultrafast demagnetization, which utilizes femtosecond
laser pulses to induce ultrafast spin currents.

1.2.1 Spin Hall and Inverse Spin Hall Effects

A major breakthrough related to the development of spintronics came with the ability to
harness pure spin currents and interconvert between them and traditional charge currents as a
way to exploit the electron spin degree of freedom for the transport, storage, and processing of
information. In a seminal paper published in 1971, Russian physicists Mikhail Dyakonov and

Vladimir Perel detailed a novel electron transport phenomenon whereby an unpolarized electrical
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Figure 3. Schematic illustrations of the Hall effect and spin Hall effect. The charge carriers are
assumed to be electronlike. In the Hall effect, the Lorentz force on the moving charges causes
charge imbalance; in the spin Hall effect skew scattering of the moving magnetic moments
causes spin imbalance, in a direction perpendicular to the current flow. In the Hall effect the
Fermi levels for up and down electrons are the same, and the difference in the Fermi levels at
both edges of the sample is the Hall voltage V. In the spin Hall effect the difference in the
Fermi levels for each spin at both edges of the sample is Vsy, but it is of opposite sign for spin

up and down electrons. This figure is taken from Ref. [9].



current passing through a semiconductor sample would generate a spin flow perpendicular to the
current direction moving from the bulk of the material to the surface [9]. This process results
from spin-orbit effects in electron scattering leading to spin accumulation at the respective
surfaces of the sample. The effect would later be re-predicted independently by Jorge E. Hirsch
in 1999, where he coined its term it in the titular paper ‘Spin Hall Effect’ that developed its
theory phenomenologically with impurity scattering [10]. A year later Zhang extended the effect
to the diffusive transport regime [11]. Despite the word ‘Hall’ in its name, the Spin Hall Effect
(SHE) is distinct from the classical Ordinary Hall Effect wherein the trajectory of charge carriers
is curved by the Lorentz force in the presence of a magnetic field with a component
perpendicular to the direction of their travel, as seen in Figure 3.

Roughly a decade after Dyakonov’s original prediction of the Spin Hall Effect, in 1983,
Dyakonov and Averkiev proposed an experimental method for the observation of its reciprocal
effect, now known as the Inverse Spin Hall Effect (ISHE), where a spin current passing through
a material with strong spin-orbit coupling would lead to the generation of a transverse charge
current [12]. A year later this would lead to the first experimental observations of this effect
being made by the group of V. G. Fleisher [13], [14], who used a circularly polarized laser to
excite a surface photocurrent in a sample of Gao.7sAlo.27As. The relation between spin and charge
currents due to the SHE and ISHE can be expressed as /. = J;6sy X a, where .. is the charge
current density, J is the spin current density, o is the spin polarization vector, and 6y, is the spin
Hall angle which can be regarded as a measure of the conversion efficiency between spin and

charge currents.



Figure 4. (a) Schematic illustration of the direct spin-Hall effect. Jc, Js, and ¢ denote a charge
current, the spatial direction of a spin current, and the spin-polarization vector of the spin current,
respectively. (b) Schematic illustration of the inverse spin-Hall effect. EisHg, Js, and ¢ denote the
electromotive force due to the inverse spin-Hall effect, the spatial direction of a spin current, and

the spin-polarization vector of the spin current, respectively. This figure is taken from Ref. [15].



It should be noted that the physical mechanism of spin current generation here as it
relates to spin-orbit coupling is extrinsic in nature, where carriers undergo spin-dependent Mott
scattering in the form of either skew scattering or the side-jump mechanism controlled by their
spin-orbit interaction with impurity centers [16]. An intrinsic mechanism exists where the
carriers’ trajectories themselves are distorted due to the combined effects of spin-orbit interaction
and inversion asymmetry within the material associated with a spin-dependent band structure,
which will be detailed in the following section in discussion with the Rashba-Edelstein effect.
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Figure 5. Two-dimensional images of (a) spin density ns and (b) reflectivity, R, for unstrained

GaAs measured at T =30 K and E = 10 mV um™. This figure is taken from Ref. [17].



While experimental observation of the Inverse Spin Hall Effect was thus established, it
took over 30 years from the inception of the Spin Hall Effect for its direct observation due to
limitations in the ability to unambiguously detect spin accumulation experimentally. However, in
the mid-2000’s it was ultimately achieved independently by the groups of David Awschalom
(UC Santa Barbara, US), through Kerr rotation spectroscopy on unstrained GaAs and strained
InGaAs films (see Figure 5) [17], and Tomas Jungwirth (University of Cambridge, UK), by
measuring the circular polarization of light emitted from LED structures based on a two-
dimensional hole gas in (Al,Ga)As/GaAs heterostructures [18]. These experimental
breakthroughs spawned an avalanche of subsequent research interest and publications in the field

of spintronics and opened the door for the fabrication of novel spin-based devices.

1.2.2 Rasbha-Edelstein and Inverse Rashba Edelstein Effects

In contrast to the SHE, an intrinsic spin-to-charge mechanism was first proposed by
Victor Edelstein in a seminal paper published in 1990 titled “Spin Polarization of Conduction
Electrons Induced by Electric Current in Two-Dimensional Asymmetric Electron Systems”,
which is known today as the Rashba-Edelstein Effect [19]. In his work, Edelstein laid out a
theory for the generation of spin polarized conduction electrons resulting from the passage of
charge current in a system lacking inversion symmetry at its surface or interfaces, such as in
quantum well heterostructures.

The root of this effect can be traced to the spin dependent band structure of the surface or
interface states where a lack of structural inversion symmetry in the direction perpendicular to
the two-dimensional plane, in addition to atomic spin-orbit coupling, results in the well-known
Rashba effect [20]. Here, the effect of the broken symmetry of the system can be added into the

Hamiltonian as an electric field and expressed naively as Hy = —az (o X p) - Z, where ap =
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— gugEy/2mc? is termed the Rashba parameter. The result is a momentum-dependent splitting
of spin bands in the reduced dimensional surface/interface region wherein spin and momentum
are now locked within each split branch. The Fermi contours of the spin-split bands trace out two
concentric circles with opposite spin helicities when viewed from the Z direction. In the Rashba-
Edelstein Effect (REE), a charge current injected into such a Rashba system perturbs the
equilibrium of the system by causing an imbalance in momentum and shifting the Fermi contours
with respect to one another, resulting in a two-dimensional spin accumulation orthogonal to the
current direction. Similarly, a spin current of a given spin polarization injected into the same
system causes a spin imbalance and shifts the contours in the reverse manner, thus generating an
orthogonal two-dimensional charge current manifesting the Inverse Rashba Edelstein Effect
(IREE) as depicted in Figure 6.

Mathematically, the expression for spin-to-charge conversion due to the Inverse Rashba

Edelstein Effect can be given as j3P « A,REE(Zh—e)jCZD x S, in direct analog to the equation for

ISHE, where a bulk spin current density j3P injected into a Rashba interface is converted into a

two-dimensional charge current density j2P with a conversion efficiency provided by A;zgg, the
Rashba-Edelstein length (The factor Zf converts units of spin current from J m?to A m?). The
Arreg 1S comparable to the spin Hall angle 6y, except that it is dimensional with units of length
due to the reduced dimensionality of the conversion process (A;ggr = j:z—z so the units do not
cancel out as they do for 85y). This ‘coherence length’ can be related to a Rashba coefficient, ag,
by Ajree = “RTS/h, where g is the relaxation time relating spin injection with spin-momentum

scattering and h is the Planck constant over 2. The Rashba coefficient, as with 6, typically
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Figure 6. (a) Schematic illustration of the spin Hall effect. (b) Momentum-dependent spin split
subbands plotted as red and blue parabolic lines. (c) Ilustration of REE, where a charge current
injected at the interface along —x induces a shift Akx of both Fermi contours resulting in spin
accumulation polarized along the y-axis due to inequivalence of the two contours. (d) llustration
of IREE, where a spin current injected perpendicularly with spin polarization along the y-axis
results in a net charge current generated orthogonally to the spin current injection and

polarization directions. This figure is taken from Ref. [21].
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increases with stronger spin-orbit coupling as is generally found in heavy elements such as Bi,
Pb, and Pt.

While it is obvious that broken symmetry should occur at the surface of a material or
interface of a heterostructure, it is also possible for a material system to possess bulk inversion
asymmetry such as in many well-studied 111-V uniaxial wurtzite compounds (e.g. GaAs, GaN,
AIN, etc.), with similar modifications of their band structures related to spin-orbit effects. This
bulk effect is referred to as the Dresselhaus effect [22], and may be present in conjunction with
the Rashba effect, with their relative strengths depending on the specific material system.
However, the result of this in terms of the orientation of the spin-momentum locked band
structure for this more complicated case is not easily defined and will not be touched on further

here.
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1.3 Experimental Techniques to Generate Pure Spin Currents

This section will review two experimentally relevant techniques used for the generation
of spin currents that allow for the probing of ISHE and IREE effects in various material systems.
It is useful in a laboratory setting to study spin-to-charge conversion rather than charge-to-spin
due to the difficulty of directly measuring spin accumulation, which typically requires ultra-
sensitive optical methods such as Magneto-Optical Kerr Effect (MOKE) spectroscopy and a
material with low spin-orbit coupling that allows for large spin diffusion lengths, whereas
measuring charge currents in the form of a voltage is comparatively easy.

The first half of this section will detail a continuous-wave (cw) excitation method
utilizing microwaves (typical frequencies on the order of ~1-20 GHz) to cause ferromagnetic
resonance in a magnetic thin film adjacent to a non-magnetic spin-orbit coupling material in the
presence of an external magnetic field. This technique is commonly referred to in the literature as
‘spin pumping’, and has been used to study spin injection into almost every class of material
including metals [15], semiconductors [23], topological insulators [24], superconductors [25],
etc.

The second half will discuss an ultrafast method where a pulsed femtosecond laser is
used to cause ultrafast demagnetization in a magnetic thin film and subsequently generate an
ultrafast, high-energy spin current that can travel into an adjacent spin-to-charge conversion
material. This ultrafast regime leads to interesting and novel physics that cannot be accessed
through traditional cw-excitation, and will be discussed here in the context of the spintronic

emission of terahertz radiation.
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1.3.1 Ferromagnetic Resonance and Spin Pumping

Ferromagnetic resonance (FMR) absorption was first discussed theoretically by Gans and
Loyarte [26] and Dorfmann [27] in the early 1920’s. However, a seminal theoretical paper
written by Laundau and Lifshitz in 1935 laid the fundamental foundation from which the current
understanding of FMR is derived, along with some later corrections by T. L. Gilbert [28]. The
experimental discovery of FMR was made by Griffiths at the Clarendon Laboratory at Oxford in
1946, where he performed resonance absorption experiments on thin film samples of Fe, Co, and
Ni as a function of microwave frequency with wavelengths on the order of 1-3 cm [29]. He
found that the energy lost by a high frequency current flowing through a conductor was
proportional to the product of the conductor’s electrical resistivity and magnetic permeability,
which could be used to determine its effective permeability at high frequency. In 1948, Charles
Kittel synthesized the results of Griffiths’ experiment and previous theoretical works to
quantitatively describe the FMR process in terms of the precessional motion of magnetization in

an applied magnetic field [30], [31]. Starting from the Larmor equation that connects resonance
frequency and applied field, wy = g er;ch (where w, is the resonant frequency, g is the
spectroscopic splitting factor of the electron spin, % is equivalent to the gyromagnetic ratio y

being the ratio of a particle’s magnetic moment to its angular momentum, and H is the applied

field) and combining it with the equation of motion of a magnetic moment under an applied
field, % = M x H (where J is the angular momentum per unit volume and M is the
magnetization), Kittel derived the famous equation linking the resonant frequency of a
ferromagnetic film to an external field as f = -~\/B(B + poM), where B is the resonant field,

which is now referred to as the Kittel formula.
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The precessional motion of the magnetization M in a solid material can be described by
the differential Landau-Lifshitz-Gilbert (LLG) equation, represented pictorially in Figure 7,
where in 1955 T. L. Gilbert through the work of his Ph.D. thesis improved upon the original
model proposed by Landau and Lifshitz by adding a time dependent damping term n [28] and is
fully expressed as:

dM dMy a

dM(t)
dt

where the first term in the expression describes the steady state precession of magnetization
under an effective magnetic field and the second term describes the dissipative precessional

damping where n = a is the dimensionless Gilbert damping parameter.

Figure 7. (Left) Precessional movement of magnetization M in response to rotational field H.

(Right) Motion of M for a constant applied field H. This figure is taken from Ref. [32].
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In a microscopic context, FMR can be described by the quantized absorption of a
radiofrequency field by Zeeman split electron energy levels due to the presence of an external
magnetic field. Microwave frequency electromagnetic radiation passing through a conductor,
such as in the stripline of a coplanar waveguide, can be used to produce a high frequency
magnetic field with energy E = hv. This rf-field may be absorbed by the Zeeman split energy
levels of a ferromagnetic material when the quantized splitting of its energy levels due to the
presence of an external field is exactly equal to the microwave energy, leading to microwave

absorption and the perturbation of the material’s equilibrium magnetization in the form of

magnetization precession (i.e. ferromagnetic resonance), as shown in Figure 8. This microwave

absorption possesses a Lorentzian line shape, and the addition of an ac magnetic field
modulation to the external dc field will modify the intensity of microwave absorption as :—;

resulting in a Lorentzian-derivative line shape.
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> H

Increasing
Figure 8. Zeeman splitting of energy levels and corresponding resonance absorption for a free
electron as a function of applied field. Arbitrary units are used for the vertical and horizontal

axes. This figure is taken from Ref. [33].

By fixing the microwave excitation at a constant frequency and sweeping the external

magnetic field (or vice-versa), the resonant field can be determined and plotted as a function of

2nf

frequency. Fitting of this relation to the Kittel equation in the form of (7)2 = Hyp(Hg + 4mtMy),

where Hy is the FMR resonant field, allows for determination of a ferromagnet’s saturation
magnetization (4w M,) and gyromagnetic ratio (y). Additionally, the linewidth of the FMR

absorption peak may be similarly plotted versus frequency to allow for the extraction of the
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dimensionless Gilbert damping parameter as a = %AH + H,, where AH is the microwave

absorption linewidth and H, is a frequency-independent linewidth contribution arising from
inhomogeneities in the sample film.

Under the resonance condition, the magnetization precession in a ferromagnetic (FM)
thin film generates a spin current that may be injected across an interface into an adjacent
paramagnetic (PM) material in a process known as spin pumping. Here, the damping of
magnetization precession induced by microwave excitation occurs in part due to the transfer of
spin angular momentum from the local precession of spins in the ferromagnet to conduction
electrons resulting in their polarization and the generation of a spin current that may then carry
this angular momentum into an adjacent material and transfer it to that material’s own

conduction electrons. Once inside the paramagnetic material, the injected spin current may be

converted into a transverse electromotive force inside the paramagnetic material by the ISHE and

detected as a voltage [34]. This spin current emission and subsequent transfer of angular
momentum also deprives the ferromagnet of magnetization, giving rise to an increase in the

magnetization precession relaxation manifested by an increase in the Gilbert damping factor a.
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Figure 9. (a) Illustration of a NigiFe1o/Pt bilayer device, where H is the external magnetic field.
(b) Schematic depiction of spin pumping and the ISHE. M(t) is the magnetization of the
ferromagnetic layer, EisHe is the electromotive force generated due to the ISHE, Js is the
diffusion direction of the spin current density, and o is the spin polarization vector. This figure is

taken from Ref. [15].

The spin current density created by spin pumping into a simple FM/PM bilayer system

can be derived from the LLG equation and ultimately expressed as [15]:

o Iy ER2R[AT My sin?0y, + / (4mM)2y2sint0,, + 4w?
Js = 8ma?[(4mM,)%y2sin*0y + 4w?]
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where gl is the real part of the spin mixing conductance - a parameter describing the efficiency
of spin injection across the FM/PM interface, h is the microwave-generated rf-field, 6,, is the
magnetization angle to the normal axis of the film plane, and w = 2rf where f is the microwave
frequency. Furthermore, understanding that the electric field produced by the ISHE has the
relation E;syr X js X o, the voltage produced by this spin-to-charge conversion process will in
turn be proportional to the spin current density and magnetization angle as Visyr  js sinfy,

resulting in the expression for the ISHE voltage as:

S Iy 2h2hsindy [4nMsysin?6y, + / (4nM)2y2sint0,, + 4w?
ISHE 8ra?[(4mM,)?y?sin*0, + 4w?]

The spin current injected into the PM layer will undergo exponential decay as a result of
spin relaxation, the magnitude of which is proportional to the material’s spin-orbit coupling and
spin diffusion length. Thus, the fractional spin current density present at any point in the PM
layer is a function of the layer thickness. A coordinate system can be defined for the FM/PM
bilayer where the FM magnetization is along the x-direction, the y-direction represents the
orthogonal in-plane direction, and the spin current propagation is along the z-direction normal to
the film plane. In this case, the spin current density present in the PM layer as a function of PM

layer thickness can be expressed as:

sinh[lel_ 2
Js (z) = dN ]_g
sinh (A—N)
N

where d is the PM layer thickness, Ay is the spin diffusion length of the PM material, and ;9 is
the spin current density at the interface where z = 0. Previously, it was explained that the relation

between charge and spin currents in the ISHE process is given by the relation J. = ;054 X 7,

which can be applied to the current coordinate system such that j.(z) = Oy (%e) js(z). The
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average charge current density generated during spin-to-charge conversion can be obtained by

integrating over the thickness of the PM layer:
1 2e\ A d
Goo = (=) | ez = 05y (5) L tanh (52) 9
dy/ Jo h

dy 22y
Furthermore, if the bilayer system is assumed to operate based on an equivalent parallel

dn

circuit model, the relation between charge current and ISHE voltage is simply expressed as
Visur = [ReRy/(Rr + R, = wloy + (dr/dy)or]”" (j.), where Ry and Ry, are the electrical
resistance of the respective ferromagnetic and paramagnetic layers, I, is the generated charge
current, w is the width of the ferromagnet, o and oy are the electrical conductivities of the
ferromagnetic and paramagnetic layers, and dp and dj are the respective layer thicknesses.
Combining this with the previous equation for average charge current density allows for the final

relation between observed ISHE voltage and film thickness in the form of:

dy
WHSHAN tanh (m) (26) o
dyoy + drog h /7’

Visng =

The importance of this mathematical determination is that it allows for the extraction of
the spin Hall angle and spin diffusion length from measurements of the ISHE voltage as a
function of PM film thickness using the spin pumping method. For example, in the prototypical
system NigiFe1o/Pt where the thickness of the Pt layer is systematically varied, the spin Hall
angle of Pt in a spin pumping study by Ando et al. was found to be 65, = 0.04, and the spin
diffusion length 1y = 10 nm [15]. This means that Pt is capable of converting an injected spin
current into a corresponding charge current with an efficiency of about 4%, although it should be

noted that this value varies significantly in the literature and is highly dependent on the material

and interface properties and quality.
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The spin diffusion length may be simply related to the spin relaxation time 74 and spin
diffusion constant D, using the Einstein relation where Ay = /Dt [14, 15]. Understanding the
spin relaxation time in materials is critically important for device applications as it determines
how long spin coherency, and thus information, may be retained. When the spin diffusion length
is unknown and a thickness dependent study is not practical, it may also be useful to perform
magnetic field angular dependent measurements of the ISHE voltage for its deduction in the PM
material being studied using spin pumping. The basis for this measurement harkens back to the
LLG equation described previously, where a magnetic field applied out-of-plane to the
ferromagnetic thin film at an angle 8 will result in a change of the angle of the magnetization-
precession axis ¢. In this situation, ¢ is not parallel to H due to the presence of a
demagnetization field in the ferromagnetic layer. Since the spin polarization vector ¢ of an
injected spin current during spin pumping is parallel to ¢, the ISHE voltage measured with a
constant transverse geometry will demonstrate an angular dependence where a maximum voltage
will be obtained when 8 = 0° and no voltage will be obtained when 8 = 90° (i.e. the applied
field is completely perpendicular to the film plane) as long as the spin lifetime in the material is
comparable to or larger than the Larmor precession time.

The Larmor frequency of magnetization precession is given as w; = yHp (recalling that

y and Hy are the gyromagnetic ratio and resonant field, respectively) and the corresponding spin

diffusion length at this frequency is 1,, = Ay /+/1 + iw,T,. The measured ISHE voltage is
proportional to the applied magnetic field angle and now dependent on the spin relaxation time

according to the expression [23]:

dy dn
Visug % js[cosOcos(6 — <p)J e %/ dz + sinBsin(6 — <P)f Re[e™#/%v]dz]
0 0
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This method has been used for the determination of spin lifetime in p-type Si, as shown
in Figure 10, finding that 7, = 9 ps which is significantly longer than that in the ferromagnetic
NigiFe1o layer where 7, = 9 f's. Later in this thesis, this methodology is applied to a single
crystal hybrid perovskite semiconductor material (MAPbBra/NigiFe1g) in order to observe a long

spin lifetime of up to 7, = 190 ps.
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Figure 10. (a) Schematic illustration of NigiFe19/p-Si bilayer with external magnetic field H
applied oblique to the film plane. M is the static component of the magnetization, 6 is the
magnetic field angle, and ¢ is the magnetization angle. (b) 8 dependence of the resonant field
Hewmr. (¢) 0 dependence of ¢ estimated using the LLG equation with measured values of Hrmr.
(d) 6 dependence of normalized ISHE voltage AVs overlaid with theoretical curves for different

spin relaxation times. This figure is taken from Ref. [23].
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1.3.1 Ultrafast Demagnetization and Spin Current Generation

In 1996, E. Beaurepaire et al. revealed the first experimental demonstration of laser-
induced demagnetization on ultrafast time scales where a ferromagnetic thin film of Ni was
shown to rapidly demagnetize within 1-2 picoseconds of an incident 60 femtosecond 620 nm
laser pulse [35]. This seminal work launched a flurry of subsequent experimental and theoretical
efforts to understand and explain this phenomenon, which was surprising given the classical
understanding of thermally and magnetically driven demagnetization that occurs on a
nanosecond time scale. By 1999, J. Gudde et al. were already able to show that the process
governing this ultrafast decay of magnetization in response to a fs laser pulse had an upper limit
of 50 fs, which was still limited by their ability to generate shorter laser pulses [36]. Subsequent
theoretical work by Zhang and Hubner provided the first comprehensive understanding of this
effect whereby the laser-induced ultrafast demagnetization of a ferromagnetic metal occurs due
to a cooperative effect of the external laser field and internal spin-orbit coupling of the material
[37].

Advancements in the theory were proposed by M. Battiato et al. and A. Eschenlohr et al.
describing the mechanism of ultrafast demagnetization in the superdiffusive regime [38], [39].
Here, absorption of photons from the incident femtosecond laser pulse by the metallic
ferromagnet results in the spin-conserved excitation of electrons, primarily from the d band at the
Fermi level to s p-like bands at higher energy, forming a non-equilibrium population of hot
electrons. In the context of superdiffusive transport, not only do the excited electrons in s p bands
have higher velocities (~ 1 nm/fs) but majority and minority spin carriers possess different
relaxation times giving majority carriers a longer mean free path than minority ones. As the

system evolves temporally this leads to a depletion of majority carriers and thus magnetization in
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the ferromagnetic film, which can be carried over into an adjacent material layer in the form of a
superdiffusive spin current.

However, while the generation of non-equilibrium hot electrons by a ferromagnet’s
absorption of a fs laser pulse is agreed upon, whether or not the demagnetization can be
explained by the superdiffusive model has been widely disputed in the literature. Studies
presented by the group of David Cahill, among others, argue instead that this process can be
understood entirely thermodynamically as a function of heat whereby differences in the
temperatures between electrons, magnons, and phonons drive spin current generation and
demagnetization [40]-[43].

Evidence for this thermally driven mechanism was provided by Choi et al. by using time-
domain magneto-optical Kerr effect (TR-MOKE) to examine spin transfer torque (STT) effects
at ultrafast time scales in a multilayer heterostructure consisting of Pt (30 nm) / FM1/ Cu (h) /
FM2, where FM1 comprised a [Co/Pt] multilayer with perpendicular magnetization and FM2
consisted of a CoFeB layer with in-plane magnetization (see Figure 11) [40]. Given the
extremely short inelastic mean free path of hot electrons in Pt (~5 nm), the 30 nm Pt layer is
sufficiently thick to separate hot electrons generated from an incident fs laser pulse from the
adjacent FM layer. Following laser excitation of the Pt, heat rapidly diffuses into the adjacent
FM1 layer causing demagnetization and spin current generation due to electron-magnon
coupling in conjunction with the transient differences in the temperatures of electron and
magnon reservoirs. Since FM1 has a perpendicular magnetization, the generated spin current
possesses a spin polarization perpendicular to the film plane as well. This spin current diffuses
through the adjacent Cu layer, which has a relatively long spin diffusion length on the order of

hundreds of
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Figure 11. Multilayer heterostructure studied by Choi et al. A femtosecond pump laser incident
on the Pt side generates and ultrafast temperature excursion. Thermal transport to the adjacent
ferromagnetic layer drives demagnetization and subsequent generation of a diffusive spin current
that leads to spin accumulation in the Cu layer. Spin transfer torque at the Cu/FM2 interface tilts
the magnetization of FM2 out of plane and the magnetization of FM2 begins to precess. This

figure is taken from Ref. [40].

nanometers due to its weak spin-orbit coupling, building up spin accumulation at the Cu/FM2
interface. This spin accumulation exerts a torque on the magnetization vector of FM2 due to the
orthogonal relation of the spin polarization of the spin current and in-plane magnetization of
FM2. The spin transfer torque results in transient precession of the FM2 layer, which is detected
on an ultrafast time scale by the TR-MOKE. The results of this experimental study are consistent
with diffusion based spin transport models, such as those described in previous sections of this
thesis.

Regardless of the exact mechanism of spin current generation, it is clear that fs laser
pulses can be used to create ultrafast bursts of spin current and raises the interesting prospect of
how spin-to-charge conversion processes operate at this time scale. In 2013, T. Kampfrath et al.

devised a scheme for the engineering and detection of ultrashort spin current bursts in metallic
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bilayer systems [44]. The authors in this study examined 10 nm thick Fe films capped by 2 nm of
either Au or Ru, which they excited using fs laser pulses. As the ultrafast spin current bursts
were injected into the heavy metal layer (Au or Ru), they were converted into a transient electric
field by the ISHE. The resulting electromagnetic pulse generated by this spin-to-charge
conversion process possessed a frequency in the terahertz range as detected through
electrooptical sampling. Incredibly, this generated THz transient was ultra-broadband in nature,
spanning from 0.3 — 4 THz in the case of Fe/Ru and 0.3 — >20 THz in the case of Fe/Au. The
broader frequency emission from the Au-capped sample was attributed to much faster dynamics
in Au as compared with Ru. Reversal of the magnetization direction of the Fe layer by reversing
the direction of an applied external magnetic field resulted in phase-reversal of the emitted THz
waveform. Not only did this provide critical evidence that the ISHE was responsible for the
observed behavior, but it also showed that THz emission could be tuned via an external field —a
key spintronic functionality. This seminal work opened the door to the study and design of
spintronic THz emitters, with possible applications for wireless communications, ultrafast
computing, and non-destructive examination. Additionally, it created a new avenue for the

fundamental investigation of spin dynamics at ultrafast time scales in solid state materials.
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Chapter 2

Experimental Methods

This chapter will briefly cover the experimental methods used to fabricate and

characterize the spintronics devices described in this dissertation.
2.1 Sample Fabrication

Spintronics devices are typically comprised of thin films that may be created through
various vacuum deposition methods. In the present work, physical vapor deposition was used for
the thermal evaporation of ferromagnetic, metallic, and oxide films using electron beam
evaporation and radiofrequency sputtering techniques. The substrate used for the deposition
process consists of either an inert, rigid medium (i.e. glass, sapphire substrates, etc.) or an active
material that serves a primary function in the ultimate device (i.e. semiconductor thin films or
single crystals).

2.1.1 Physical VVapor Deposition

Physical vapor deposition describes a variety of processes that allow for the atomistic
deposition of materials onto a suitable substrate in a vacuum environment. These processes
involve the vaporization of a material from its solid or liquid form, and subsequent transportation
of that gaseous matter along its mean free path. VVaporized material will condense onto a
substrate in its path and form a thin film with thicknesses ranging from nanometers to
micrometers. The rate of deposition here is typically on the order of 0.1 — 10 nanometers per
second. A vacuum environment with pressures on the order of 10> — 10°° Torr is utilized in order
to reduce scattering of the vapor material from ambient gas molecules or atoms, thus increasing

its mean free path [45].
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Figure 12. Sun Lab glove box deposition system at NC State University. (Left) Front side of the

instrument with N> filled glove box for handling air-sensitive samples. (Middle) Rear view of
dual deposition chambers connected by a central load lock. (Right) Interior view of deposition
chamber showing deposition sources, quartz crystal microbalance sensors, and samples stages

with heating and cooling capabilities.

The Sun Lab at NC State University possesses a glovebox-integrated physical vapor
vacuum deposition system with the capability of depositing a variety of metallic, organic, and
ceramic materials in a controlled, inert environment (see Figure 12). The glovebox integration is
particularly advantageous when working with materials that are sensitive to oxygen and humidity
in ambient conditions. Two primary methods used for depositing thin films in this system are e-

beam evaporation and rf sputtering, which are briefly detailed below.
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2.1.2 Electron Beam Evaporation

Figure 13. Electron beam evaporator used for deposition of ferromagnetic thin films, metallic

electrodes, and oxide insulating and/or capping layers.

Electron beam, or e-beam, evaporation is a method for transferring energy from a beam
of electrons into a target material causing it to evaporate or sublimate and then deposit onto a
corresponding substrate. The electron beam is generated by passing electric current through a
tungsten filament, resulting in resistive heating and thermal emission of electrons. A high voltage
applied between the filament and target material directs the emitted electrons towards the target.
Strong magnetic fields are used to both focus the electron beam and control its path such that it
impacts the bulk of the material being evaporated. As the material absorbs energy from the

incident electrons it is heated and either directly sublimates or melts into a liquid before
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evaporating. This deposition method may be used to evaporate an incredibly large library of
materials ranging from refractory metals to ceramic oxides, that would be otherwise inaccessible

to conventional resistive thermal evaporation.

2.1.3 RF Sputtering

Figure 14. An RF sputtering source is pictured in the bottom of the image. An adjacent QCM
sensor is used for monitoring film thickness during deposition. A substrate shutter between the

source and sample stage allows or prevents incoming vapor phase material hitting the substrate.

Sputtering is a physical, non-thermal vaporization process by which atoms are ejected
from the surface of a target material due to the transfer of kinetic energy from bombarding,

energetic ions accelerated from a nearby plasma. While reactive sputtering using a working gas
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such as oxygen or nitrogen is sometimes used in the deposition of certain materials, typically an
inert, heavy gas such as argon is used for the plasma source. A plasma is sustained by the
breakdown and ionization of this gas through the application of a strong bias voltage, as in the
case of dc sputtering, or an alternating electric potential, as used in rf sputtering. This plasma is
usually confined close to the target material being sputtered, which in turn is negatively charged
and acts as a cathode. Positively charged argon ions bombard the negatively charged target
material transferring their momentum to surface atoms in the target. A fine spray of atoms are
subsequently emitted from the target which may travel through the vacuum chamber along their
line-of-sight before condensing on a substrate.

The main advantage of rf sputtering over dc is that traditional dc sputtering can only be
performed on electrically conductive materials, like metals, whereas rf sputtering can be
performed on a wide variety of materials including semiconductors and dielectrics such as
aluminum oxide, silicon oxide, etc. The reason for this is that dielectric materials accumulate
charge on their surfaces and over time the buildup of positively charged ions at a dielectric
surface can prevent the mechanism of action for sputtering to occur. By applying a
radiofrequency alternating potential, the surface of the target material is effectively cleaned of
accumulated ions at the end of each full cycle. The addition of an impedance analyzing network
allows for automatic matching of the circuit impedance to a 50 Ohm load, thus providing optimal
power transfer from the generator to the plasma chamber. The main drawback of this method is
that deposition rates for metals are less than what can be achieved in a classic dc sputtering

system.
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3.1 Spin Pumping Measurements

Spin pumping measurements including FMR and ISHE are integral to understanding
material properties in spintronics devices such as the spin Hall angle and spin diffusion length.
Typically, a sample is mounted on a coplanar waveguide such that the ferromagnetic layer is
close to the microwave field source emanating from the central conductor, although direct
contact should be avoided to prevent possible short circuiting. Low temperature measurements
are crucial for examining material systems that exhibit phase transitions below room temperature
as it relates to magnetic ordering, superconductivity, structural ordering, etc. The Sun Lab at NC
State possesses the technical capabilities to perform spin pumping measurements at room
temperature in an open-air electromagnet, and from 1.8 — 300K in either a physical property

measurement system or custom superconducting vector magnet.

3.1.1 Room Temperature Electromagnet

Lock-in amplifier

Hall probe

Commercial FMR spectrometer

Microwave power supply

Electromagnet

Co-planar waveguide

Precision goniometer

Figure 15. Experimental setup for measuring FMR and ISHE at room temperature using a

benchtop electromagnet.
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Room temperature spin pumping measurements in ambient conditions are done using the
experimental setup pictured above in Figure X. A dc magnetic field is applied using a benchtop
electromagnet, and the field angle with respect to the sample may be varied using a precision
goniometer. The coplanar waveguide used here is composed of Au with a thickness of 44 pum.
The central conductor has a width of 200 um, with 150 pm ground spacings on either side. SMA
cables connect the microwave source to the waveguide and allow for the transmission of
microwave radiation. For FMR, a commercial spectrometer from NanOsc is used to measure
microwave absorption in conjunction with their proprietary measurement software through a
computer interface. For ISHE, a Keysight X-Series microwave signal generator is used to supply
modulated microwave excitation while the voltage generated from the spin-to-charge conversion
process is measured via a lock-in amplifier. A custom LabView program is used to read the

voltage output and control the magnetic field.
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3.1.2 Physical Property Measurement System

Figure 16. Quantum Design Physical Property Measurement System (PPMS) used for electronic

and magnetic characterization from 2 K to 300 K.

Low temperature spin pumping measurements may be performed for both in-plane and
out-of-plane directions using a Quantum Design Physical Property Measurement System (PPMS)
and variable temperature FMR probe from NanOsc. The QD PPMS can be used to apply a
magnetic field of up to 9 T and its cryostat can access temperatures ranging from 1.8 K to 300 K.
The in-plane and out-of-plane coplanar waveguides allow for measurements of magnetic systems
with planar or perpendicular magnetizations. The commercial NanOsc FMR spectrometer is used

with this system to perform FMR measurements.
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3.1.3 Superconducting Vector Magnet

Figure 17. Superconducting vector magnet for magnetic, electronic, and optical characterization

at cryogenic temperatures. A magnetic field of up to 1 T can be applied in three dimensions.

The Sun Lab is also equipped with a three-dimensional superconducting vector magnet
made by Cryomagnetics, Inc. that can be used to apply a magnetic field in any arbitrary direction
allowing for angular dependent spin pumping measurements. The maximum field limit for this
instrument is 6 T in the Z-direction and 1 T in the X and Y directions. A custom probe contains

both electrical and microwave connections enabling ISHE measurements.
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Chapter 3

Semiconductor Spintronics

The integration of semiconductor materials into spintronic devices holds great promise
for future devices and applications. Unlike their metallic counterparts, semiconductor material
properties can be tuned in order to produce novel functionalities through mechanisms such as
doping, electronic or optical gating, and band structure engineering, to name a few. This
additional level of control creates the possibility for advanced device designs and exciting
spintronics opportunities.

This chapter will discuss organic, inorganic, and hybrid semiconductor materials in the
context of spintronics. The first sections will focus on spin transport and spin-orbit coupling in
organic semiconductors, and include a publication discussing the effects of structural
conformation on these properties. The following sections will detail spin transport and dynamics
in inorganic semiconductors and include a manuscript examining the effects of carrier
concentration on spintronic THz emission in NiFe/n-GaN bilayers. Finally, the last part of this
chapter will discuss a promising class of hybrid organic-inorganic perovskite materials and
contain a study on spin relaxation times in a single crystal of the prototypical MAPbBTs.

3.1 Organic Semiconductor Spintronics

Organic semiconductors (OSCs) may possess many desirable traits for spintronics
applications such as long spin relaxation times [46], [47], efficient spin injection [48]-[50], facile
preparation methods [51], [52], mechanical flexibility [53], and a high degree of customizability

through molecular and chemical modification.
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Generally, organic semiconductors are primarily composed of light elements, such as
carbon, hydrogen, nitrogen, and oxygen, and thus typically exhibit very weak spin-orbit
coupling, large spin diffusion lengths, and weak to moderate hyperfine interaction (as a rule of
thumb, SOC « Z* where Z is the effective atomic number [54], [55]). These properties make
them interesting candidates for spin transport applications in the field of spintronics, where spin
coherence may be retained over macroscopic length scales and for long periods of time. That
being said, there are still many outstanding issues when it comes to device functionality and
fabrication with these materials. Carrier mobilities are substantially lower in organic
semiconductors (~10® — 102 cm?/Vs) as compared with common inorganic semiconductors such
as Si, Ge, or GaAs (~10? — 102 cm?/Vs). Depending on the OSC thickness, operating
temperature, and doping profile, conduction may occur either via direct tunneling, multistep
tunneling, hopping via localized states, or even band-like conduction [56]. Additionally, while
some of the beneficial characteristics of OSCs include their mechanical softness, flexibility, and
solution processability, these same boons can present significant problems and challenges for
device fabrication. Many of the standard semiconductor processing methods use strong organic
solvents for lithographic and cleaning steps that are deleterious to and incompatible with OSCs.
The surface profile of these organic materials may be much rougher than in inorganic
semiconductors since their solid state comprises a disordered arrangement of polymeric units as
opposed to close packed atoms with well-defined crystallographic planes. The
ferromagnet/organic interface presents both challenges and opportunities for engineering OSC
spintronics, as spin injection is highly sensitive to the hybridized bonding environment between
the metallic ferromagnet and highest occupied molecular orbital (HOMO) or lowest unoccupied

molecular orbital (LUMO) of the molecular material. Metal-organic bonds can modify the
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electronic configuration at the interface and induce strong modifications of the local spin-
dependent electronic properties (e.g. spin filtering). The formation of this spin-dependent hybrid
metal-organic interface is often termed the ‘spinterface’ in spintronics literature, and can be

useful for controlling or enhancing spin injection into OSC-based devices [57], [58].
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Figure 18. (a) Lateral organic spin valve used in the seminal observation of organic
magnetoresistance in sexithienyl. Figure is taken from Ref. [59]. (b) Vertical spin valve used for

measuring MR in an Alggs film. Figure is taken from Ref. [60].

The origin of organic semiconductors in spintronics can be traced to the discovery of
giant organic magnetoresistance (OMAR) and spin polarized injection in sexithienyl (Ts), a
prototypical m-conjugated molecule, by Dediu et al. in 2002 using a lateral spin valve
configuration comprised of Lao.67Sro.33MnO3z (LSMO) / Te / LSMO [59]. The authors in this
study observed strong magnetoresistance of up to 30% at room temperature in ambient
conditions and extracted a spin diffusion length of approximately 200 nm, indicating the promise
of OSCs for spintronics applications and initiating a flurry of research activity in this area. Two

years later, in 2004, Z. Xiong et al. investigated the small n-conjugated molecule 8-hydroxy-
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quinoline aluminum (Algs), most commonly found in organic light-emitting diodes, using a
vertical spin valve device structure to investigate spin injection and transport in this system as a
function of temperature [60]. Here, the Algs served as a spacer layer between a bottom
ferromagnetic electrode of Lao.s7Sro.33MnO3z (LSMO) and top ferromagnetic layer of Co. Their
report demonstrated significant spin-polarized carrier injection and a sizeable magnetoresistance
of up to 40% at 11 K. Since these seminal studies were published, a great deal of research effort
has been invested into understanding spin transport properties in organic spin valve and magnetic
tunnel junction devices. However, issues related to spurious effects from electronic
measurements and sample preparation have caused some confusion and conflicting results in the
literature [61]. In order to circumvent these challenges, some studies have sought to utilize the
spin pumping technique to examine organic semiconductors through the lens of pure spin
currents, which are not subject to impedance mismatch problems commonly observed in
electronic measurements.

In the first report of its kind, K. Ando et al. used spin pumping to investigate spin-to-
charge conversion in the organic semiconductor PEDOT:PSS, a highly conductive conjugated
polymer consisting of a mixture of polystyrene sulfonate (PSS) and poly(3,4-
ethylenedioxythiophene) (PEDOT) [62]. The authors devised a bilayer structure consisting of
Y3FesO12 (YIG) / PEDOT:PSS, where the ferromagnetic insulator Y1G was used in place of a
typical metallic ferromagnet in order to reduce spurious spin rectification signals such as
anisotropic magnetoresistance, anomalous Hall effect, spin backflow, or current shunting. FMR
and ISHE experiments conducted with this system revealed a small, but detectable, spin-to-
charge conversion occurring within the organic layer. The extracted spin Hall angle was

determined to be 85, ~ 10~7, almost 6 orders of magnitude smaller than what is typically seen
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in a heavy metal such as Pt, and the spin diffusion length was approximately Ay = 22 — 31 nm
yielding a long spin relaxation time of 7, = 5 — 11 us through the Einstein relation. These
results showed that despite the weak spin-orbit coupling in organic systems, significant spin
accumulation can be obtained aided by long spin lifetimes and thus OSCs may be eminently
suitable for spintronics applications. Furthermore, while the overall spin Hall angle was
remarkably low, a nuanced analysis of the results showed that this was in part due to a large
conductivity anisotropy in the PEDOT:PSS system whereby spin injection was hampered by
being present along the low mobility direction while the transverse charge current was generated
along the high mobility direction. Accounting for this anisotropy factor provided a conversion
efficiency comparable to that in Pt despite the weak SOC. This caveat in the understanding of
spin-to-charge conversion in this particular organic system is representative of the broader
challenges in organic spintronics, where the complex nature of disordered organic solids and
their carrier transport properties makes it difficult to pin down an exact understanding of spin-

dependent processes within them.
3.1.1 Spin Transport and Spin-Orbit Coupling in Organic Semiconductors

Spin transport in organic semiconductors is highly dependent on their carrier conduction
mechanism. In conjugated polymers, charge carriers are typically present in the form of polarons
due to the strong coupling of electrons and phonons, and they move through the material via
hopping between localized states [63]. These spin-1/2 polarons may undergo spin relaxation via
spin-flips from spin scattering centers promoted predominately by spin-orbit coupling or
hyperfine interaction. In highly doped polymeric systems, where polaron concentrations are in
excess of 10*® — 10" cm3, an exchange-mediated spin diffusion regime may be accessed wherein

exchange coupled spins on adjacent hopping sites may transmit angular momentum without
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requiring the physical movement of charges. Organic semiconductors characterized by such high
spin densities correspondingly exhibit spin diffusion lengths one or more orders of magnitude
higher than in those where exchange coupling is negligible [64].

While spin diffusion as it relates especially to spin-orbit coupling is relatively well
understood in inorganic solids, in organic solids molecules and polymers are disordered and can
possess different structural and conformational characteristics compared with their isolated
forms. SOC in this type of system where molecular orbitals depend on a variety of factors, for
example the torsion angle along a conjugated polymer’s backbone, warrants unique scrutiny. AS
proposed theoretically by Z. G. Yu in 2011 [65], the spin diffusion length in an organic

semiconductor may be expressed rather simply by the polaron hopping distance R normalized by
a spin admixture parameter y in the form of: 1, = % The spin admixture parameter provides a

measure of the organic system’s spin-0rbit coupling strength and is in turn dependent on
conformational characteristics. Examination of a simple biphenyl molecule, for example, found
that the introduction of torsion along the conjugated backbone increased the effective SOC by
orders of magnitude as the respective phenyl rings and their © systems deviated from planarity
and neared orthogonality. Additionally, an experimentally useful method for distinguishing the
origins of spin relaxation between SOC and hyperfine interaction (HFI) was proposed through
temperature dependent analysis of the spin diffusion length and spin diffusion constant, where
spin relaxation time and diffusion length should be linear with D and increase rapidly with
temperature if HFI is the dominant relaxation mechanism. A decrease in spin diffusion length as
a function of temperature is indicative of SOC-dominated spin relaxation and can be thought of
in the context of polaron hopping whereby the polaron hopping distance R is enhanced at low

temperatures, where variable-range hopping is enabled, and reduced at high temperatures where
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hopping is confined to nearest neighbor sites. This hopping based theoretical model has been

supported experimentally [66]-[68], and aids in the understanding of spin transport in organic

semiconductors.

3.1.2 Conformational Effects on Spin Pumping in Organic Semiconductors
This section is adapted from published work in Ref. [68]. Additional information including

supplementary materials may be found through this reference.
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Abstract
Manipulating spin-orbit coupling (SOC) is a key achievement for spin-orbitronic
applications since SOC determines spin diffusion lengths and spin-to-charge conversion
efficiencies. While in most organic semiconductors SOC is inherently very weak due to being
composed of primarily light elements, the SOC in conjugated polymer systems is also intimately
tied to the polymer’s structural conformation and thus may be manipulated. Here we report a
modification of SOC in conjugated polymers by altering torsion angle between conjugated units.

Spin pumping experiments are performed on three poly(3-alkylthiophene) polymer films with
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decreasing conjugation lengths and concomitantly increasing torsion angle. The more twisted
polymer exhibits a shorter spin diffusion length and a giant spin mixing conductance (up to 10%
m-2), which is attributed to an increased SOC by structural conformation. This work offers a new
route for enhancing SOC and spin injection efficiency in organic materials for spintronic

applications.

*Corresponding author: wyou@unc.edu, dsun4@ncsu.edu

I. INTRODUCTION

Spintronics embodies the concept of utilizing both the spin and charge degrees of
freedom of carriers for new devices and applications, whose functions cannot be easily achieved
in conventional electronic devices [69]. The recent emergence of novel spintronic studies focuses
on the generation, transmission, and control of a ‘pure spin current’ by means of the spin-orbit
coupling (SOC) in the material, which enables the conversion of a pure spin current into a charge
current or vice versa [70]. This process has initiated a myriad of SOC-based spintronic
applications, e.g., spin-to-charge convertors and spin-orbit torque devices, in a variety of
materials including heavy-metals [71], two-dimensional electron gases [72], topological
insulators [73], and inorganic semiconductors [23]. Tailoring SOC is typically achieved via
heavy-metal doping [74], [75] and is integral to novel Rashba splitting states [76] and topological
phases [77].

In order to measure SOC in a wide variety of materials, the spin pumping technique has
emerged as a high fidelity method for determining SOC-dependent parameters such as the spin

Hall angle and spin diffusion length [78]. Here, microwave excitation is used to drive
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ferromagnetic resonance (FMR) in a ferromagnetic thin film in the presence of an applied
magnetic field, generating a pure spin current in an adjacent material with indeterminate SOC.
Additionally, the spin current injected into this SOC material may be converted into a
corresponding charge current via the inverse spin Hall effect (ISHE), with the conversion
efficiency encapsulated by the spin Hall angle (85y). Parametric studies utilizing both FMR and
ISHE as a function of the SOC material’s thickness allow for the direct determination of spin
diffusion lengths and spin-to-charge conversion efficiencies, which ultimately relate back to the
strength of SOC. This has been well established in a multitude of inorganic materials systems,
including both metals and semiconductors [15], [23].

Recently, the spin pumping technique and its usefulness in determining the magnitude of
SOC has also been applied to organic systems. Given that organic materials have on average a
very low atomic number (Z) owing to the predominance of carbon and hydrogen, and that g, «
SOC « Z*, it might be expected that SOC is generally very weak in organics with
concomitantly low spin Hall angles. Indeed, this is borne out by fruitful spin pumping
experiments in organic systems such as PBTTT [63], doped PEDOT:PSS [51], and polyaniline
[79], where spin Hall angles are orders of magnitude lower than those in strong SOC heavy
metals and spin diffusion lengths are accordingly orders of magnitude higher. The long spin
diffusion lengths and spin lifetimes in organic materials generally makes them ideal candidates
for spin transport materials. However, not all organic materials follow this trend, with some
materials like Ceo [80] and Algs [81], exhibiting surprisingly high SOC on par with that in heavy
metal systems.

Remarkably, there are differences in the nature of SOC in organic solids as compared to

inorganic solids. SOC, by definition, enables the transfer of angular momenta between orbitals

47



and spins, and in organic solids the molecular orbitals are strongly influenced by the materials’
structural conformation. Theoretical models for SOC in these cases have been established where
a large SOC may be obtained in conjugated organic systems when =« orbitals are misaligned [65],
[82]. This model can be used to explain the aforementioned discrepancies in SOC strength in
Algs molecules, where its three conjugated ligands are orthogonally arranged [82], and Ceo,
where the curvature of its spherical geometry prevents parallel alignment of the « orbitals [83],
[84]. Since its recent inception, this model has also been supported experimentally through spin
pumping experiments in conjugated polymers with varying degrees of planarity [63], [67], [85].

In this work, we experimentally verify that a tailored SOC can be achieved in conjugated
polymers through structural conformation by varying the degree of torsion between conjugated
units along the polymer backbone of polyalkylthiophenes. The strength of SOC in the ‘twisted’
conjugated polymer is probed by measuring the spin diffusion length and the effective spin
mixing conductance in a NigiFeio/polymer/ITO trilayer heterostructure using a spin pumping
approach, wherein the organic polymer constitutes either a grafted poly(3-methylthiophene)
conjugated polymer brush (P3MT, ‘twisted’ case) or spin-coated poly(3-hexylthiophene) film
(P3HT, ‘planar’ case; either regioregular (RRe-P3HT) or regiorandom (RRa-P3HT), defined by
the side chain arrangement). The RRa-P3HT possesses a more twisted conformation than the
RRe-P3HT, with planarization frustrated by the steric hindrance of the randomized side chains.
Through a comparative study of ferromagnetic resonance (FMR) and inverse spin Hall effect
(ISHE) measurements between these three types of polymers at room temperature as a function
of polymer thickness, we find that P3MT exhibits a consistently higher spin mixing conductance
and shorter spin diffusion length than that in P3HT, despite the similarities in their chemical

structure and electronic properties. These differences are attributed to a stronger effective SOC in
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P3MT as a result of the polymer’s structural conformation, supported by recent theoretical
treatments of SOC and its effects in disordered organic semiconductors [65], [82]. Remarkably,
we observe a record high spin mixing conductance (up to 102! m) at the NiFe/P3MT interface
that is two orders of magnitude higher than that in conventional inorganic bilayer
heterostructures (in the range of 108 to 10'® m), suggesting a very efficient spin injection at the
ferromagnet/polymer interface.

Il. EXPERIMENTAL DETAILS
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Figure 19. (a) Schematic representation of device structure (b) Structure of monolayer used to
modify ITO prior to either (c) growth of poly(3-methylthiophene) (P3MT) polymer brush from
the monolayer, or (d) deposition of poly(3-hexylthiophene) (P3HT) by spin casting. (e), (f)
Respective characterization of P3MT polymer brush (6.3 nm average thickness, RMS roughness
2.6 nm) and spun-cast RRe-P3HT (6.5 nm average thickness, RMS roughness
0.7 nm) films by AFM. (g) Absorbance spectra for PSMT polymer brush and spuncast RReP3HT

and RRa-P3HT films of 32 nm thickness.
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Figure 19a shows a schematic of the fabricated device structures consisting of glass
substrate/ITO (145 nm)/polymer (ds)/NiFe (15 nm)/SiO2 (50 nm), where the polymer layer
constitutes a self-assembled monolayer (SAM) on top of the ITO film, followed by a spun-coat
P3HT film or grafted P3MT polymer brush layer with thickness ds, respectively. This tri-layer
heterostructure design, where an organic semiconductor is sandwiched between a ferromagnetic
top layer and bottom spin sink layer, allows for the facile measurement of these organic materials
despite poor conductivities (6 ~ 1075 — 10~7Scm ™! in undoped polyalkylthiophenes) and
mobilities leading to the negligible generation of charge current within their layer, whereas for
more conductive polymers (e.g. PEDOT:PSS ¢ ~ 103Scm™1) a bilayer design may be used for
the direct detection of charge current from the polymer [51].

The molecular structure of the SAM is shown in Figure 19(b), with schematics of the
two polymer heterostructures shown in Figure 19(c-d), highlighting their structural differences.
For SAM preparation, the pre-treated ITO substrates (see the method in S.1I. section I) were
immersed in a 10 mM solution of (4-bromobenzyl)phosphonic acid in absolute ethanol overnight
without stirring. The substrate was quickly dried under a stream of N2 and annealed in an inert
atmosphere at 150 °C overnight. Finally, the substrates were sonicated for several minutes in a
2:1 solution of ethanol/0.5 M aqueous K>COs to remove any physisorbed material, yielding

monolayer-functionalized ITO.

Regioregular P3HT (Rieke Metals, M = 20 kg/mol, p = 2.24) and regiorandom P3HT

(Rieke Metals, M = 23 kg/mol, p = 2.05) were spuncast at various speeds from chlorobenzene

solutions of the appropriate concentrations onto monolayer-functionalized ITO substrates. P3MT

brushes were synthesized by a surface-initiated Kumada catalyst transfer polycondensation, as
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described previously [86]. The films were used without annealing and stored in the dark under
inert atmosphere (< 1 week). The resulting P3MT polymer brush and spun-cast P3HT film
thicknesses were measured using atomic force microscopy (AFM) scratch profilometry. The film
thickness was determined from > 10 line-scans derived from > 2 AFM scratch images. Figures
19(e) and 19(f) show representative AFM scans for 6.3nm thick P3MT and 6.5nm thick RRe-
P3HT films. It is evident from these images that the P3HT films exhibit a relatively smooth,
homogenous surface while the P3MT films possess a densely packed columnar morphology with
polymer columns oriented vertically out of the plane of the film, as we previously observed [86].
Absorbance spectra for 32 nm thick P3MT, RRa-P3HT, and RRe-P3HT films are shown in
Figure 19(g) (see Supplemental Materials in Ref. [68]).

The prepared P3MT and P3HT films were directly transferred through a N2 glovebox
without exposure to air for the device fabrication. 15 nm of NigiFe1g (99.99% purity Angstrom
Engineering) was deposited on top of the polymer films by e-beam evaporation (base pressure:
~5.0 x 10® Torr) at room temperature using a shadow mask, followed by a 50 nm SiO, (99.99%)
capping layer. Ferromagnetic resonance (FMR) was performed at room temperature from 2 to 12
GHz using a commercial NanOSC PhaseFMR spectrometer with a coplanar waveguide, and an
electromagnet was used for applying in-plane magnetic fields. For ISHE measurements, the
microwaves are generated by a Keysight X-Series Microwave Analog Signal Generator at an
excitation frequency of 9 GHz and microwave power of 50 mW. The ISHE voltage generated

across the edges of the sample was measured using an EG&G 7260 DSP Lock-In Amplifier.
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Figure 20. (a) Schematic representation of spin pumping during FMR and typical

FMR spectra normalized by the resonant field (Hres) obtained at 9GHz for NigiFe1o/glass,

NigiFe1o/RRe-P3HT(52.9nm)/ITO, and NigiFe1o/P3MT(21.6nm)/ITO. (b) FMR linewidth

(HWHM) versus microwave frequency for samples shown in (a), as well as RRa-P3HT, with

linear fits for the derivation of the respective damping parameters. Inset shows microwave

frequency plotted as a function of resonant field and associated fits to the Kittel equation.

(¢) Aa plotted as a function of thickness for PAMT, RRe-P3HT and RRa-P3HT series.

I11.A Ferromagnetic resonance and spin mixing conductance

Figure 20(a) shows a schematic of the spin pumping process as well as typical FMR

spectra measured at 9 GHz, from which values for a, the damping parameter, vy, the
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gyromagnetic ratio, and Ms, the saturation magnetization, are obtained. Damping factors are
extracted using the relation a = %AH + H, [15], as shown in Figure 20(b), where AH is the

FMR linewidth (HWHM) and f is the microwave frequency. H, is the frequency-independent
linewidth contribution arising from inhomogeneities in the organic film and the ferromagnet. Ms

and y are obtained from the Hrwvr versus f plots, shown in the inset of Figure 20(b), by fitting to
the Kittel equation: (277Tf)2 = Hpyr(Hpyr + 4mtMs) [30], where Hewmr is the resonant field.

Values for 4nM; and y for a bare NiFe reference sample are found to be 0.9609 T and 1.85 x 10!
T1s?, respectively, which are consistent with those reported in literature [15]. The intrinsic
damping parameter, ao, for the bare NiFe reference sample grown on top of the glass substrate is
7.2 x 103, while the damping parameters of the NiFe/P3MT/SAM/ITO, NiFe/RRe-
P3HT/SAM/ITO, NiFe/SAM/ITO, NiFe/ITO samples are equal to 4.8 x 102, 1.8 x 102, 8.7 X
103, and 7.7 x 1073, respectively. This enhancement in the damping factor, a, has been attributed
to spin-current dissipation across the ferromagnet/organic interface [51], [67], [79]. Figure 20(c)
shows the enhancement of damping factor, Aa = a — «,, as a function of organic layer thickness
in the NiFe/P3MT and NiFe/P3HT samples, respectively.

For the P3HT samples, Aa increases and then saturates as the thickness is increased
above 20 - 30 nm, similar to the behavior observed in ferromagnet/non-magnetic metal bilayers
[71]. For the P3MT samples, however, Aa increases at a much higher rate compared to the P3HT
samples and exhibits no clear saturation even in the thickest film. We were unable to extract Aa
from P3MT films with thickness > 30 nm due to roughness of the polymer brush film and low
peak intensity (see Sl for further details). The thickness-dependent enhanced damping factors

were fit using a traditional spin pumping model [71]:
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efr = 9 —1
1+ [2//2/3 tanh(d,/2)|

where h, dr, A, and gfff are the Planck constant, ferromagnetic layer thickness, spin diffusion
length of the organic layer, and real part of the spin mixing conductance, respectively, and g*'
represents gff £(ds = ). g is a dimensionless parameter proportional to the product of the
atomic number and fine-structure constant in the nonmagnetic material and is fixed at € = 0.1
(see section 1V of S.1. for further discussion). We find that for the P3MT samples 4, =104 + 1.1
nm and g'' = 1.06 x 10?* + 5.1 x 10'® m?, while for the RRe-P3HT samples A, = 15.0 + 5.4 nm
and 9" = 1.92 x 10%° + 1.6 x 10%°® m? (For RRa-P3HT, A, = 11.7 + 3.4 nm and g = 4.22 x 10%° +
3.8 x 10'® m). Whereas the obtained spin diffusion lengths in both films are reasonable and
consistent with most organic materials, the obtained spin mixing conductances, gi}f and gV, in
the P3MT are surprisingly two orders of magnitude higher than that in the conventional metallic
and semiconductor systems (in the range of 10*8 to 10'° m) despite containing predominantly
light elements (i.e., mostly C and S in the polymer, minor amounts of Br, P, and O in the

polymer and monolayer). This indicates an intensive spin current injection from the NiFe layer

ZhZ

lT
into the P3MT polymer (the injected spin current density at the interface, JQ « geff:; , Where y

is the gyromagnetic ratio, h is the B field component of the MW excitation [15]), which is
consistent with the enhanced electrical spin injection demonstrated previously in organic spin

valves using P3MT polymer brushes [87].
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Figure 21. (a) Schematic representation of ISHE measurements. Total voltage containing both
symmetric and antisymmetric contributions measured as a function of applied field for different
microwave excitation powers at a frequency of 9 GHz is shown for (b) RRe-P3HT (6.5nm) and
(c) P3MT (6.3nm), with insets showing the linear dependence of the extracted ISHE voltage
(symmetric voltage contribution) versus microwave power. ISHE voltage plotted as a function of

organic layer thickness is shown for (d) RRe-P3HT, (e) RRa-P3HT, and (f) P3MT, where the

—ds
fitting curves represent a simple exponential decay function with Vs < Vye 2s .

I11.B ISHE measurement
ISHE measurements were performed in a similar measurement setup used for FMR at
room temperature. A sketch of the device structure used for the ISHE experiment is shown in
Figure 21(a). The pure spin current generated by the microwave dissipates into the polymer

layer at the resonance field of FMR. By transmitting across the polymer spacer layer, the pure
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spin current (J) is converted into a transverse electric field (E;syg) Via the inverse spin Hall
effect in the ITO electrode [34]: E;syr = O15ue)s X S, Where 0,54 is the spin Hall angle in the
spin-to-charge converter (i.e., ITO electrode in this case) and S is the spin-polarization vector in
the J; along with the magnetization direction of the NiFe layer. We assume negligible spin-to-
charge conversion occurring in the organic layers [6,sy5 (Polymer) << 0,5y (ITO)]. The
measured voltage is generated from the ITO layer, with a spin Hall angle on the order of 6,545
(ITO) = 0.0065 [88], which dominates the ISHE response. Consequently, this trilayer device is
used as a sensitive detector of spin transport in the polymer film, thereby allowing for the facile
extraction of the spin diffusion length, A, in both P3MT and P3HT films.

Figures 21(b) and 21(c) show typical spectra of the acquired voltage as a function of the
applied magnetic field, obtained for different microwave excitation powers. The voltage signal

can be decomposed into two parts, a symmetric and an antisymmetric voltage contribution given

ey AH? AH(H—-HEpMR)
Sym (H-HppmR)%2+AH? Asym (H—HFMR)2+AH21

by V(H) =V, where Vsym is the voltage

contribution stemming from the ISHE contribution in the ITO layer and V asym is the Anomalous
Hall effect (AHE) contribution from the NiFe layer [15]. Flipping of the voltage polarity with
reversal of the applied magnetic field from + Hyes to — Hres provides strong evidence that the
signal is indeed originating from the ISHE process. Here, we take the average of Vsym for +Hres
and -Hres as the actual Visne, where Vishe = [Vsym (+Hres) — Vsym (-Hres)]/2. Insets in Figures
21(b) and 21(c) show the linear dependence of the extracted VisHe as a function of applied
microwave power. These tendencies are consistent with the expected behaviors of Visxe induced
by the spin pumping and cancel out the possible thermal-induced ordinary Seebeck contribution

that is field independent [89].
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Figures 21(d-f) show the exponential decay behavior of VisHe as a function of organic
layer thickness (dy), which exhibit the expected monotonic decrease owing to the spin current
transmission across the organic spacer layer between the ferromagnet and the spin sink [66]. By

fitting the voltage thickness dependence to the exponential decay function, where Vs (ds) <

—dg
Voe *s , we obtain values for the spin diffusion length, 2, = 1.2 + 0.6 nm in the P3MT layer at

300 K. Despite the P3MT having a higher conductivity than the P3HT layer (6rrepaHT ~ 1 % 107
S/em < opamt ~ 7 % 10 S/cm) [86], [90], a longer spin diffusion length is obtained in the P3HT
layer, with A, = 6.1 £ 2.0 nm for RRe-P3HT and A5 = 4.8 + 0.9 nm for RRa-P3HT. The P3MT
layer has a consistently shorter spin diffusion length compared to that of the P3HT layer, in line
with the results extracted from the FMR measurement (A, = 15 nm for RRe-P3HT and = 10 nm
for P3MT).

It should be noted here that for spin pumping into organic materials, while the
mechanism of spin current generation from FMR in the ferromagnetic thin film remains the
same, there are key differences in the subsequent transmission of the spin current across the
ferromagnet/organic interface, and in spin-to-charge conversion as it relates to the ISHE.
Whereas in metallic systems and highly doped inorganic semiconductors spin transport is
mediated primarily by free carriers, in organic semiconductors it is instead polarons that mediate
spin transport as supported by spin pumping experiments performed in both local measurements
using a vertical tri-layer system [66] and non-local measurements using a horizontal
configuration [85]. A caveat to this is in highly doped conjugated polymers, where a sufficiently
high spin density (~10%° cm™) results in an exchange-based spin diffusion regime allowing for
the decoupling of spin and charge transport [85]. This is evidenced in the extracted A, of our

undoped RRe-P3HT, which is two orders of magnitude shorter than the reported value in
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FATCNQ-doped P3HT (> 550 nm) [85]. A much lower conductivity and spin density in our
undoped P3HT may greatly suppress the spin diffusion length, with spin transport mediated
predominantly by polarons.
111.C Theoretical Model

There are two key findings from the results of the FMR and ISHE measurements. First,
P3MT polymer brushes exhibit a shorter spin diffusion length and higher effective damping (i.e.,
spin mixing conductance) than that of P3HT films. The very short spin diffusion length (< 2 nm)
suggests an additional spin-orbit coupling (SOC) contribution in the P3MT polymer brushes
despite it containing the same elements with low atomic number as that in P3HT films with
comparable hyperfine interaction. Second, the spin diffusion length obtained from fitting of the
FMR data based on the spin backflow model is inconsistent with, and much larger than, that
obtained through ISHE response with almost an order of magnitude variation in the case of
P3MT (1.2 nm vs. 10.0 nm). This discrepancy has been observed in ISHE devices based on
inorganic semiconductors such as in metal-silicon-metal vertical structures [91]. To address these
two points, we need to revisit the origins of SOC in conjugated polymers. We note that the
conventional spin pumping model, originally developed for metals, does not consider the
heterogeneous interface and junction nor the band alignment between metals and organic
semiconductors. Thus we next examine whether these equations used to derive the
aforementioned parameters can be appropriately applied to our case with reasonable

modifications.
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Spin-orbit coupling (SOC) in polymers.
The origins of the SOC in organic materials have been examined theoretically [65]. It
was found that, in comparison to inorganic systems, the SOC in disordered organic materials for

spintronics can be conveniently characterized by a

Figure 22. Schematic representations of (a) P3MT in which the thiophene backbone is twisted
by an angle 6 and (b) RRe-P3HT in a planar configuration. Blue spheres and red arrows
represent electrons and their spin polarization direction, respectively, with spin flip scattering

events located at torsion sites in the case of PSMT.

dimensionless spin-mixing parameter vy, and that the spin diffusion length can be expressed

concisely as
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where R is the carrier hopping distance. For sexithiophene (Te), which is a typical planar system
comparable to the conjugated thiophene backbone of P3HT and P3MT, y for electrons is ~ 6.7 X
107 [82]. Using this value along with a reported hopping distance R = 0.38 nm for P3HT [92],
[93], we obtain a spin diffusion length of A = 14.2 nm for P3HT. For P3MT, we must also
consider the effect of the polymers’ structural conformation on y. P3HT has a relatively planar
lamellar morphology, where polymer chains lie in the plane of the film with vertically oriented
n-1 stacking between adjacent chains (Figure 22b). The P3MT polymer brushes, on the other
hand, are oriented vertically out of the film plane and possess a significant torsion angle between
repeat units due to the nature of the growth method (Figure 22a), causing shorter average
conjugation in P3MT and a blue shift in the P3MT absorbance spectrum compared to P3HT as
seen in Figure 19(g). The effect of torsion on the spin-mixing parameter y can be expressed as
v? = v3(1 + atan?0)
where yZ is the SOC of the planar structure, 0 is the torsion angle, and a is a numerical constant
ranging from 0.135 to 0.5 according to modeling of biphenyl. As 0 approaches 90°, and the ©
orbitals of the conjugated system are increasingly misaligned, y? increases sharply. This
structural conformational dependence of the SOC has been previously employed to explain the
abnormally large SOC in Algz molecules despite its lack of heavy elements, due to the nearly
orthogonal relationship between aromatic ligands in the molecule [82]. By considering an
example of a torsion angle for P3MT of 6 = 65°, with o.= 0.16 and yo = 6.7 x 1073, y would be
increased from 6.7 x 1073 to 8.9 x 1073, resulting in a decrease of the spin diffusion length from
14.2 nm (calculated for the ‘planar’ P3HT) to 10.7 nm (calculated for the ‘twisted” P3MT).
In addition, given constant but distinct SOC’s for P3HT and P3MT, we would expect the FMR

damping parameter for both polymers to saturate above a certain film thickness. Saturation of Aa
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is clearly observed with spuncast P3HT films thicker than ~20 nm, but not in the thickness range
of measured P3MT films (Figure 20c). There are at least two possible explanations for non-
saturating Aa behavior for P3MT: (i) saturation occurs in P3MT films thicker than can be
measured with the experimental setup used here, or (ii) the SOC in P3MT changes with
thickness. As noted previously, P3MT films possess more and more short conjugation units as
they grow, evidenced by an increasingly strong blue-shifted feature in their absorbance spectra.
An increase in the prevalence of short conjugation units in P3MT films may in turn cause an
increase in the SOC with thickness and the observed non-saturating behavior in Aa. In contrast,
pre-synthesized P3HT has an average conjugation length that is primarily determined before film
deposition, yielding a constant SOC with film thickness.
IV. CONCLUSION

FMR and ISHE measurements of P3MT polymer brushes and spun-cast P3HT films
showed that the former has a significant enhancement in spin mixing conductance and reduction
in spin diffusion length compared with the latter, despite their similar chemical structures. We
attribute the observed large increase in damping with increasing P3MT film thickness to a
torsion induced SOC, based on a model of spin pumping in disordered organic semiconductors.
This study offers a new route for intrinsically tailoring SOC in organic semiconductors and
achieving efficient spin injection for future spin-to-charge converter applications through
manipulation of the structural conformation of conjugated polymers.
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3.2 Inorganic Semiconductor Spintronics

In conventional electronics, inorganic semiconductors have played a central role in the
unparalleled technological advancements seen over the past few decades. Since the inception of
the very first working transistor made of a Ge crystal in 1947 [94], for which Bardeen, Brattain,
and Shockley received the 1956 Nobel Prize in Physics, inorganic semiconductors have
transformed every aspect of modern technology. The reason for their success lies in their unique
material and electronic properties, which can be manipulated to produce an almost limitless
range of behaviors and controls.

In the field of spintronics, semiconductors are similarly important albeit less well
understood. Perhaps the holy grail of semiconductor spintronics research would be the
achievement of a functional, high-fidelity spin field effect transistor. First proposed by Datta and
Das in 1990 [95], such a device would encode information in the two-state quantum system of
the electron spin and not require the direct application of a charge current, potentially
overcoming physical constraints of conventional MOSFETS as Moore’s Law reaches its limit.
While a robust spin-FET has yet to be realized, its creation would herald a critical advance with
exciting prospects for quantum computation and memory storage.

Semiconductors also offer other benefits for many spintronics applications such as their
ability to be electrically or optically gated, chemically doped, and fabricated with atomic
precision. For instance, gating may be used to modify the effective spin-orbit coupling strength
in a semiconductor material, which allows for control over spin and charge interconversion
efficiency; a key control for manipulating spin in devices. Additionally, semiconductors may be
engineered to form interesting electronic structures such as quantum wells [96], [97], two-

dimensional electron or hole gases [98]-[100], and Rashba-type interfaces [101] that offer
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unique spin-dependent properties inaccessible to simple metallic systems. This chapter will
provide a cursory overview of spin injection, transport, and dynamics in inorganic semiconductor

materials and detail a study examining ultrafast spintronic capabilities in the widely researched
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Figure 23. Concept of spin transistor originated by Datta and Das. (Top) Electro-optic modulator
and its (Bottom) electron-wave analog. Image taken from Ref. [102].
3.2.1 Spin Injection in Inorganic Semiconductors

One of the key challenges faced at the outset of semiconductor spintronics was the
problem of impedance mismatch at the interface between a ferromagnetic electrode and
semiconductor material in the context of electrical spin injection [103], [104]. While spin

polarized current transmission across a FM/PM metallic interface is highly efficient, the spin
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polarization is strongly reduced when the resistance of the respective materials differs
substantially. This is particularly evident in the case of a FM/semiconductor interface where the
semiconductor resistance is much higher than that of the ferromagnetic metal.

One method for circumventing this issue of impedance mismatch is to utilize ballistic
electron transport such as in tunneling through Schottky barriers. In 2001, H. J. Zhu et al.
observed spin injection from Fe into GaAs at room temperature with an efficiency of about 2%
[105]. These results seemingly contradicted the predicted spin injection efficiency limit of 0.1%
by Schmidt et al. in the absence of a 100% spin-polarized magnetic injector (i.e. an ideal half-
metal). However, the authors explained their observations by way of the Schottky barrier formed
at the Fe/GaAs interface, where electrons could tunnel through the energy barrier under
appropriate bias conditions. Since the tunneling process is not subject to resistance mismatch, a
higher spin injection efficiency could be achieved than what was predicted for conventional
electronic transport. For electrical spin injection into semiconductors, the introduction of a spin-
dependent tunneling barrier (usually an oxide) has allowed for enhanced spin injection
efficiencies [106].

Alternatively, spin injection into semiconductors can also be attained through optical
means. Georges Lampel first reported the generation of spin polarized carriers in response to
optical pumping of a semiconductor with circularly polarized light in 1968 [107]. A decade later,
Pierce and Meier built on a body of literature surrounding spin polarized photoemission in
magnetic and nonmagnetic materials to describe how (110) GaAs could produce spin polarized
electrons with a polarization maximum of 50% in response to circularly polarized illumination at
the bandgap energy due to optical selection rules, as measured by Mott scattering [108]. Here,

the strong spin-orbit coupling present in GaAs lifts the spin degeneracy of the band structure and,
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combined with its direct bandgap, allows for well-defined spin specific optical transitions
depending on the polarization direction of incident illumination. Theoretically, it has been shown
that through specific semiconductor surface construction and modification, along with varying
the energy of polarized light excitation, spin polarizations of up to 100% can be achieved [109].
Experimentally, F. Pezzoli et al. achieved a spin polarization of ~85% for heavy holes in
Ge/SiGe multiple quantum well heterostructures by taking advantage of phonon-induced

intervalley scattering [110].
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Figure 24. (a) Schematic illustration of Nis1Fe10/GaAs bilayer device used to study impedance-
free spin injection via spin pumping. (b) Power dependence of the ISHE voltage generated from

spin pumping into n-GaAs and p-GaAs showing opposite polarity. Figure taken from Ref. [111].

The spin pumping technique may also be used for direct spin injection into
semiconductor materials, and is widely applicable. Ando et al. used this method to probe spin
injection into n-GaAs and p-GaAs films interfaced with the ferromagnetic metal NigiFeio [111].

They found that a dynamical exchange interaction between the localized spins of the FM and
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those of carriers in the semiconductor allowed for the direct transfer of angular momentum
unaffected by impedance mismatch. The amplitude of spin currents injected in such a manner
were observed to be several orders of magnitude higher than those typically observed through
electrical spin injection methods using tunneling barriers. Additionally, it was found that
application of a bias voltage between the ferromagnet and semiconductor in the NigiFe1o/p-GaAs
system, which formed a Schottky interface, controlled the magnitude of the exchange interaction
and correspondingly the spin mixing conductance and spin Hall voltage. This result was
explained in the context of interfacial band structure where the applied bias modified the
depletion region and potential barrier of the Schottky contact and thus increased/reduced spin
exchange at the interface. Since spin pumping only requires that the ferromagnetic material be
excited at ferromagnetic resonance in order to generate and transfer spin current into the adjacent
material, it has been used to study spin injection into a wide variety of inorganic semiconductors.
For example, J. B. S. Mendes et al. studied spin-to-charge conversion in the two-dimensional
semiconductor MoS; by spin pumping from the ferromagnetic insulator yttrium iron garnet
[112]. Such atomically thin, reduced dimensional semiconductors are particularly interesting for
their ability to form 2D electronic states that can exhibit spin-momentum locked band structures
and potentially be modified by a bias field. The authors found that spin current injected into a
four atomic layer thick MoS; sample was converted into a corresponding transverse charge
current via the IREE with an efficiency comparable to many metallic systems and topological
insulators, and two orders of magnitude larger than in graphene. Further demonstrating the
versatility of the spin pumping technique, E. Lesne et al. probed spin currents injected from a
NigiFe1g layer under the FMR condition into an adjacent oxide heterostructure consisting of

LaAlOs/SrTiO3, which form a two-dimensional electron system (2DES) at their interface [113].
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A very large spin-to-charge conversion efficiency in the 2DES was found, assigned to the IREE
as a result of Rashba coupling at the interface. Remarkably, the application of a gate voltage was
able to modulate the charge current density by over an order of magnitude and even reverse its
polarity. This bias response was attributed to modification of the multiband nature of the 2DES
where a shift in the Fermi level in response to a gate voltage changed the relative carrier
occupancies of those bands, which in turn possess varying Rashba splitting strengths and
conversion coefficients.

Finally, another intriguing mechanism for spin injection into inorganic semiconductors is
to use femtosecond laser pulses to induce ultrafast demagnetization and spin current generation
in an adjacent ferromagnetic metal, as described previously. In 2019, L. Cheng et al. used this
technique to trigger “giant” spin injection into a monolayer of the popular transition metal
dichalcogenide semiconductor MoS; and observe the generation of broadband THz radiation
[114]. By analyzing the intensity of the emitted THz waveform, the authors were able to extract
an injected spin density on the order of 10° — 108 A cm2, which is several orders of magnitude
higher than that obtained through either electrical spin injection (~ 10° A cm™) or spin pumping
(~10% — 10% A cm). It was proposed that the band gap of the semiconductor used here is able to
act as a spin filter for the injected ultrafast spin current bursts. High energy majority and
minority-spin electrons generated during laser excitation in the adjacent ferromagnet are subject
to spin-dependent scattering rates. Minority spins decay rapidly in energy as they reach the
FM/semiconductor interface due to their relatively high scattering rate and are filtered by the
semiconductor’s bandgap, unable to overcome the high energy barrier. Majority spins, on the
other hand, are able to reach the interface while still maintaining significant energy sufficient to

overcome the bandgap and traverse the interface. This unique effect is very promising for the
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application of inorganic semiconductor materials to ultrafast spintronics, offering not only a way
to increase spin injection efficiencies but also to possibly control them through additional bias

fields.
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Figure 25. Schematic illustration of spin injection from Co into monolayer MoS.. High-energy
electrons, generated by the fs laser, have spin-dependent scattering rates. Minority electrons
(blue) quickly decay to low energy and are consequently prevented by the bandgap from entering
the MoS2. E, energy. b—d, Electron population during spin-injection process. b, Initial out-of-
equilibrium electronic distribution generated by the laser absorption. ¢, Due to the lower
scattering rates, the majority-spin channel (red) retains an out-of-equilibrium distribution, while
the minority-spin electrons (blue) have already decayed to a Fermi—Dirac distribution. d, The
MoS2 bandgap acts as a filter and allows only high-energy electrons from Co to cross the

interface, leading to a high spin polarization of the injection. DOS, density of states. This figure

is taken from Ref. [114].
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3.2.1 Spintronic Terahertz Emission in NisiFe1g / n-GaN Heterostructures

The following section is adapted from published work in Ref [115].
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Abstract
The development of terahertz (THz) spintronics has opened a new paradigm for the
generation of THz radiation through the combination of ultrafast magnetism and spin-based
electronics. However, research in this area has primarily focused on all-metallic devices
comprising a ferromagnetic thin film adjacent to a non-magnetic heavy metal. Here, we report
the experimental observation of spintronic THz emission from an n-doped wide bandgap

semiconductor, n-GaN. We found that the amplitude of THz emission strongly depends on the
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carrier concentration of the semiconductor layer, which could be attributed to the tunable Rashba
state occurring at the n-GaN/ferromagnet interface. Our work offers exciting prospects for
pursuing wide bandgap semiconductor-based spintronic THz devices and demonstrating their
intriguing spin Hall physics at the ultrafast timescale.
Introduction

The generation and detection of terahertz (THz) radiation is of immense technological
importance for a variety of current and future applications such as non-destructive examination
[116]-{120], wireless communication [121]-[123], and ultrafast computing [124], [125].
Recently, a new mechanism for the generation of THz radiation via ultrafast spintronics has
opened the door to search for novel material classes and devices, and offered the possibility for
new THz device functionalities [44], [126], [127]. These devices are all-metallic in nature, and
comprise a ferromagnetic thin film adjacent to a non-magnetic heavy metal with strong spin-
orbit coupling (e.g. NigiFe19/Pt) [127]-[129]. Here, the principle of operation is based on ultrafast
demagnetization of the ferromagnetic thin film in response to an incident, femtosecond laser
pulse, followed by conversion of the resulting superdiffusive spin current into a transient THz
electric field via spin-to-charge conversion processes (e.g., inverse spin Hall effect [15]) in the
adjacent heavy metal. These spintronic THz emitters may outperform most semiconductor-based
THz emitters in terms of ultrabroadband THz emission up to 20 THz [130], comparably cheap
and facile production, and the ability to be manufactured on flexible substrates [128]. Their
spintronic nature also allows for additional functional controls, such as phase reversal of the
emitted THz waveform by reversal of the polarity of an applied magnetic field [44]. However,

these metallic-based devices lack certain desirable attributes of their semiconductor counterparts
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such as the ability to be electronically doped or electrically gated, providing a barrier to further
device optimization and functionalities.

Besides the metallic materials systems, spintronic THz generation has also been recently
reported in a two-dimensional semiconductor, MoS> [114], showing the ability to convert a
‘giant’ ultrafast spin current injected across the metal/semiconductor interface owing to a sizable
bandgap in the semiconductor. Upon femtosecond laser excitation, only the spin-polarized
electrons with excitation energy higher than the semiconductor’s conduction band minimum can
be transmitted through the metal/semiconductor interface, resulting in a highly spin-polarized
current in the semiconducting layer [114]. It is thus anticipated that a high bandgap
semiconductor forming a larger Schottky barrier may act as a more efficient spin filter by which
a higher intensity spintronic THz emission can be generated.

Gallium nitride (GaN) is a well-known wide bandgap (3.4 eV) semiconductor lauded for
its remarkable optoelectronic properties that make it an ideal candidate for high-power and high-
frequency devices and applications [131], [132]. Intriguingly, due to its non-centrosymmetric,
polar wurtzite crystal structure, it has also been shown to possess a spin-split electronic band
structure due to the bulk inversion asymmetry of the crystal lattice, i.e., a Rashba state (ar = (4.5
+ 1) meV-A[133]), allowing for large spin-to-charge conversion efficiencies for spintronic
applications [76]. Taken together, these remarkable properties make bulk GaN a prime material
candidate for use in ultrafast THz spintronics. The convergence of spintronic THz generation and
these robust wide bandgap semiconductor materials would result in next generation of spintronic
THz emitters with advanced semiconductor-based capabilities.

Here, we present a wide bandgap semiconductor-based spintronic THz emitter

comprising a ferromagnetic thin film (NigiFe1o) interfaced with an n-doped, wide bandgap
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semiconductor (n-GaN). We conduct THz time-domain spectroscopic measurements of the
emitted THz electric fields as a function of carrier concentration in the semiconductor material.
We found that the emitted THz field amplitude is strongly dependent on the carrier concentration
in the n-GaN layer, pointing to an exciting convergence of wide bandgap semiconductors and

ultrafast spintronics both for fundamental spintronic physics and THz device functionalities.
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Results and Discussion

All n-GaN samples studied here were grown on sapphire substrates in a vertical, cold-
walled, RF-heated, low pressure MOCVD reactor [134]. Systematic variation of the carrier
concentration was achieved through doping with either Si or Ge. The doped carrier concentration
and electron mobility in the n-GaN layers were determined through room temperature Hall effect
measurements in a van der Pauw configuration [134]. The morphology of the prepared n-GaN
surface is characterized by Atomic Force Microscopy (AFM). A top NigiFeig (NiFe) layer is
deposited using electron beam evaporation onto a 10 x 10 mm area of the n-GaN film, with a
thickness of 5 nm. THz experiments are carried out using the output of a 1 kHz repetition rate
Ti:sapphire amplifier (Quantronix Integra-C). The central wavelength is 800 nm and pulse
duration is 120 femtosecond [130]. The Ey and Ex components of THz radiation were recorded
using a pair of wire-grid polarizers. A 300 mT in-plane external magnetic field is applied to the
THz samples, which is sufficient to magnetize the NiFe layer along the in-plane direction during

the measurements (Figure 26). All measurements are taken at room temperature.
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Figure 26. (a) A sketch of spintronic THz radiation generated from a doped wide bandgap
semiconductor, n-GaN, via an efficient spin-to-charge conversion process upon excitation from
ultrafast laser pulses. The top left inset shows a representative AFM image of a fabricated n-GaN
film, showing a smooth and uniform morphology with RMS less than 1.48 nm. (b) Schematic of
spin injection from NiFe into the wide bandgap n-GaN semiconductor, where majority spin
polarized electrons are able to enter into the semiconductor’s conduction band while minority
spin polarized electrons rapidly decay and are blocked from entering by the high Schottky barrier

formed at the NiFe/n-doped GaN interface.
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Figure 26(a) shows a schematic illustration of the sample devices and THz emission
process, with a representative AFM image of the prepared n-GaN film prior to deposition of the
NiFe layer shown in the top left inset. Here, a femtosecond laser pulse is used to excite the
ferromagnetic NiFe layer, whose magnetization direction is controlled by an external permanent
magnet, resulting in ultrafast demagnetization [37]. Subsequently, a high energy, superdiffusive
spin current is generated [38]-[40] and injected across the interface into the adjacent non-
magnetic n-GaN film where it is converted into a transient THz electric field via a spin-to-charge
conversion processes [44]. Since n-GaN has a non-centrosymmetric wurtzite structure and the
presence of Rashba states in this system has been well documented [135], [136], it is expected
that the spin-to-charge conversion process here is dominated by the Inverse Rashba Edelstein
Effect (IREE) rather than the Inverse Spin Hall Effect (ISHE) given the weak spin-orbit coupling
provided by light elements comprising the material. The emitted THz waveform is then electro-
optically detected using a 1 mm thick [110] ZnTe crystal. Figure 26(b) schematically depicts the
spin injection process whereby spin polarized minority carriers decay rapidly in energy and are
filtered by the high Schottky barrier formed at the NiFe/n-GaN interface, while majority spin

carriers are able to enter into the conduction band of the semiconductor [114], [137].
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Figure 27. (a) Typical time trace of measured THz-electric field from the n-GaN
(n=5x10'%)/NiFe heterostructure under positive (+B) and negative (-B) magnetic fields,
respectively. The emitted THz pulse changes phase with applied magnetic field. (b) Dependence
of the peak-to-peak THz-electric field amplitude on the pump laser power. (¢) Normalized peak
amplitude of the generated THz-electric field as a function of the rotation of the laser
polarization. (d) Parametric plot of THz-electric field amplitudes, which are both polarized along

the x-direction, confirming their spintronic nature.

In Figures 27 and 28, a series of control experiments has been performed in order to
confirm the spintronic origin of the emitted THz pulse. A typical spintronic-THz emission

waveform is shown in Figure 27(a) under both positive and negative applied magnetic fields,
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demonstrating the spintronic nature of the emission process in which the phase of the THz
waveform is inverted with a reversal of the magnetic field polarity. Laser power dependence of
the peak THz intensity is depicted in Figure 27(b), showing that the THz electric field scales
nearly linearly at low laser pump fluences. A pronounced superlinear power dependence
indicates a possible high-order effect caused by multi-excitation mechanism [138]. Figure 27(c)
plots the peak THz intensity as a function of linear polarization angle (¢,) of the incident laser.
Absence of significant angular dependence is consistent with literature reports of spintronic THz
emission [138]. A parametric plot of the THz electric field shows the polarization of emitted THz
pulse is mainly along the x-direction as a cross product of the NiFe magnetization along the y-

direction (M.,) and the spin diffusion direction (J, ,(s)) along the z-direction (i.e., E_,

J42(s) X M+y) [44].
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Figure 28. Time traces of Ex (a) and Ey (b) components of the generated THz-electric field in the
same NiFe/n-GaN sample using a back-pump configuration, i.e., ultrafast laser pulse is excited
through the sapphire substrate. The position of zero time is chosen arbitrarily. (c) and (d)
Comparison of the time- and frequency-domain of the THz-electric field along the x-direction

for NiFe(5nm)/Pt(5nm), NiFe(5nm)/n-GaN(300nm), and bare NiFe(5nm) samples, respectively.

The Ex and Ey components of the linearly polarized THz emission when excited from the
back side of the sample are shown in Figure 28(a) and (b), respectively. In this inverted
measurement geometry, the excitation laser pulse is incident first upon the sapphire substrate

before transmitting across the n-GaN layer (~300 nm-thick), and then ultimately reaching the
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NiFe layer. The 800 nm laser pump pulse is transparent to both the sapphire substrate and the n-
GaN film given their wide bandgaps. Thus, the THz emission process is still the same as in the
case of normal measurement geometry as shown in Figure 27. However, while the orientation of
the external magnetic field (i.e., magnetization of the NiFe layer along the +y direction) remains
the same, the spin current vector, J_,(s) is reversed in the back-pump configuration (i.e., the spin
current is still injected from NiFe into the n-GaN but along the -z direction), resulting in an
inverted phase of the emitted THz waveform as observed in both Ex and Ey components of
Figure 28(a) and 28(b). This sample orientation dependence experiment unambiguously
confirms the spintronic origin of the THz emission from the NiFe/n-GaN heterostructure.
Figure 28(c) compares the THz emission from n-GaN with that from NiFe/Pt and NiFe-
only control samples, with their corresponding Fourier transforms shown in Figure 28(d). The
bandwidth of the THz emission spectra extends up to 1 THz, which is limited in part by the use
of the ZnTe crystal in the THz detection setup [127]. It is noted here that the overall THz
intensity for NiFe/Pt is roughly two times greater than that in the NiFe/n-GaN. While this may be
related in part to differences in spin-to-charge conversion efficiencies between the two materials,
there are additional contributing factors such as Fabry-Pérot interference that should be taken
into account when making comparisons [127], [128], [139]. The lack of significant THz emission
from the NiFe-only control sample rules out the possible THz generation stemming from
nonlinear optical or interfacial-related ISHE process in the NiFe layer, which has been reported
before in the pure Co films [138], [140]. All the control experiments confirm that the origin of
the emitted THz radiation is from the ultrafast spin-to-charge conversion occurring in the n-GaN

layer.
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Figure 29. (a) Peak amplitude of the THz-electric field as a function of carrier concentration in
the NiFe/n-GaN samples under two magnetic fields. (b) Carrier concentration dependent
amplitude of THz radiation normalized by the THz transmission through the device structure.
The inset shows the measured THz transmission (0.2 — 2 THz) as a function of carrier

concentration.

Figure 29(a) shows the dependence of the peak THz emission intensity on the doped
carrier concentration in the n-GaN layer under 1mJ/cm? (i.e., 70 mW, 3mm spot size) laser
excitation in the normal incidence measurement geometry, which represents the main finding of
our work. Remarkably, we found that the emitted THz intensity drops logarithmically as the
semiconductor layer is doped to successively higher carrier concentrations. It is noteworthy that
this decrease cannot be explained by the influence of effective spin mixing conductance formed
at the metal/semiconductor interface which is not subject to the impedance mismatch problem as
reported in the Fe/doped-GaAs system under microwave excitations in the GHz range [111]. By

reversing the applied magnetic field, the inverted phase of roughly symmetric THz intensity
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confirms that the generated THz emission is still dominated by the ultrafast spin-to-charge
conversion process in the n-GaN film as discussed before.

One possible explanation for this decrease could be a simple reduction in THz
transmission through the entire sample structure as a function of carrier concentration. According
to the Drude model, the dielectric permittivity of a material is dependent on its free electron
density. An increase in carrier density may result in a decrease in the dielectric permittivity of
the material in the THz frequency regime, and a concomitant increase in the plasma energy. This
combined effect may work to suppress the transmission of the THz electric field [141]. To verify
this possibility, a normalized plot of the THz transmission (0.2 — 2 THz) as a function of carrier
concentration is presented in Figure 29(b), with the inset showing peak THz intensity
normalized by the transmission for different carrier concentrations. It is shown that the THz
transmission is relatively constant across a wide range of carrier concentrations, and even though
it decreases by a factor of 3 in the highest concentration sample (1 x 10% ¢cm), the THz
emission intensity by this point has already decreased by a factor of 60 and thus cannot solely
account for the observed behavior.

A second possibility that may play a role in the observed carrier concentration
dependence of the THz emission intensity is related to the Schottky barrier that forms at the
metal/semiconductor interface when the metallic NiFe layer is put in contact with the
semiconducting n-GaN layer, given the difference in work functions between the two materials
(NiFe = 4.8[142], GaN = 4.1[143]). This results in the formation of a depletion region at the
metal-semiconductor interface, the width of which is inversely proportional to the square root of
the doping concentration in the semiconductor. In addition, the resulting electric field at the

interface, according to Gauss’s Law, is linearly proportional to the square root of the doping
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concentration and will have a fixed electrical polarization. A tuning of this interface electric field
as a function of carrier concentration may affect the spin-to-charge conversion efficiency of the
Rashba state by shifting the spin-split bands in reciprocal space, similar to what has been
observed through gating experiments in Rashba-split 2DEG systems [72]. Since only n-doped
GaN was investigated in this study, the polarity of the electric field in the depletion region is
fixed and thus would be akin to gating with only one voltage polarity. Further experiments in
order to elucidate the exact mechanism behind the observed behavior are warranted.

In conclusion, we report the first observations of the spintronic THz emission from
NiFe/n-GaN heterostructure as a function of carrier concentration in the semiconductor layer.
Not only do we observe THz emission even in a wide bandgap semiconductor, owing to the
superdiffusive nature of the operating spin current, but also we found that THz emission intensity
decreases exponentially with increasing n-type carrier concentration. Several possible
explanations for the observed behavior related to the Rashba spin-splitting state are offered. This
work offers exciting prospects for both the development of new semiconductor-based spintronic
THz devices and fundamental physics.
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3.2 Hybrid Organic-Inorganic Perovskite Semiconductor Spintronics

Hybrid organic-inorganic perovskite semiconductors have garnered an immense amount
of research interest in recent years, primarily related to their application in high efficiency solar
cells. The combination of a metal halide framework with organic ligands leads to a myriad of
interesting properties that may be intermediate to those of the respective inorganic or organic
materials themselves. Spin behavior in this class of materials is particularly interesting since at
first glance the inorganic and organic components seem to possess competing effects. On the one
hand, the metal halide framework is typically composed of heavy elements where the metal
cation is Pb or Sn and the halide anion is Br or I. As discussed previously, these heavy elements
possess very strong spin-orbit coupling and can be expected to interact strongly with electron
spin. On the other hand, the organic ligands in these compounds are composed of light elements
like C, N, O, and H and therefore possess relatively weak spin-orbit coupling and may allow for
longer spin relaxation rates and spin lifetimes. Additionally, these hybrid metal halides are often
optically and electronically active as a result of their band structure allowing for the potential of
gating as a means of modifying their spin-dependent properties. Therefore, it is interesting to
examine spin injection, spin transport, and spin-to-charge conversion in these materials in order
to determine their spintronic functionalities.

3.2.1 Spin Dependent Phenomena in Hybrid Organic-Inorganic Perovskites

The first examination of hybrid perovskite spintronics devices were performed by J.
Wang et al. in 2019, where the authors measured a spin light emitting diode and vertical spin
valve using methylammonium lead bromide (MAPDbBr3) as the active semiconductor material
[144]. While previous studies had reported interesting magnetic field effects [145], optical spin

selection rules [146], [147], and Rashba-split band structures [148], [149], this report was the
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first to integrate these hybrid semiconductor materials into functional spintronics devices and
measure relevant spin-dependent properties such as the optical and electrical Hanle effects,
circularly polarized electroluminescence, and giant magnetoresistance.

Here, the authors first verified the existence of optical spin selection rules in MAPbBr3
that allow for spin injection via circularly polarized light excitation, as was described in Section
3.2.1 with regards to GaAs. At 10 K, an MAPbBTr3 thin film excited by a 532 nm circularly
polarized laser resulted in the emission of circularly polarized photoluminescence. The degree of
circular polarization obtained in this manner was approximately 3.1%. Additionally, the optical
Hanle effect was measured by applying a magnetic field perpendicular to the light propagation
direction. This oblique field causes spin precession to occur within the film that reduces the
degree of polarization in the emitted PL. By fitting the oblique field-dependent PL data, an
effective exciton spin lifetime of ts = 500 ps was obtained, which is remarkable given the
material’s presumably large spin-orbit coupling.

For the measurement of circularly polarized electroluminescence (EL), the authors
constructed a spin-LED comprised of LSMO / MAPbBr3 / TPBi / Al, where the LSMO serves as
a ferromagnetic anode for the injection of spin-polarized holes into the hybrid perovskite layer,
the TPBi molecular thin film serves as an electron transport layer, and the Al is a capping layer
cathode. When an external magnetic field was applied in the direction perpendicular to the plane
of the film, and the device was biased at voltages greater than 5 V, a circularly polarized EL
emission was observed whose handedness depended on the polarity of the applied field. By
taking the ratio of the degrees of circular polarization obtained from EL compared with PL, a
spin injection efficiency of 26% at 10K was determined. This highly efficient spin injection is

somewhat surprising considering the large conductivity mismatch between the metallic LSMO
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electrode and semiconducting MAPbBr3, and may be attributed to the formation of spin-split
surface Rashba states.

The final device considered in this report was a vertical spin valve consisting of an
LSMO bottom ferromagnetic electrode, an MAPbBr3 thin film spacer layer, and a Co top
ferromagnetic electrode capped with a thin layer of Au. By varying the in-plane magnetic field
from +250 mT to -250 mT at 10 K, a giant magnetoresistance of up to 25% was observed. In
addition, the application of a perpendicular magnetic field allowed for the measurement of the
electrical Hanle effect, a critical test for the unambiguous demonstration of spin injection and
transport occurring in the semiconductor layer. Using this technique, a very long spin lifetime of
s = 940 ps was extracted which is notably longer than that for excitons. Accordingly, a spin
diffusion length of approximately 220 nm was determined using the Einstein relation. The long
spin lifetime and spin diffusion lengths in this hybrid perovskite material are eminently
remarkable considering the dominance of heavy elements in its structure, and provide a unique
opportunity for next generation spintronic devices to utilize a semiconductor material that
simultaneously possesses strong spin-orbit coupling and favorable spin transport properties.

Perhaps the most intriguing property of hybrid perovskite semiconductors with respect to
spintronics is the presence of Rashba spin-split band structures at the interfaces formed with
common ferromagnetic electrodes. Aided by the strong spin-orbit coupling of the metal halide
framework and breaking of inversion symmetry at the interface, these materials may potentially
possess giant spin-to-charge conversion efficiencies. However, research in this area and the
nature of these interfacial states are still being investigated in the literature.

In 2015, M. Kepenekian et al. published a study using symmetry analysis, density

function theory, and k-p modeling to examine Rashba and Dresselhaus effects in hybrid organic-
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inorganic halide perovskites [149]. Their theoretical results indicated that in a reduced
dimensional form, materials such as MAPbBrz and MAPDI3 could exhibit significant Rashba
spin splitting. This finding has important implications for spintronics since it offers the
possibility of controlling spin precession in this semiconductor material class via a gate voltage,
which could open the door to the realization of a spin-FET, for example. J. Yin et al. confirmed
this result with their own DFT calculations, and extended the analysis to include Ruddelsden-
Popper phase hybrid perovskites as well [150]. They demonstrated that the Rashba effect in
typical 3D and 2D hybrid perovskites is strongly dependent on structural distortions associated
with the respective surface terminations of the materials, in addition to the number of layers (n =
1, 2, 3 etc.) in the 2D case.

Experimentally, Niesner et al. used angle-resolved photoelectron spectroscopy to
measure the valence band dispersion of a single crystal of MAPbBr3 [148].Using their valence
band dispersion data, they were able to estimate an incredible Rashba parameter of a, ~ 7eVA
in the low-temperature orthorhombic crystal phase and a, ~ 11eVA in the room temperature
cubic phase. These are some of the strongest Rashba splittings reported and are indicative of very
strong spin-orbit coupling in this material. Yaxin et al. reported similar results through an all-
optical examination of the 2D perovskite (CeHsC2HaNHz3)2Pbl4 using ultrafast transient and
nonlinear optical spectroscopies [151]. The authors in this study found a giant Rashba splitting of
~ 40 meV and Rashba parameter of a, =~ 1.6 eVA by studying the optical characteristics of
excitons and free carriers generated by photoexcitations in thin films of this 2D hybrid
perovskite.

However, there is some skepticism in the literature about the reported Rashba effects in

hybrid perovskite materials. M. Sajedi et al. examined single crystals of MAPbBr3 using ARPES
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in order to verify the findings of Niesner et al. [152]. Unfortunately, they were not able to
replicate the giant spin splitting that was previously observed. Furthermore, they did not find any
detectable Rashba effects either statically or dynamically in this material nor in a control sample
of CsPbBrs. Thus, the nature of Rashba effects in hybrid metal-halide perovskites is still in
question and additional research is warranted to elucidate these conflicting findings.

3.2.1 Spin Lifetime at the Rashba Interface of NiFe/MAPDbBr;

The following section is adapted from published work in Ref. [153].
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Abstract

The emergence of hybrid metal halides (HMH) materials, such as the archetypal
CH3NH3PbBr3, provides an appealing material platform for solution-processed spintronic
applications due to properties such as unprecedented large Rashba spin-splitting states and highly
efficient spin-to-charge (StC) conversion efficiencies. Here we report the first study of StC
conversion and spin relaxation time in MAPDBTr3 single crystals at room temperature using a spin
pumping approach. Microwave frequency and power dependence of StC responses are both
consistent with the spin pumping model, from which an inverse Rashba-Edelstein effect
coherence length of up to ~ 30 picometers is obtained, highlighting a good StC conversion
efficiency. The magnetic field angular dependence of StC is investigated and can be well-
explained by the spin precession model under oblique magnetic field. A long spin relaxation time
of up to ~190 picoseconds is obtained, which can be attributed to the surface Rashba state

formed at the MAPDBr3 interface. Our oblique Hanle effect by FMR-driven spin pumping
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technique provides a reliable and sensitive tool for measuring the spin relaxation time in various
solution processed HMH single crystals.
I. INTRODUCTION

The ability to transduce and manipulate an electric charge current into a corresponding
spin current, and vice versa, is central to the field of spin-orbitronics [70], [154]. To this end, a
great deal of research has focused on the generation [155]-[158], manipulation [159]-[163], and
detection [71], [164] of the electron spin by means of spin-orbit coupling (SOC). Interconversion
between electron spin and charge is typically accomplished via the spin Hall effect (SHE) and
inverse spin Hall effect (ISHE), in which a three-dimensional (3D) charge current (j32) is
injected into a nonmagnetic material with strong SOC, resulting in the generation of a transverse
3D spin current (j3P) with orthogonal spin polarization direction S [165]. The efficiency of this
conversion is proportional to the strength of the SOC in the nonmagnetic material, and is
represented by the spin Hall angle (0;sy5), Where Ejgyr = 01syr)s X S and 8,gyp = j3P/j3P
[166]. Recently, a more efficient spin-to-charge (StC) conversion mechanism has also been
discovered in strong SOC materials that lack inversion symmetry, known as the Rashba-
Edelstein effect (REE) and inverse Rashba-Edelstein effect (IREE) [20], [76], [167]. This
process occurs due to the formation of an interfacial ‘Rashba splitting state’, wherein spin
degenerate bands are split in the presence of both strong SOC and the local breaking of inversion
symmetry. Unlike the bulk 3D spin-to-charge conversion that occurs in ISHE, under the IREE a
2D charge current (j22) is generated when there is a sufficient presence of spin accumulation

injected from an adjacent ferromagnet into the Rashba interface. In direct analogue to the ISHE
conversion relation, the IREE process could be described by j3P « A,REE(%e)jSZD x S [168],

wherein A;zgg is the IREE ‘coherence length’ that determines the conversion efficiency through
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the relation Ajggr = jé/jeP = agt,/h where ay is the Rashba coefficient and 7, is the
momentum scattering time at the Fermi contour [169]. These Rashba states have been studied in
two-dimensional electron gas (2DEG) systems [72] and 3D topological insulators [24], showing
great promise for next generation spin-to-charge transduction applications at room temperature.

The recent debut of spintronic studies using hybrid metal halide (HMH) materials [147],
[149], [170]-[172], such as the prototypical material methylammonium lead bromide
(CH3NH3zPbBrs, MAPDbBr3), have attracted an immense amount of research interest beyond their
exciting optoelectronic properties for applications in solar cells [173]-[177], light-emitting
diodes [178]-[180], lasers [181]-[183], and photodetectors [184]-[187] etc. They are remarkably
defect tolerant, and the presence of heavy elements such as Pb in their inorganic framework leads
to exceptionally strong SOC. In addition, they possess broad chemical tunability through
chemical substitution of the halide anions and organic cations [188], allowing for synthetic
control of the SOC strength, lattice constant, dimensionalities, bandgap, as well as emergent
Rashba splitting states [148], [189]-[191]. These advantageous properties have made the family
of HMHs a prime solution-processed material candidate for StC transduction applications.
However, the exact description of the Rashba effect in these materials has remained elusive as
most studies have utilized thin films whose polycrystalline nature [190], where inversion
symmetry is broken not only at film surfaces but also at grain boundaries, complicates the data
analysis [192].

One way to unravel the role of the Rashba state in HMH materials is through
measurements of the spin lifetime. For this, it is best to study them in their single crystalline
form as it is the most pristine embodiment of crystalline matter where properties are more

directly related to the presence of SOC from the heavy elements or spin-momentum relations
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induced by the Rashba state, and less related to the presence of defects such as grain boundaries.
A precise and reliable technique for measuring this parameter in HMH materials is the electrical
‘Hanle’ effect [169]. However, it is impractical to apply the traditional nonlocal
magnetoresistance and electrical Hanle measurements in metals, which require solvent-based
photo-/e-beam lithography procedures [193], to HMH materials. For this reason, no conventional
electrical Hanle measurement has been demonstrated in HMHSs at room temperature except for
the ultrafast magneto-optical studies that is severely limited to cryogenic temperature operation
for the clear demonstration of the Hanle precession in a handful of HMH materials [146].
Measuring the spin lifetime in such HMH materials without the aid of cryogenic environment is
an extremely arduous endeavor. The electrical detection of the oblique Hanle effect by a
ferromagnetic resonance-driven spin pumping technique — the change of StC conversion
corresponds to a suppression of spin accumulation via spin precession under an oblique magnetic
field [23] — enables us to obtain the crucial information about spin lifetime at room temperature
and convincing proof of spin accumulation without involving destructive nanofabrication
processes, and is particularly suitable for the HMH single crystal samples.

Here we demonstrate for the first time a complete spin pumping study on a macroscopic
MAPDBT3 single crystal using ferromagnetic resonance (FMR) and spin pumping techniques.
The obtained StC signals change as a function of field orientation angle because of the spin-
precession under the oblique magnetic field, enabling a first-order estimate of the spin lifetime in
the MAPDBrr3 single crystal and providing strong evidence for the presence of a surface Rashba
state. The application of oblique Hanle spin pumping provides a reliable metrology to study the

spin lifetime in the family of solution processed HMH materials, which has been technically
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challenging for the conventional electrical Hanle measurement due to the inevitable conflicts

between solution-based material preparation and nanofabrication procedures.
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Figure 30. (a) Optical image of a MAPDbBr3 single crystal with ruler for scale. The sample size is

approximately 3 x 3 x 2.5 mm. (b) Schematic illustration of the NiFe/MAPbBTr3 single crystal

device used for spin pumping measurements, where M denotes the magnetization direction and

V is the measured voltage. (c) and (d) X-Ray diffraction spectra obtained for MAPbBTr3 in both

powder and bulk single crystal forms, respectively.

1. EXPERIMENTAL DETAILS

Figure 30a shows an optical image of the MAPbBr3 single crystal used for spin pumping

measurements. The crystal was grown using an inverse temperature crystallization technique
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[194] and has approximate dimensions of 3 x 3 x 2.5 mm. 15 nm of NigiFe19 (99.99% purity,
Angstrom Engineering) was deposited on the top surface of the single crystal using electron
beam evaporation with a base chamber pressure of 1x107 Torr and deposition rate of 0.2 A/s.
Silver paste (Ted Pella, Inc.) was applied to the both sides of the crystal to provide electrical
contacts for spin pumping voltage measurements, as shown schematically in Figure 30b. X-ray
diffraction was used to check the phase purity of the prepared single crystal. Figure 30c and 30d
show the diffraction patterns obtained for both the single crystal and its powdered form,
respectively, revealing a high quality single crystallinity.

Ferromagnetic resonance (FMR) was performed at room temperature from 2 to 16 GHz
using a commercial NanOSC PhaseFMR spectrometer with a coplanar waveguide, while an
GMW electromagnet was used for applying an external magnetic fields. For the spin pumping
measurements, microwaves are generated by a Keysight X-Series Microwave Analog Signal
Generator at an excitation frequency of 2-16 GHz and microwave power of 50 mW. A transverse
dc voltage is electrically detected between two silver paste contacts at opposite ends of the single
crystals, recorded by a Stanford SRS530 Lock-In Amplifier. Oblique Hanle effect measurements
are performed by rotating the sample and coplanar waveguide with respect to the applied
magnetic field using a precision goniometer, by which both the transverse dc voltage and FMR

signal can be recorded simultaneously. All the measurements were taken at room temperature.
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Figure 31. (a) FMR spectra of the NiFe/MAPDbBr3 bilayer obtained between 2 — 16 GHz. (b)
Microwave frequency f plotted as a function of the resonant field Hrvgr, Where the solid curve
represents a fit to the Kittel formula. (c) FMR linewidth plotted as a function of microwave

frequency for the NiFe/MAPDBTr3 (blue) and NiFe reference sample (red).

I11. RESULTS
Broadband ferromagnetic resonance and spin pumping
Figure 31a shows the typical FMR spectra obtained at different microwave frequencies
for the NigiFe1s/MAPDBI3 single crystal device, from which values for a, the damping factor, v,

the gyromagnetic ratio, and Ms, the saturation magnetization, are derived. Ms and y are obtained
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from the Hrmr versus f plots shown in Figure 31b, by fitting to the Kittel equation: (ZT”f)2 =

Hpyr (Heyr + 41tMy) [30], where Hewmr is the resonant field. Values for 4tMs and vy for a bare
Nig1Fe1o reference sample deposited on a glass substrate are found to be 0.627 T and 191.64

GHz/T, respectively, which are consistent with those reported in the literature [15]. Damping
factors are extracted using the relation, a = %AH + H,, where 4H is the FMR linewidth

(HWHM) and f is the microwave frequency. H, is the frequency-independent linewidth

contribution arising from inhomogeneities in the ferromagnetic film and single crystal surface.

The intrinsic damping parameter, ao, for the bare NiFe reference sample is found to be 5.4 x 1073,

while the damping parameter of the NisiFei1o/MAPbBr3 is found to be 2.1 x 1072, as shown in

Figure 31c.
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Figure 32. (a) Spin pumping voltage Vsp measured as a function of external magnetic field H for

different microwave frequencies (b) Vsp measured as a function of H for different microwave

excitation powers at a frequency of 6 GHz. (c) Data (symbols) and theoretical fit (line) for Vsp

measured as a function of microwave frequency. (d) Data (symbols) and theoretical fit (line) for

Vsp measured as a function of microwave power. The inset shows the calculated IREE length vs.

microwave power.
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When an in-plane magnetic field is applied, the vertical spin current density (j3P) that is
injected into the NiFe/MAPDBr3 interface under the ferromagnetic resonance may be calculated

via the relation [15]:

S0 (= 0) = 9l pynZsh queffycosz(<pM)+J(queffV)zcosz(<pM)+4w2 2e
s M 8mag; (hoMeffy)?cos?(pm)+H4w?

1)

o iy ; ; __yh n
where g, is the spin mixing conductance at the interface determined by Aa = vty Jeff

where dp is the thickness of the ferromagnetic layer, h,.; is the microwave field, uo M, is the
effective saturation magnetization of NiFe, w = 2xf, e is the electron charge, and h is the
Planck constant.

Spin pumping measurements are performed at room temperature using the same
experimental setup used for the FMR measurement. The voltage generated across the
NigiFe1s/MAPDBI3 device is measured as a function of applied magnetic field at different
microwave frequencies and microwave powers, as shown in Figure 32a and 32b, respectively.

The obtained dc voltage signal can be decomposed into two parts, a symmetric and an

AH?

antisymmetric voltage component given by [71]: V(H) =V, + VSymm -
—HFMR

AH(H—-HFMR)
Asym (H—HFMR)Z +AH?’

where Vsym is the spin pumping voltage generated from the StC
conversion and Vasym is the Anomalous Hall effect (AHE) contribution from the NigiFe1g layer
[71]. Flipping of the voltage polarity upon the reversal of the applied magnetic field from + Hyes
to — Hres provides a strong evidence that the signal is indeed originated from the spin pumping
process rather than that from the heating induced artifact which is magnetic field independent®.

Here, we take the average of Vsym for +Hrmr and —Hrmr as the actual Vsp, where Vgp =

[Vsym(+HFMR) - Vsym(—HFMR)]/Z. Figure 32c shows the microwave frequency dependence of
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Vsp can be fitted with the equation Vgp o« [(Meffy)2 + (47f)?]~2, in good agreement with
spin pumping model [23]. The decrease in the magnitude of Vsp with increasing microwave
excitation frequency further proves that the observed Vsp signal does not stem from heating
induced artifact, but rather the actual spin pumping induced signals. Figure 32d shows the linear
dependence of Vsp with microwave power, consistent with the spin pumping model in the linear-

response regime [195].
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Figure 33. (a) Schematic illustrations of the NiFe/MAPbBr3 bilayer during spin pumping
experiments when the external field H is applied out-of-plane by an angle 6. M and Vs, denote
the magnetization vector for NiFe and spin pumping voltage, respectively. (b) FMR spectra
normalized by resonant field plotted for different magnetic field angles 0. (c) Spin pumping
voltage Vsp normalized by resonant field plotted for different magnetic field angles 6. (d) Hrvr
plotted as a function of 0 (¢) Magnetization angle ¢ plotted as a function of 6 according to the
Landau—Lifshitz—Gilbert equation with the measured Hrmr values. (f) Vsp plotted as a function
of 0. Fit curves with four different spin-relaxation times (zsr) are shown using Eq. (4). The solid
circles represent experimental data while the solid curve represents the best fit obtained with tsf =

189 ps. The inset shows the same fitting applied to a sample of NiFe (15 nm)/SiO2 where tsf ~ 18

ps.
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Oblique Hanle spin precession

We have conducted both field angular dependent FMR and spin pumping measurements,
namely performing the spin pumping measurement when applied external magnetic field, H is
applied oblique to the film plane by an angle 8, from 0° to 180°, as shown schematically in
Figure 33a. Under the oblique magnetic field, the relation between the external magnetic field
angle 8, and the angle of the magnetization—precession axis ¢,, is calculated using the Landau—
Lifshitz—Gilbert equation, which can be described by [23], [196]:
2Hpypsin(@y — @) + 4TMeppsin2¢y = 0 2

w

2
(—) = [HFMR cos(fy — ou) — AtM s COS(Z(PM)] X [HFMR cos(fy — ou) —

r
ATM gz 052 (gn)] 3)
where Hpyr 1S the applied magnetic field strength under the resonance condition. Figure 33b
and 33c presents the obtained angular dependence of the FMR and Vsp signals, respectively. The
resonant fields, Hpyr, from the FMR spectra are plotted as a function of 8, in Figure 33d. The
relation between 6 and ¢,, calculated from Eqg. (2) with the measured value of Hgy is shown
in Figure 33e [23].

The oblique magnetization M(¢,,) of the NiFe film at the ferromagnetic resonance
injects the pure spin current S(t) into the MAPbBTr3 layer of which spin polarization direction
follows the oblique magnetization direction (Figure 33a). Due to the misalignment between 6,
and ¢y, the injected S(t) in the MAPDBTr3 layer under the oblique static external magnetic field
precesses and results in a decrease of transverse IREE voltage because of the suppressed spin
accumulation via spin precession and dephasing, i.e., the Hanle effect [197], [198]. By increasing
the angle of the applied magnetic field, the in-plane component of S(t) senses a larger out-of-
plane field strength that further suppress the spin accumulation, giving rise to a typical
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characteristic of field angular dependence of the spin pumping voltage [23] if the spin relaxation
time, tsr is considerably comparable to or larger than the Larmor precession time 1/w; (w; =
grug(uoH) /R is the Larmor frequency under the oblique magnetic field). The spin pumping
voltage, Vsp, is plotted as a function of out-of-plane angle, 8 in Figure 33f, allowing us to
determine the spin lifetime, tsr, in the MAPDBr3 layer using the Hanle precession model with

both ISHE and IREE contributions [23], [199]:

Vep % j3P (@m) (Arer + O1supAn)[cosOcos(8 — @) fod” e /M dx + sinfsin(6 —

0) [ Rele o]dx] @)
where j3P (¢, # 0) is the angular dependent injected spin current density at the interface under
the oblique FMR condition given by Eq. (1) [15], dn is the thickness of MAPDbBr3 single crystal
(i.e., 2.5mm) for the bulk ISHE contribution or the nominal thickness of the Rashba surface state

(taken as 2 nm) [200], A is the spin diffusion length in the MAPbBr3 crystal, and 4, =

AN 51

It is noteworthy that Eq. (4) was originally derived from an equivalent circuit model for
the interpretation of field angular dependent ISHE measurements [23]. For simplicity, here both
bulk ISHE contribution and surface Rashba induced IREE contribution share the same Hanle
precession model but with different nominal thickness and spin diffusion length parameters. The
reasoning is that in ISHE, the entire thickness of the NM (i.e., d, can be up to 2.5 mm for the
thickness of single crystal) contributes to the generated transverse dc voltage: the spin current at
a certain depth into the material is related to the spin diffusion length, resulting in a gradual
increase of StC conversion when the thickness increases until it saturates [201]. In contrast, at a

Rashba surface state, the StC conversion occurs with a constant conversion efficiency only at the
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surface state as detailed in previous reports [201], [202]. Thus, a constant StC conversion
coefficient in the form of IREE coherence length will be assumed. Specifically, at the surface
state, the produced 3D spin diffusion will be limited at the 2D surface state, in which the spin
diffusion length is simply equivalent to the value of the nominal thickness of the surface state as
used in other topological insulator systems [203], i.e., dy (surface) ~ Ay (surface) = 2 nm.
Four fit curves using different spin-relaxation times (tsf) are shown in Figure 33f to
illustrate how the fitted model curve changes with wtsf < 1, wtgs > 1, IREE contribution, and

only bulk ISHE contribution with expected low spin lifetime at room temperature (z,(bulk) <

10 ps [23]), respectively. The best fit curve with produced with st = 189 ps that determines that
the spin lifetime for the Nigi:Feio/MAPDBTr3 single crystal with only IREE contribution. For
comparison, a similar measurement for the NiFe/SiO2 control sample was performed (the inset of
Figure 33f). A much smaller spin lifetime of tsf = 18 ps is obtained in stark contrast to the long
spin lifetime observed in the MAPbBr3 sample, indicating that the magnetoresistance artifacts

from the NiFe layer do not play a dominant role in our measurement.

IV. DISCUSSION
Bulk MAPDbBTr3 forms a disordered cubic structure at room temperature with an average
space group symmetry of Pm3m. This centrosymmetric structure possesses inversion symmetry,
and thus should lack any bulk Rashba type effects. However, at the surface or interface this
inversion symmetry is necessarily broken and therefore allows for the formation of a surface
Rashba state. Indeed, it has been proposed that the giant Rashba splitting previously observed in
MAPDBTr3 stems from this surface state and not the bulk [149], [204], [205] and recently

experimentally proven in the MAPDbrBr3 polycrystalline thin film [201]. It is thus tremendously
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advantageous to utilize single crystals in the analysis of the surface Rashba state, where a single
material surface may be isolated and probed and the effects of defects such as grain boundaries is
minimized.

In our spin pumping experiments, we use microwave excitation of the NiFe thin film at
its ferromagnetic resonance for the generation of a 3D spin current that is subsequently injected
into the adjacent MAPDBI3 single crystal. If the predicted surface Rashba state is present at this
interface, the spin current may be converted into a corresponding 2D charge current by the IREE
process. For FMR measurements, this should manifest as spin current dissipation across
interface, namely spin sink behavior resulting in an increase in the damping factor of the bilayer
with respect to the isolated ferromagnetic film. This expected phenomenon is confirmed in
Figure 31c, where we see that the damping factor obtained for NiFe/MAPDbBr3 (2.1 x 102) is
almost four times larger than that of the bare NiFe film (5.4 x 107%). This large increase in
damping for the bilayer system is indicative of the presence of a strong spin to charge conversion
process, which is further reinforced by IREE measurements. The transverse charge current
generated at the interface in response to the injected spin current can be estimated by the relation

j2P = Vsp /Rl where [ is the length of the device (3 mm) and R is the total device resistance

1
calculated as R =

, Where ay4pp5r3 1S the conductivity of the
[oMaPbBr3dmMAPbBr3tONiFedNiFe]

MAPbBr3 single crystal, oy;re (1.17x10° Q-cm) is the conductivity of the NiFe layer, dy4pppr3

is the thickness of the MAPDBTr3 single crystal and dy;z. (15nm) is the thickness of the NiFe
- - ‘2D - -
layer. As described by the relation A,pgg = 7€ /j3D’ by comparing the j3P obtained from FMR
S

and j2Pobtained from IREE, we may extract the IREE coherence length which we find to be
Airep = 28.5 pm that remains constant as a function of microwave power (inset of Figure 32d).

This value is comparable to the coherence lengths found in YIG/Bi.Ses (~35 pm) and
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NiFe/Bi,Ses (60 pm), although it is much smaller than those found in systems such as Bi/Ag
(100-400 pm) and a-Sn (2100 pm) [76], [113], [168], [206].

To provide further evidence for the presence of an interfacial Rashba state in our
NiFe/MAPDBr3 bilayer, we directly determine the spin lifetime tsf and compare it to other
systems. We accomplish this by performing both FMR and IREE measurements as a function of
external magnetic field angle 6. By plotting the obtained spin pumping voltage as a function of 6
and fitting the result to Equation 2, we are able to extract a numerical value for the spin carrier
relaxation time at the interface. The spin relaxation time of tsf = 189 ps obtained for the
NiFe/MAPDBTr3 system is much larger than that in the NiFe sample (SiO2/NiFe) alone, where st
= 18 ps (see the inset of Figure 33f), or even in the NiFe/Pt bilayer sample, where tsf = 33 ps.
Whereas a larger spin relaxation time in the NiFe film is probably ascribed to the self-ISHE
response originated from the potential surface state formed between the NiFe and SiO> substrate
(st (NiFe only)= 0.025 ps would be expected for the pure NiFe film [23]), the results from these
control samples further confirm that the obtained transverse voltage signals in the
NiFe/MAPDBr3 is unlikely originated from the self-ISHE response from the NiFe film or from
spin-rectification effects [207]-[209].

The large increase in spin relaxation time for NiFe/MAPDbBr3 can be attributed to the
presence of a surface Rashba state formed at the NiFe/MAPDBTr3 interface where the breaking of
inversion symmetry leads to the formation of two degenerate spin contours with opposite
helicity. A spin carrier injected into this environment is unable to undergo rapid spin relaxation
when a strong correlation between momentum and spin is locked within these helical contours.
In contrast to a usually short spin lifetime if the spin flip increases with the scattering rate

increasing following the Elliott-Yafet mechanism [3], a long spin lifetime would be anticipated if
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the Rashba state dominates the StC interconversion where the spin lifeime is likely to be
inversely proportional to the momentum scattering time (tp) via the D'yakonov-Perel mechanism
[210]. Therefore, the spin lifetime in HMHSs obtained by both the FMR-driven spin injection is
much longer than the momentum relaxation time tp ~0.5 fs [211]. This comparison also provides
additional support for the presence of an interfacial Rashba state, where we would expect similar
relaxation times if the signal were coming from a pure ISHE process. We note that this spin
relaxation time is also much longer than what would be expected if the relaxation process was
dominated by SOC from Pb atoms in the perovskite’s inorganic framework, where ultrafast
optical measurements have estimated values of 7, < 4 ps [147], [200].

We are unaware of any other reports on the spin lifetime in MAPbBr3 single crystals at
room temperature with which we could compare our experimentally obtained value of tsf = 189
ps. However, there have been some reports on polycrystalline MAPDbBTr3 thin films measured at
low temperature as well as several recent theoretical studies on MAPbBr3; and MAPbIssingle
crystals [149], [204], [205], [212], [213]. R. Wang et al. used partial circularly polarized
photoluminescence (CPL) to measure spin lifetime via the optical Hanle effect in MAPDbBTr3 thin
films at low temperature, with measured relaxation times of tsf = 240 ps at 77 K that reduces by
an order of magnitude at 110K [213]. J. Wang et al. similarly measured optical Hanle responses
in MAPDBTr3 thin films at low temperature using CPL, finding that tsf = 491 ps at 10K [144]. In
addition, they measured electrical Hanle responses for the thin film in a spin valve configuration
to obtain a spin relaxation time of tsf = 936 ps at 10 K [144]. The large reduction in spin lifetime
with increasing temperature has also been considered theoretically [205], where it is shown that
st may be reduced by over two orders of magnitude between 10-300 K. Thus, our obtained value

of st = 189 ps for MAPbBr3 at 300 K is eminently remarkable. Please note this estimated value
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could be larger since the dynamical spin injection method used in this paper, the spin lifetime
may be reduced by coupling of the spins at the surface of the MAPbBTr3 single crystal to the
adjacent NiFe layer [214], [215].

By considering the presence of a surface Rashba state where the signals measured during
spin pumping experiments will be coming from the dominant IREE process, the corresponding
Rashba coefficient ay could be calculated by combining the obtained IREE length (A;ggs =
28.5 pm) with a previously calculated value for the spin-momentum scattering time at the Fermi
contour (7, = 0.5 fs) [214] using the relation A;ggr = agT,/h. Using these parameters, we
derive a value for the Rashba coefficient of @, = 0.34 eV - A. This value is comparable in
magnitude to the ar = 0.33 eV - A obtained from previous spin pumping measurements
performed on polycrystalline MAPDbBr3 films measured at room temperature [201], although is s
lower than the massive az = 11 eV - A previously reported based on ARPES measurements of
MAPbDBTr3 single crystals [148].

V. CONCLUSION

In summary, we report the first spin pumping study on the NiFe/MAPbBr3 single crystal
device at room temperature. The obtained IREE coherence length A;gzr = 28.5 pm is
comparable in order of magnitude to IREE lengths measured in several topological insulator and
2D systems by similar spin pumping approaches [168], [203], [216]-[218]. By measuring both
FMR and spin pumping signals as a function of out-of-plane external magnetic field angle, an
unprecedentedly long spin lifetime tsf = 189 ps at room temperature is obtained, exceeding the
presumable short spin lifetime induced by heavy elements in HMH materials. The enhanced spin
lifetime is attributed to the presence of an interfacial Rashba state at the NiFe/MAPDbBr3

interface. We hope that these results will initiate additional studies of interfacial Rashba effects
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in various HMH single crystals for future solution-processed spin-to-charge transduction
applications.
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Chapter 4

Conclusion and Future Outlook

This thesis examined spintronics devices comprised of organic, inorganic, and hybrid
semiconductor materials. Each type of semiconductor possesses unique spin-related properties
that can be advantageous or deleterious depending on the device in which it is being integrated
and its end-use application. The future outlook for these three classes of semiconductors with
respect to their spintronic utility will be briefly discussed here.

Organic semiconductors are incredibly promising materials for spintronics in the long
term due to their almost limitless chemical and structural versatility. However, in the short term
there are still many issues surrounding their practical use at the device level. The disordered
nature of organic solids and their microstructural sensitivity to processing conditions makes it
difficult to pin down the exact material properties that produce certain device behaviors. Spin-
orbit coupling in these materials is also much different than that in crystalline solids, and highly
dependent on structural conformation due to the key role of molecular orbital orientation.
Furthermore, carrier mobility is typically quite low in these materials as compared with their
inorganic counterparts. Promising progress has been made, for example by the groups of Zhi-
Gang Yu and Henning Sirringhaus, in elucidating the cause-and-effect relation of polymer
properties on spin transport and relaxation, which may pave the way for their use in the coming
years. Spin transport in planar, highly doped conjugated polymer semiconductors is particularly
promising given their ability to achieve very long spin diffusion lengths (> 1um) with fast transit
times. Once the fundamentals of spin behaviors in these carbon-based semiconductors are better

understood, their favorable processability, mechanical flexibility, and synthetic chemical
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versatility make them prime candidates for future spintronics devices.

Inorganic semiconductors have enjoyed unparalleled success in electronic devices over
the past few decades, and it is highly likely that this will be mirrored in the realm of spintronics
in the short term. Spin-orbit coupling, spin dynamics and spin transport have been relatively well
studied in this class of semiconductor and there is an extensive body of research related to
material properties and synthesis as a function of their commercial use. One of the primary
barriers with inorganic semiconductor spintronics historically has been the issue of impedance
mismatching between the semiconductor and ferromagnetic contacts preventing efficient spin
injection. However, the advent of microwave-induced spin pumping, ultrafast laser and optical
excitation methods now allow for highly efficient spin injection into these materials. Precise
control over material interfaces in relation to two-dimensional carrier gases, quantum well
heterostructures, and other Rashba-active structures with spin-dependent band structures enables
exciting spintronics devices that may be tuned by electric and optical gating methods for
advanced functionalities. In particular, spintronic THz emitters based on inorganic
semiconductors are likely to see increased research interest as they stand to offer a high degree of
control over ultrafast spin-to-charge conversion and waveform emission, with key applications in
ultrafast computing, high bandwidth communications, and non-destructive examination.

Hybrid organic-inorganic perovskite semiconductors are in an early stage of development
for spintronics applications, but hold tremendous promise due to their intermediate properties
between pure organic and inorganic semiconductors. They are synthetically versatile, allowing
for the facile substitution of both organic ligands and ions within their metal halide framework
for the variation of material properties. They also can be synthesized through low-temperature,

solution-based processing, which is tremendously advantageous for commercial adoption,
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although their primary dependence on Pb as the metal cation can be problematic. In terms of spin
properties, hybrid perovskite semiconductors typically exhibit relatively long spin diffusion
lengths and coherence times given the strong spin-orbit coupling of their framework elements.
Additionally, many compounds within this material class exhibit spin-dependent band structures
and Rashba states that give rise to highly efficient spin-to-charge conversion. Many of the same
properties that have motivated the use of these materials in solar cell applications, such as
synthetic bandgap control and optical activity, may be considered advantages in spintronics as
well. While perhaps not as immediately applicable to device integration in the short term as
inorganic semiconductors stand to be, hybrid perovskites offer a great degree of flexibility and
favorable material properties that ensure their ultimate adoption in spintronics in the near future,
especially for spin-optoelectronics.

Much work still needs to be done before semiconductor-based spintronics reach their full
potential, though the ideas and results presented here in this thesis offer a small step in the right
direction. Further development in the understanding of spin dynamics, spin transport, and spin-
to-charge conversion in semiconductor materials will be crucial towards their successful

implementation in spintronics and enable the next generation of spin-based devices.
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