hv .
Ry Photonics

Article

Theoretical Models for Performance Analysis of Spintronic

THz Emitters

Yingshu Yang *'*, Stefano Dal Forno and Marco Battiato

check for
updates

Citation: Yang, Y.; Dal Forno, S.;
Battiato, M. Theoretical Models for
Performance Analysis of Spintronic
THz Emitters. Photonics 2024, 11, 730.
https:/ /doi.org/10.3390/
photonics11080730

Received: 18 June 2024
Revised: 1 August 2024
Accepted: 2 August 2024
Published: 5 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 637371, Singapore;
sdalforno@ntu.edu.sg (S.D.F.); marco.battiato@ntu.edu.sg (M.B.)
* Correspondence: yingshu.yang@ntu.edu.sg

Abstract: The terahertz (THz) region of the electromagnetic spectrum, spanning from 0.1 to 10 THz,
offers unique opportunities for imaging, spectroscopy, and communication applications. However,
the potential of THz technologies has been limited by the availability of efficient and versatile THz
emitters. Spintronic THz emitters (STEs), leveraging the ultrafast dynamics of electron spins in
magnetic materials, have emerged as a promising solution to this challenge. STEs offer significant
advantages, including broad bandwidth, high power output, and room-temperature operation, posi-
tioning them at the forefront of THz technology development. Despite these advances, understanding
the operational principles and improving the performance of STEs remain areas of active research.
This review focuses on the theoretical models that describe the behavior of STEs, aiming to provide
a comprehensive overview of the underlying physics and suggest directions for future enhance-
ments. Through a detailed examination of these models, the review seeks to clarify the basics of
the physics driving STE performance and highlight innovative strategies for their optimization and
application expansion.

Keywords: spintronics; terahertz emission; ultrafast magnetism; theoretical physics; material
properties; electromagnetic spectrum

1. Introduction

The terahertz (THz) region of the electromagnetic spectrum, typically defined as
frequencies from 0.1 to 10 THz, lies between the microwave and infrared light. This
segment of the spectrum has long been recognized for its potential across a broad range of
applications, including, but not limited to, non-destructive testing, medical imaging, and
high-speed communication systems [1-5]. However, the exploitation of THz waves has
been historically constrained by the lack of effective and versatile THz emitters [6].

THz emitters are pivotal in bridging this technological gap, offering unique advantages
that are indispensable for applications that require penetrating non-conductive materials
without the ionizing effects of X-rays [1,7]. The capability of THz radiation to provide
detailed spectral information enhances its application in the chemical, biological, and
material sciences, where traditional techniques fall short [1].

Among the various approaches to THz generation, spintronic THz emitters (STEs) have
gained significant attention. These devices utilize spintronics, a branch of physics focused
on the natural spin of electrons and their related magnetic moments, alongside the basic
electronic charge. Employing rapid spin dynamics and magnetic heterostructures, STEs
effectively and quickly transform magnetic energy into terahertz (THz) radiation [8-11].

The interest in STEs originates primarily from their robust performance characteristics,
which include broad spectral bandwidth and high peak power output, alongside the practi-
cal advantage of room-temperature operation and ease of integration into semiconductor
devices [12-15].

Despite these advantages, current STEs typically achieve power levels in the range
of microwatts to milliwatts [12], which may be insufficient for certain applications that
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demand higher power for signal penetration or imaging resolution [3]. Additionally,
while tunability across a broad spectrum has been demonstrated, fine-tuning specific
frequencies with high precision remains challenging [13]. These limitations highlight the
need for advancements in both efficiency and tunability. Enhancing the efficiency of STEs
involves optimizing the spin conversion processes and material properties to maximize
THz emission. Improving tunability requires developing methods to precisely control the
spectral characteristics of the emitted THz radiation, such as by engineering the magnetic
heterostructures or utilizing external fields.

A clear understanding of the fundamental physical principles that govern STEs is
essential to these advancements. This includes not only the spintronic phenomena but
also the geometrical characteristics that can significantly influence device performance.
Theoretical models and simulations are indispensable tools in this endeavor, providing
insights that are essential for the iterative design and optimization of these complex systems.

This review aims to explore the theoretical frameworks that describe spintronic THz
emitters. By reviewing these models, we seek to show the foundational physics that
supports STE operations and to highlight promising directions for future research and
development. We will discuss how theoretical models can address the current challenges
in efficiency and tunability, ultimately contributing to the realization of more effective and
versatile THz emitters.

2. Basic Background of Spintronic THz Emitters
2.1. THz Time-Domain Spectroscopy Introduction

Terahertz time-domain spectroscopy (THz-TDS) is a cutting-edge spectroscopic tech-
nique that measures the properties of materials in the terahertz frequency range. This
technique exploits the unique interactions of THz radiation with various materials to ex-
tract information about their electronic, photonic, and vibronic properties, which are often
inaccessible to other forms of spectroscopy [1].

At the core of THz-TDS is the generation and detection of short pulses of terahertz
radiation. The process begins with a femtosecond laser, which emits ultrashort light pulses.
These pulses are used to excite a suitable THz emitter, typically a photoconductive antenna
or a nonlinear crystal, which in turn generates THz pulses. The emitted THz radiation is
then directed towards the sample under investigation. As the THz pulse interacts with the
sample, it undergoes absorption and phase shifts, which are dependent on the material’s
properties. After passing through the sample, the pulse is detected in a manner that
captures both its amplitude and phase. This detection usually involves an electro-optic
crystal where the THz pulse and a synchronized optical gating pulse come together. The
interaction between the THz pulse and the gating pulse in the crystal produces a change
in the polarization of the gating pulse, which can be measured to determine the THz field
strength and phase at each point in time [1,3,8,16]. A typical and basic experimental setup
is shown in Figure 1.

By analyzing these time-domain data, one can convert them into frequency-domain
spectra through the Fourier transform, providing rich details about the material’s response
across the THz range. THz-TDS is particularly valuable for studying semiconductors,
superconductors, biological tissues, and various other materials, making it a versatile tool
in both scientific research and industrial applications [1,3,5].

The study into spintronic terahertz (THz) emitters has been greatly enhanced by
advancements in THz time-domain spectroscopy (THz-TDS). This technique has proven
crucial in identifying and analyzing the rapid electron dynamics and spin phenomena
within spintronic materials. THz-TDS measures the electric field of the emitted THz waves
as a function of time, providing a direct insight into the dynamics of the charge carriers and
the efficiency of the spin-to-charge conversion processes that are central to the operation
of these emitters. This spectroscopic approach has enabled a deeper understanding of
the complex mechanisms that facilitate THz generation, laying the groundwork for the
development and optimization of efficient spintronic THz sources [1,11,16].



Photonics 2024, 11, 730 3of16

Beam splitter
THz detector Wollaston
/ I crystal prism
Dela / Parabolic
N i mirrars
stage THz emitter

y==1

T
REPLACED +,

M i
o |

Sample Quarter-
] wave plate Photo diodes
Spintronic :-'i
THz emitter .

REMOVED

Figure 1. A typical THz-TDS experimental setup. Overall experimental configuration for spintronic
THz emission closely resembles that of THz-TDS. In STE setups, the conventional THz emitter is
replaced by the spintronic THz emitter, and the sample typically studied in THz-TDS is omitted.

2.2. Basic Structure and Operation of STEs

In spintronic terahertz emitter (STE) technology, devices are typically constructed
using a combination of ferromagnetic (FM) and non-magnetic (NM) layers. The operational
principle begins with the application of a femtosecond laser pulse, which rapidly heats
the metallic layers, thereby driving the entire system into a non-equilibrium condition.
This intense laser pulse specifically targets the electrons in the ferromagnetic layer, causing
a significant number of them to transition energetically from the valence band to the
conduction band. This electron excitation elevates them above the Fermi level, altering
both their band velocity and scattering rates [12,13].

The different transport properties between spin-up and spin-down electrons play a
crucial role in the system. Specifically, in ferromagnetic metals, majority-spin (spin-up)
electrons generally have a significantly longer lifetime than minority-spin (spin-down)
electrons. This difference results in a pronounced imbalance in the populations of spin-up
and spin-down electrons, leading to the generation of a net spin-polarized current. While
the charge component of the current may be screened in metallic FM/NM structures,
the spin-polarized current carries an imbalance in electron spin orientations through the
material, contributing to the observed phenomena [9,12,17-22].

After the generation of the spin-polarized current, it will diffuse from the FM layer
into the adjoining NM layer. In the NM layer, strong spin-orbit coupling (SOC) allows
for the conversion of this spin current into a charge current through the inverse spin Hall
effect (ISHE). Here, the spin-polarized electrons experience a force due to the SOC, leading
them to scatter in directions dependent on their spin orientation, which will be eventually
observed as a transverse charge current. This charge current will then be generated in a
picosecond timescale to produce a THz wave. This THz wave will then propagate through
the whole multilayer system and be detected [8,12,13,23,24]. A schematic layout of a typical
bilayer spintronic THz emitter can be seen in Figure 2.

In spintronic terahertz (THz) emitters, the inverse spin Hall effect (ISHE) is the primary
mechanism for converting spin currents into transverse charge currents, which are essential
for generating THz radiation. ISHE operates across the bulk of materials, where symmetry
allows for the generation of a charge current perpendicular to both the spin polarization
direction and the spin current direction. This effect is fundamental to the design and
operation of spintronic THz emitters due to its robustness and the straightforward nature
of its integration into device architectures [8].
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Figure 2. A typical bilayer spintronic THz emitter. J; is the spin current and J. is the charge current.

Besides ISHE, other phenomena such as the inverse Rashba—Edelstein effect (IREE) [25]
and the anomalous Hall effect (AHE) [26-28] also contribute to the functionality of spin-
tronic devices, though they are less commonly associated with the primary THz emission
mechanism. Figure 3 provides a visual comparison of ISHE, IREE, and AHE, emphasizing
their distinct operational contexts within the STEs.
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Figure 3. An intuitive description of how ISHE, IREE, and AHE act in THz emission.

IREE occurs primarily at interfaces where inversion symmetry is disrupted, such as
between ferromagnetic (FM) and non-magnetic (NM) layers, or in materials that inherently
lack inversion symmetry in their bulk. This effect involves the conversion of a spin current
into a charge current through mechanisms related to Rashba spin-orbit coupling, which are
highly relevant in structures like Ag/Bi interfaces, topological insulators, two-dimensional
electron gases (2DEGs), and transition metal dichalcogenides (2DTMDCs) [8,9].

In addition, the anomalous Hall effect (AHE) is a basic spintronic charge-to-charge-
current conversion phenomenon [29]. The AHE results from intrinsic spin—orbit coupling
and magnetization in single-layer ferromagnetic materials, and generates a transverse
voltage as a charge current passes through the material [26-29]. While the AHE can
influence the performance of spintronic devices under specific conditions, its impact on
THz emitters is typically secondary compared with ISHE.

The integration of these effects—ISHE, IREE, and AHE—into spintronic THz emitters
offers potential pathways to enhance device performance and manipulate spin currents
more effectively [26-28]. This integration highlights the diverse operational domains of
these effects and underscores their potential impacts on the efficiency and functionality of
spintronic devices.

3. THz Generation in the STE: Physical Phenomena

In this section, we dissect the complex THz emission process into three basic sequential
stages: (1) femtosecond (fs) laser-induced excitation and the creation of a spin-polarized
current, (2) the transformation of spin current into a charge current, and (3) the subsequent
emission of THz waves. Each stage will be thoroughly discussed in the subsequent sections,
providing a detailed analysis of the mechanisms driving the THz wave generation.
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3.1. Spin Current Generation

The ultrafast demagnetization phenomenon induced by femtosecond laser in magnetic
materials has attracted great attention from many researchers since its discovery [30].
In the overall spin current generation process in spintronic THz emitters (STEs), it is
widely accepted that ultrafast spin transport is driven by the ultrafast demagnetization
mechanism [31,32].

When a femtosecond laser pulse impinges on a ferromagnetic (FM) layer, it rapidly
elevates the energy state of the electrons, creating non-equilibrium conditions within
the material. This intense, short-duration pulse induces ultrafast demagnetization by
significantly disturbing the magnetic order. Specifically, the laser pulse excites electrons
from the d-band to the sp-band, leading to a temporary reduction in the net magnetization
of the ferromagnetic.

The process of ultrafast demagnetization is central to the subsequent spin dynamics.
By disrupting the magnetic order, the laser pulse enables the excitation of spin-polarized
electrons. These electrons exhibit energy-dependent lifetimes differing between the spin
majority and minority carriers. As a result, this differential in electron lifetimes facilitates a
rapid flow of spin-polarized electrons, injecting a highly polarized spin current into the
nonmagnetic (NM) metallic layer of the heterostructure [17].

The generation of this spin-polarized current is characterized by superdiffusive trans-
port, where spin-polarized electrons migrate from regions of higher excitation to regions of
lesser excitation. The direction of this migration depends on the relative temperatures of
the ferromagnetic (FM) and non-magnetic (NM) layers. This behavior can be likened to
an ultrafast spin Seebeck effect. In typical materials like nickel (Ni), mobile majority-spin
electrons can be up to 90% spin-polarized, while for iron (Fe), the polarization can reach
approximately 65% [19]. However, it is important to note that a higher degree of spin
polarization does not directly correlate with a higher spin current in FM/NM systems. The
magnitude of the spin current depends on several factors, including the spin-dependent
scattering mechanisms and the specific material properties of the FM and NM layers. These
dynamics are critical for understanding the efficient injection and propagation of spin
currents within the heterostructure. The superdiffusive spin transport, driven by laser-
induced heating, not only serves as an ultrafast analog to the spin Seebeck effect [33-35] but
also produces longitudinal spin currents that are significantly larger in magnitude, albeit
transiently existing on the order of a few hundred femtoseconds [17,19].

3.2. Charge Current Generation

After understanding the basics of how the spin current is generated and then injected
into the neighboring layers, to develop a deeper understanding of spintronic THz emitters,
one must delve into the mechanisms of the generation of the charge current from the spin
current, where, in an STE, the inverse spin Hall effect (ISHE) plays a significant role. To
understand the ISHE, we first review the spin Hall effect (SHE). The SHE manifests in
materials with significant spin—orbit coupling, such as platinum or tungsten. The effect can
be quantified by the following equation [35]:

]S = QSH]C X0, (1)

where J; is the spin current, g is the spin Hall angle, J. is the charge current, and ¢ is
the spin polarization vector. This phenomenon arises as electrons with opposite spins
are deflected in opposite directions due to the intrinsic spin—-orbit interactions within the
material, creating a spin accumulation on the edges of the material.

Conversely, ISHE converts an existing spin current back into a charge current, which
is essential for detecting spin currents. This conversion is described by the following [35]:

Je = 0suJs x 0. 2)
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People also commonly write it as follows [13]:

M
Je = OsuJs X |7 3)

Mi
to directly show that, in an STE, the spin current generates a perpendicular effective charge
current relative to both itself and the axis of magnetization.

In this context, ISHE is critical as it enables the generation of an electrical signal from
a spin current, which can be utilized in various technological applications. This effect
not only demonstrates the conversion of spin to charge but also highlights the interplay
between electrical and magnetic properties in spintronics, emphasizing their importance in
advanced computing and storage systems. These phenomena underscore the fundamental
role that SHE and ISHE play in the operation of spintronic THz emitters.

3.3. THz Emission

After the generation of the charge current, we will proceed to the following THz
emission process, which is easy to capture. Whatever the effect of charge current generation
is, the central part is the production of this charge current. Only when the charge current
is generated can we further achieve the THz emission. This is straightforward when inte-
grated with the Maxwell equations—specifically, Faraday’s law of induction and Ampere’s
circuital law; the electrical signal generated by the spin-to-charge conversion effects of a
spintronic THz emitter can be mathematically described as follows:

0B
VxE——E, 4)

oE
V X B=poJ+ Hogo 5 5)

where E denotes the electric field, B the magnetic field, ¢y the vacuum permittivity, and yg
the vacuum permeability [8,11].

4. THz Outcoupling from the STE: Geometry Influence

After exploring the fundamentals of the spintronic terahertz (THz) emission process,
we will review how the overall geometric configuration influences THz emission. This sec-
tion shifts focus from the general physical mechanisms to more detailed processes involved.

As previously discussed, the overall process can be segmented into three main stages.
We will follow the general logic of these stages to comprehensively understand the macro-
scopic aspects of the THz emission in STEs. A more detailed overview of the process is
shown in Figure 4.

We will follow these separated stages and explain the overall THz outcoupling
from an STE.

4.1. Pump Laser Influence

In spintronic THz emitters, the generation of terahertz (THz) emission follows a
sequence of critical stages, initiated by the excitation of the system with an optical pump
laser (process (a) in Figure 4). This pump laser plays a significant role, as it drives the
system into an out-of-equilibrium state, enabling the subsequent THz emission processes.

The initial effect of the pump laser is to generate a spin current (Js) within the ferro-
magnetic (FM) layer (process (b) in Figure 4). The magnitude of this spin current, which
directly influences the generated charge current (J;), is dependent on the amount of pump
laser energy absorbed by the FM layer [12,36-38]. This relationship can be summarized
and represented mathematically as follows:

ETHZ o J. o J5 o< Apm, (6)
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absorption in each layer
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where Ar) denotes the absorption of pump laser energy in the FM layer. Various models
that describe THz emission in spintronic devices consider this factor crucial, and a detailed
discussion of these models will follow in subsequent sections.
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Figure 4. An overview of the whole spintronic THz emission process.

The absorption term has been calculated by considering the multiple reflections within
all metal layers. Only a portion of the total absorbed power actively contributes to the
generation of the THz signal. This contributing fraction is inversely proportional to the
combined thicknesses of the metal layers [12,36,38,39]. Thus, people also use the following;:

AtotalFinc
dnm +dem’

Js @)
where A is the total absorption of the system, F;, is the incident pump laser fluence, and
dnm and dryy are the thicknesses of the NM layer and FM layer, respectively, to describe
the total spin current.

Recently, another method is used to specifically calculate the absorption in one single
layer in a multilayer system. This method integrates the transfer matrix method with
the Poynting theorem to precisely calculate the energy absorption within individual FM
layers, enhancing the accuracy of the models used in describing these systems according to
Equation (6) [40,41]. The absorption for a specific layer can be expressed as follows:

A . Qloss _ q)(ZO) — qD(ZO + d)
fayer = Qin B Qin ’

where Q;, represents the initial energy input into the system, Qj,s; denotes the energy
dissipated within the layer, ®(z) quantifies the energy per unit area crossing a surface at
position zg, and d is the thickness of the layer. This method is not only limited to calculating
the absorption in the FM layer; it can be used to decouple the absorption of the laser in any
specific layer and, therefore, apply to special calculations when the absorption in the other

®)
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specific layers is needed [41]. The method also allows for the calculation of a detailed pump
laser energy distribution profile within the layer, which is important for understanding the
dynamics of energy absorption and spin generation. This distribution is defined by the
derivative of energy per unit area with respect to the depth within the layer, as follows:

d(®(z)/Qin)

D(z) = - dz

: ©)
This detailed energy profile facilitates the computation of a geometrically dependent spin
generation efficiency profile, which is critical for calculating the total spin population within
the emitter, which can be expressed as follows [40]:

z4+d
L= D)), (10)

where {(z) is the spin generation efficiency profile along the FM layer, z refers to the local
axis of the layer, and d is the thickness of the FM layer.

In addition to the models previously discussed, considerable attention has been
directed towards understanding how the wavelength of the pump laser influences THz
emission from spintronic devices. The influence of pump laser wavelength on THz emission
remains a contentious topic, with varied experimental results reported.

In exploring the impact of pump laser wavelength on THz emission, researchers have
reported divergent findings based on various experimental setups. Some studies suggest
that the THz emission amplitude is independent of the pump wavelength. For instance,
Papaioannou et al. (2018) demonstrated that an optimized spintronic THz emitter Fe /Pt
grown on a MgO substrate generates similar THz radiation when excited by ultrafast
laser pulses at either 800 nm or 1550 nm [42]. Similarly, Herapath et al. (2019) found no
significant variation in THz generation efficiency across a range of wavelengths from 900
to 1500 nm in thin-film W /CoFeB/Pt emitters [43].

However, other studies highlight a dependency of THz emission on the wavelength.
Adam et al. (2019) observed that excitation with highly energetic blue light significantly
enhances THz emission in Ta/NiFe /Pt layers compared with infrared light, suggesting
wavelength-dependent dynamics [44]. Moreover, Magusara et al. (2022) reported opti-
mal THz generation from an Fe/Pt bilayer on a MgO substrate in the 1200 to 1800 nm
wavelength range, with a pronounced reduction in efficiency beyond 2500 nm, indicating
a threshold pump photon energy of about 0.35 eV required for effective emission [45].
These latter findings align with theoretical predictions that suggest that the THz emission
is influenced by the wavelength-dependent absorption properties of the materials involved,
as different dielectric constants at various wavelengths can affect the overall excitation laser
absorption and thus influence the THz emission [40].

4.2. Spin Diffusion Influence

Apart from the absorption of the pump laser energy in the layers that will influence
the total THz emission, the geometry of the spin diffusion in the material and across the
interfaces is also going to influence the overall THz emission (processes (c) and (d) in
Figure 4). A general model used for describing the spatial spin current density in the NM
layer can be expressed as follows [12]:

__1in Sinh[(z - dFM)/)\rel}

]S(Z) — Js Sinh(dNM)/)\rgl 4 (11)

where Ji is the density of the spin current injected into the NM layer; drps and dyy; are the
thicknesses of the FM layer and the NM layer, respectively; A, is the spin current relaxation
length; and drp < z < dppy + dyp- More generally, the total spin current generation over
the whole NM layer can then be integrated into the following:
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Js = js tFM/NM)\NMm"h;\NM (12)
NM

where 0 is the spin-current generation density per pump-pulse excitation density, 7y Nm
is the spin-current transmission amplitude across the FM/NM interface, and Ay, is the
spin-current relaxation length in the NM layer.

Yang et al. also developed a more general spatial model for spin current inside the
NM layer and considering the multiple spin reflections and transmission probabilities at
each interface as follows [40]:

2d—z

1 2 _
Js(z,d) = N {e_x + e~ x|, (13)

where A is the spin diffusion length inside the NM model; d is the thickness of the NM
layer; v and p refer to the probabilities for a spin to be transmitted over the right and the

left interfaces of the NM layer respectively; N =1 — "yﬁe_z/\l ; d is the thickness of the NM
layer; and 4 = 1 — v, fi = 1 — pu. Using this model, by considering the spin reflections at
the interfaces of the layers, the model was able to show a better description of the THz
emission curve, where a second derivative appears at low thicknesses of NM [25,39].
Apart from the general spin diffusion model often considered in the NM layer, syn-
onymous with spin current relaxation, the spin diffusion happening in the FM layer is also
significant. After the generated spins reach the interfaces, they will be partially transmit-
ted (injected) into the NM layer and partially reflected. This process is also considered
important in describing the following THz emission. A general model describing this spin
diffusion process is also developed by considering the multiple reflections at each interface.
This model is referred to as the spin generation efficiency profile function [40], as follows:

(r(z,d) = % {e_dA;z +Be_d¥}, (14)
IL(z,d) = %[e‘% +ae T, (15)

where d is the thickness of the FM layer, N = 1 — &Be’%, a=1-aB=1-8r(z4d),
and {1 (z,d) denotes the number of spins crossing the right and left interfaces of the FM
layer, respectively. These efficiency profiles serve as critical tools for quantifying the total
spin current injected into the NM layer, which is used in the calculation in Equation (9),
advancing our understanding of spin transport dynamics.

4.3. THz Absorption Influence

Having understood how the pump laser absorption and subsequent spin diffusion
processes unfold in both the NM and FM layers, another crucial aspect in understanding
THz outcoupling is the absorption of the generated THz in the STE. One significant consid-
eration in this process is the conversion of charge current to an electric field (process (e) in
Figure 4), often described by the following equations [8,12,36,39]:

E(w) =eZ(w) /dzjc(z,w). (16)

where 7
_ 0
Z(w) = . P R — p . (17)
Ngir (w) + Noup (w) + Zo fo ZO—(Z/ w)

Here, e represents the elementary charge of an electron; Z; signifies the impedance of
free space; n,;, and ng,;, denote the refractive indices of air and substrate, respectively;
and o (z,w) stands for the local conductivity of the metal layer in the THz frequency.
Upon considering the charge-to-field conversion, to provide a more accurate depiction of
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THz field decay across different layer thicknesses (process (f) in Figure 4), some studies
incorporate a term describing THz attenuation [39], as follows:

—(dpm+dnm)
ETHz — o™ sty (18)

decay —
where sTpy, denotes the effective inverse attenuation coefficient of THz radiation in the
metal layers.

Another comprehensive approach to encompass all the aforementioned influences
is to employ a modified transfer matrix method, often referred to as the transfer matrix
method with source (TMMS) [24]. This method initiates from the Maxwell equations with
a source current term and proceeds to a general transfer matrix solution that incorporates a
3D charge current term, as follows:

(5]-nal §)-1£]

Here, T[o,oo] signifies the overall transfer matrix of the entire STE system, with the labels
‘0" and ‘oo’ representing the leftmost and rightmost air layers, respectively; fg represents
the amplitude of the emitted radiation towards the right side of the multilayer; and f<0
represents the amplitude towards the left. ]~ and J< denote the field generated by charge
currents propagating in different directions.

The 3D charge current term directly encompasses both a temporal and a spatial profile
of the charge current generated within the NM layer. The temporal profile is often described
with the following [40]:

elt=to)—a/2/(a/8)
Je(t) = he[(f—to)—ﬂ/z]/(“M) + 16 o ’ *

where a represents the rise time of the charge current, b is the time of the switching off of
the charge current, h refers to an approximate peak value of the current, and t is the time
position of the temporal profile. Another type of temporal profile can be constructed as the
time derivative of Equation (20). The shapes of these temporal profiles are often observed
in different works [13,14,24,40,41]. The spatial profile can be readily considered as an
exponential decay or, more precisely, can be directly inserted as Equation (13) (considered
the spin reflections at the NM interfaces) if more accurate results are required. Given that the
charge current generation is directly embedded in the TMMS, the charge-to-field conversion
and the subsequent THz absorption are automatically included in the calculations using
the TMMS. This makes THz outcoupling calculation flexible and accurate using TMMS by
adjusting the thickness, dielectric constants, and sequence of the materials accordingly.

5. Discussion and Comparison of the General Models
5.1. Typical Bilayer Structures of an STE

After comprehensively going through the impact of each stage of the emission process
on the overall THz emission, a model can be derived by including all the pertinent effects
discussed earlier. One typical model is the following [8,12]:

EZO
Ngir + Ngyp + ZOG .

F inc

(21)

) d
Etpz & - {Oten/NmANM tanh —— Ly
d 2ANM

M + dim
In this context, the terms from the first to the last correspond to distinct stages of the model
outlined in the previous sections: absorption of the pump pulse, generation of spin current,
conversion of spin to charge current, and conversion of charge current to the electric field.
The elements share the same physical meaning in the above Equations (7), (12), and (17).
Here, <y refers to the spin Hall angle in the NM layer.
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Another typical general model focuses more on stressing that when the thickness of
the NM layer exceeds the spin diffusion length, the transient charge current exists only in
the NM layer. The overall model expressed as follows [39]:

Py, dem — do 1
Erpgy oy - —— 285 tanh .
2 V" den + dran 2Apol Nair + Nsub + Zo - (CeMAEM + ONMANM)

dnm —(dpm+dnm) /STHZ
tanh(z/\ > e

(22)

NM

where the first term 1 is the spin Hall angle, the second term is the fraction of the absorption
of the excitation laser, the third term shows the spin current diffusion in FM to the NM
interface (dy is a critical thickness below which no spin current reaches the NM layer and
above which the spin polarization saturates with a constant A,), the fourth and fifth
terms together are the spin accumulation in the NM layer, and the last term is the decay of
the THz radiation along the propagation in the system. Here, P, is the excitation laser
power absorbed. The physical meaning of the element shares the same with Equations (17)
and (18). For a more detailed explanation and the derivation of these terms, we refer
readers to the original article [39]. Additionally, we have provided a summary Table 1 at
the end of the section that outlines the physical meanings and significance of each term in
Equation (22) and other relevant equations. This table aims to aid readers in understanding
the contributions of each component in the model.

Another general model considers more by taking into account the spin loss coefficient,
which describes the injection efficiency of the spin current at the interface, as follows [36]:

dpni+d .
Arm(dnm) deFI\TIdONM YNm sinh(z — dam) / Anmdz

Moy + Neyp + ZO fodNM U(Z)dz

Et, (dam) o 7(dm , (23)

where 77(dnp) is the spin injection efficiency, Ay (dnp) is the pump energy absorption,
and A is the spin Hall angle of NM.

Although the discussed models are applicable to variations in both the ferromagnetic
(FM) and the non-magnetic (NM) layer thicknesses, they primarily concentrate on the
impact of the NM layer thickness on the overall terahertz (THz) emission. However, simpli-
fied models exist that distinctly separate the influences of NM and FM layer thicknesses on
the THz emission characteristics, as exemplified in a study by Zhou et al. [25] as follows:

d
1 dav \ A
E d tanh| —— Je %0, 24
THZ( NM) & UNMdNM+UFMdFM an <2A£\1M> ( )
and ,
ETHz(dFM) X ! tanh(ElH\/I)eAfJ;%. (25)
oNMANM + OEMAEM 2AfM

In the given equations, orp and onp represent the electrical conductivities of the ferro-
magnetic (FM) and non-magnetic (NM) layers, respectively. The elements AfM and ANM
denote the spin diffusion lengths in the FM and NM layers. Additionally, A" and AJ'M
describe the decay constants for the excitation laser intensity at the FM/NM interfaces,
dependent on the thicknesses of the FM and NM layers, respectively. The first term in
the models represents the shunting effect. The second term describes the spin diffusion
processes, detailing how spin information propagates through each layer. Finally, the third
term models the decay of the excitation laser intensity within the system, providing insights
into the interaction between the laser and the material layers.

A summary table of the general models that mainly focus on the FM excitation influ-
ence on the overall THz emission is shown below. The table shows the general meaning of
each term in the models.
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Table 1. A summary table of the general models.
Total Spin-Current .
Model Absoprtion Generation and Total Charge Current and Spin Charge to Field DTHZ Ifleifl
odels of Pump Diffusion in the to Charge Conversion Coversion €cay 1n the
NM Layer System
; AFin 0 eZy
Equation (21) Frovsw v Js v m B
) P din—do —@pmtdnm)
Equation (22) Reysw; tanh( 2o ) v Tatr 1150 1 Zo-(Orviden Forntdrnt) © e
. dev+dnm sinh(z—dym) 1 _
Equatlon (23) AFM(dNM) W(dNM) deM+d0 TNMC{Z Mair+1sub+Zo fodNM o(z)dz
i * 1 —
Equation (24) - tanh ( 5 /\NM ) - it omadi e o

* Equation (24) is taken as an example. Equation (25) is the same while focusing on the change in the thickness of
the FM layer.

Different from the above-mentioned models, the TMMS model [24,40,46], by incorpo-
rating all relevant effects in each term and by inserting the appropriate spatial and temporal
profiles, can automatically simulate the entire process with the correct material parameters
input at the start. It can also help calculate or estimate the charge or spin current profiles
generated in the system based on the experimentally measured THz time-domain profiles.

5.2. Secondary Enhancement to the THz Emission

Apart from the above widely accepted models, recently, a new model came out
stressing the importance of the secondary enhancement to the overall THz emission in
typical spintronic THz emission processes; this model was developed mainly based on the
TMMS [24] model introduced above as follows [41] (Figure 4 process (b)):

ETHZ(d) o<Dd-:""ll\“llg/i [ANMI d]Agxat[ } + gETHZ [AFM/ d]AI(j)l:git [d]

d =z (26)
+ BENY s, A1 AN, 1) [ e
This model embedded all the effects stressed above and, at the same time, separated the
THz emission contribution of the whole STE into three parts. This model shows that
the excitation of the FM layer in the initial stage contributes to not only THz emission
but also the excitation of the NM layer. When the NM layer is excited, it generates hot
electrons that subsequently travel back to the FM layer, acting as a secondary excitation
source. This secondary excitation enhances the total spin current generation in the FM layer,
thereby enhancing the THz emission. The first two terms of this model describe the general
THz emission resulting from the excitation of the FM layer. The first term captures the
contribution to terahertz radiation from the FM to NM superdiffusion process, while the
second term accounts for the contribution from minor processes, excluding the influence of
the NM layer. Subsequently, the third term delineates the enhancement process, illustrating
the relationship between the FM and NM layers in facilitating THz emission. Here, d refers
to the thickness of the NM layer, Anp refers to the spin diffusion length in the NM layer,
EXM AN, d] refers to the THz emission amplitude from the NM layer, EEM [Apy, d] is the

THz emission amplitude from the FM layer, AT, [d] is the excitation laser absorption in the

FM layer, ANM, [d] is the absorption of the excitation laser in the NM layer, and e T dz is
the amount of energy from NM diffuse to FM after the excitation (Af is the energy diffusion
length in NM), and «, 3, & are the scaling parameters.

In this model, which is based on the TMMS framework [24,40], several factors can
be manually incorporated into the calculation process to enhance flexibility and accuracy,
which have covered all the processes mentioned in Figure 4. These factors include the
spatial profile of the spin current in the ferromagnetic (FM) layer, the absorption of the
excitation laser in each layer, and its interaction with the spin current profile in the FM
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layer (Equations (8), (10), and (15) to Equation (14)). Additionally, the model considers
the spin current spatial profile in the non-magnetic (NM) layer, accounting for multiple
reflections from the left and right interfaces (Equation (13)), as well as the reflection and
transmission efficiency of spins at these interfaces.

5.3. AHE-Based THz Emission

In addition to the models describing THz emission from the ISHE discussed previously,
the AHE may also play a significant role in the THz emission observed in an STE [26,28].
The AHE predominantly occurs within the FM layers. Zhang et al. reported a robust
correlation between experimental data and the thickness dependence predicted by their
model, thereby supporting the hypothesis that the AHE in single FM layers can contribute
to THz emission. The model is shown in their study as follows [27]:

FA d _x _(d—x) _ (x—d) _(d—x)
Erhz o M;(d)FA(d)v. (d) / GAHE(ﬁe TelZe AT —rge Ae/Ze AT )dx (27)
0

Mair + Ngyp + ZO(Td

M;(d)FA(d)ve(d) 4 a
= 0 Ae M —rAy (1 —e A
Nair + Nsub + ZOO-d AHE | /e T 22 ¢

In the model, d represents the thickness of the FM layer, F indicates the fluence, and 0 4y
is the AHE angle. The term A(d) describes the FM layer’s absorbance. The reflection
coefficients at the interfaces are denoted as r; and r;. The symbol A, refers to the non-
equilibrium electron mean free path, and Ar signifies the decay length of terahertz (THz)
emission within the FM layer. The variable v, (d) is used for the average electron velocity,
and M;(d) quantifies the saturation magnetization. The refractive indices of air and the
substrate are represented as 1,j, and ngy,, respectively. Zj is defined as the impedance

of free space. Furthermore, A; and A, are calculated as Ay = (AEZ)‘T) /(Ar — Ae) and

Ay = ()‘ETAT) /(AT + A¢), respectively.

5.4. Extension of Bilayer Samples

The majority of the models previously discussed mainly focused on describing tera-
hertz (THz) emission from typical bilayer samples, generally configured as Sub/FM/NM
or Sub/NM/EM, or single-layer samples with the AHE dominating the emission. In
efforts to enhance THz emission in spintronic terahertz emitters (STEs), several studies
have explored the use of more complex layer structures. Notably, configurations such as
trilayers (NM; /FM/NMy) [12] and stacked bilayers ((NM/FM/MgO],) or stacked trilay-
ers ((NM;/FM/NM;/MgO],) have been investigated [47,48]. These more complicated
systems are not fully described by most existing models. However, the transfer matrix
method with source model (TMMS) developed by Yang et al., which extends the traditional
transfer matrix method (TMM) by incorporating spin current diffusion and generation
spatial profiles, offers a robust framework. This model is designed to be directly applicable
to structures involving trilayers and potentially more complex multilayer assemblies. It
achieves this function through the incorporation of adjustable parameters for the initial
number of layers when defining the system’s geometry [24,40,49].

5.5. THz Bandwidth Study

In addition to optimizing the amplitude of the spintronic terahertz emitter (STE),
advancing the bandwidth capabilities of STEs represents a pivotal research direction. The
bandwidth of the emitted terahertz (THz) wave is primarily influenced by the temporal
dynamics of the charge current, as THz wave emission is directly derived from these
currents [46,50]. Consequently, the temporal profile of the charge current, as well as the
time delay between the initiation of the charge current and the subsequent THz emission,
is a critical factor. Investigating these temporal aspects of both spin and charge currents
offers valuable insights into potential optimizations of the STE. A novel approach using
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the perturbative transfer matrix method (PTMM) [46] has been proposed to address these
temporal delays. This model facilitates a deeper understanding of the interaction between
laser excitation and THz emission, providing a useful analytical tool for future research in
this domain.

6. THz Detection at the Detector: Response Functions

Following the emission of the terahertz (THz) wave from the spintronic THz emitter
(STE), the detection process must be meticulously analyzed. This process generally encom-
passes two principal stages: (1) the propagation of the THz signal from the emitter to the
detector and (2) the signal’s propagation within the detector itself. These stages collectively
form a comprehensive response function, denoted as H(w), which can be described as
follows [13]:

H(w) = Hprop (w)Hdet(w)/ (28)

where Hyop(w) accounts for the propagation of the THz pulse from the sample to the
detector, including aspects such as focusing, and H;,;(w) represents the electro-optic
detection response function of the detection crystal utilized.

Consequently, the final signal detected can be represented by the following:

S(w) = H(w)E(w), (29)

where E(w) is the frequency domain representation of the THz field immediately following
emission from the STE. Understanding this relationship is crucial when quantifying the
exact profiles of charge or spin currents. However, for studies focusing on relative compar-
isons of THz emission amplitudes across different samples, without delving into detailed
charge or spin current profiles, the overall response function H(w) may be disregarded.

7. Conclusions and Future Outlook

In summary, this review has explored the diverse theoretical frameworks underly-
ing the performance of spintronic terahertz (THz) emitters, highlighting their operational
principles and the physical phenomena responsible for THz generation. From the introduc-
tion of THz time-domain spectroscopy to the intricate design and operation of spintronic
THz emitters (STEs), we have delineated the critical components and experimental setups
commonly employed in this field.

The theoretical models discussed provide a profound understanding of the mecha-
nisms of THz generation within STEs, including the generation of spin and charge currents
and their subsequent conversion into THz radiation. These models are essential for pre-
dicting and optimizing the performance characteristics of STEs, offering insights into the
influence of various physical factors such as spin diffusion and THz absorption.

Moreover, we have considered how the geometry of the emitter and the characteristics
of the pump laser significantly affect the efficiency of THz outcoupling. Each aspect in
geometrical configuration, from the sequence of the layers to the thickness of the layers,
plays a pivotal role in the emitter’s overall functionality and efficiency by affecting the
excitation laser propagation and THz propagation in the system.

The ongoing development and refinement of theoretical models are crucial for advanc-
ing our understanding and enhancing the technological applications of spintronic THz
emitters. As research progresses, these models will continue to evolve, potentially leading
to new paradigms in the application of THz technology in communications, imaging, and
beyond. The insights gained from these theoretical explorations not only deepen our com-
prehension of fundamental physical processes but also drive innovations in THz science
and technology.
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