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Significant progress has been made in answering fundamental questions about how and, more importantly,
on what time scales interactions between electrons, spins, and phonons occur in solid state materials. These
complex interactions are leading to the first real applications of terahertz (THz) spintronics: THz emitters that
can compete with traditional THz sources and provide additional functionalities enabled by the spin degree
of freedom. This tutorial article is intended to provide the background necessary to understand, use, and
improve THz spintronic emitters. A particular focus is the introduction of the physical effects that underlie the
operation of spintronic THz emitters. These effects were, for the most part, first discovered through traditional
spin-transport and spintronic studies. We therefore begin with a review of the historical background and
current, theoretical understanding of ultrafast spin physics that has been developed over the past twenty-five
years. We then discuss standard experimental techniques for the characterization of spintronic THz emitters
and — more broadly — ultrafast magnetic phenomena. We next present the principles and methods of the
synthesis and fabrication of various types of spintronic THz emitters. Finally, we review recent developments
in this exciting field including the integration of novel material platforms such as topological insulators as

well as antiferromagnets and materials with unconventional spin textures.

I. INTRODUCTION

The terahertz (THz) frequency regime is situated be-
tween the infrared and the microwave regions of the elec-
tromagnetic spectrum, with frequencies spanning from
0.1 THz to 30 THz'. THz frequency radiation has many
important applications. For example, many promising
materials and molecules for applications in biology and
medicine have vibrational rocking and torsion modes that
result in optical absorption lines in the THz frequency
regime!. These absorption lines serve as a fingerprint en-
abling detection of the materials through a characteristic
THz absorption spectra!. THz radiation is also of great
interest for security applications, for example screening
for concealed weapons in public spaces such as airports
and detecting explosives or life-threatening liquid chem-
icals in small packages?. These and other applications
have motivated significant attention to the THz band of
the electromagnetic spectrum from researchers around
the world.

One of the most common methods employed in THz re-
search is an absorption spectroscopy technique known as
Time Domain Terahertz Spectroscopy (TDTS). A typical
TDTS setup consists of a THz source that generates THz
pulses and a detector that measures the THz pulse after
it has passed through a sample?. We provide a detailed
explanation of TDTS in Sect. II, but even this simple
conceptual overview illustrates an important point: THz
sources that are broadband and high-power are an essen-
tial component for THz technologies. The two most com-
mon methods of THz generation in use today are based
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on photoconductive antennas (PCA) and optical rectifi-
cation. We review the operation of these conventional
THz sources in Sect. IIA. Here we note that both of
these methods take advantage of only the charge and not
the spin degree of freedom for electrons?. In recent years,
there has been tremendous progress in the field of spin-
tronics and magnetism research that has led to the ex-
ploitation of the spin degree of freedom in magnetic ma-
terials and composites and to the emergence of new spin-
tronics-based THz emitters* 7. Conceptually, the oper-
ation of a spintronic THz emitter is relatively simple, as
depicted in Fig. 1. First, excitation of a magnetic mate-
rial by a near-infrared femtosecond laser pulse generates
ultrafast transient spin currents. These ultrafast tran-
sient spin currents are converted to ultrafast charge cur-
rents at an interface with a proximate material by, for ex-
ample, the inverse spin-Hall effect?. The ultrafast charge
current, in turn, generates THz radiation. Although all
THz spintronic emitters operate according to this sim-
ple overarching principle, there are many physical effects
that can be exploited. The development of increasingly
complex materials that control the generation of ultrafast
transient spin currents and their conversion to ultrafast
transient charge currents thus provides a unique oppor-
tunity to engineer the power, spectral width, or pulse
shape from THz emitters. We note that there have not
yet been any reported spintronic detectors. We there-
fore focus this article on spintronic terahertz emitters,
the physical principles upon which they work, and how
the exploitation of electron spin allows one to improve
the functionality of THz sources.

This tutorial article is structured as follows: Section IT
reviews traditional THz sources such as photoconduc-
tive antennas and optical rectification based on nonlin-
ear crystals, THz detection based on photoconductive
antennas and electro-optical sampling, and standard ex-



Figure 1. Conceptual overview of THz emission from spin-
tronic devices. (a) Laser excitation of a magnetic material
(e.g. Fe) creates more high-energy (mobile) majority spins
than minority spins because more majority carriers are avail-
able near the Fermi level. (b) Majority and minority spins
travel to the interface with a normal metal (e.g. Pt). Major-
ity and minority spins travel in opposite directions along the
interface due to the inverse spin Hall effect (and other simi-
lar effects). The imbalance in the number of majority versus
minority spins results in the net transient charge current that
is responsible for THz emission. The injected spin current
propagates normally to the Fe/Pt interface, denoted as Js,
and the direction of spin polarization vector ¢ is parallel to
the external field H (out of the plane). Owing to the inverse
spin Hall effect, J, is converted into a charge current Jo per-
pendicular to both J. and 6. This charge current gives rise
to a THz transient according to Eru, o< 8J:/0t as shown in
the figure.

perimental techniques including time-domain terahertz
spectroscopy and time-resolved magneto optical Kerr ef-
fect measurements. Section IIT places the development
of ultrafast and THz spintronics in a historical context
starting from the very first discovery of ultrafast mag-
netic phenomena in the 1990s. In Sec. IV, we intro-
duce important spintronic effects that were first observed
in spin-transport and microwave spectroscopy measure-
ments. Section IV also discusses the synthesis and fab-
rication of spin-based THz sources and summarizes pio-
neering works and recent discoveries in the field of THz
spintronics. In Sec. V, we provide a perspective on ongo-
ing developments, challenges, and opportunities for the
future.

1. OVERVIEW OF TRADITIONAL TERAHERTZ
GENERATION, DETECTION, AND APPLICATIONS

A. Traditional terahertz sources

Historically, the most common source of THz radia-
tion was “far-infrared sources” that relied simply on black
body radiation. Today, the two most common and con-
venient methods of THz generation are based on pho-

toconductive antennas (PCAs) and optical rectification.
In this section, we summarize the operating principles
and the strengths and weaknesses of these two tradi-
tional THz sources. Our goal is to explain the current
state of THz technology that motivates the interest in
spintronic THz sources and to provide benchmarks for
the performance characteristics that will make spintronic
THz emitters technologically advantageous.

1. Photoconducting antennas

A photoconductive antenna for terahertz radiation ba-
sically consists of a semiconductor thin film of high resis-
tance and two electrical contacts. As shown in Fig. 2, the
electrical contacts surround a region of the semiconduc-
tor film that is illuminated by an ultrafast optical pulse.
The basic operating principle of a PCA, when used as a
THz emitter, is that the ultrafast optical pulse generates
carriers that accelerate due to the applied bias. The re-
sulting transient charge current generates the THz emis-
sion. PCAs can also be used as THz detectors, which
we discuss in Sect. IIB1. In this section we provide a
more detailed description of PCA emitter operation and
the impact of the device and operating parameters on the
resulting THz emission.

The semiconductor thin film most commonly used in
a PCA is Gallium Arsenide (GaAs), a III-V semicon-
ductor material that is typically epitaxially-grown on
a highly-resistive semi-insulating GaAs substrate. The
GaAs between the electrodes is illuminated by a pulse
of near-infrared (NIR) radiation with temporal width
less than 1 picosecond. Because the energy of the laser
pulse is larger than the bandgap of the semiconductor
material, the photons are absorbed, generating electrons
in the conduction band and holes in the valence band.
The optically-generated carriers are then accelerated by
the electric field created by the biased electric contacts,
resulting in the generation of electromagnetic radiation
in the THz regime. While the optical pulse is short
(typically ~150 fs) relative to the period of electromag-
netic waves at THz frequencies (~1 ps), generation of
a spectrally-broad THz pulse requires not only that the
charges accelerate in response to the applied bias but
also that the number of carriers decreases rapidly. To
achieve this, the GaAs thin film is typically grown at low
temperatures (LT-GaAs) to incorporate a large number
of crystal defects that enhance non-radiative recombina-
tion of the optically-excited electrons and holes®. From
the point of view of a detector, it is similarly important
that the optically-generated charge carrier population de-
cays rapidly so that the measured voltage is proportional
to the THz electric field at a specific moment in time.

The earliest demonstration of THz radiation genera-
tion using photoconductive antennas was conducted in
the late 1980s by pioneers David Auston and Daniel
Grischkowsky, who used Argon ion-irradiated crystalline
silicon epitaxially grown on sapphire’. Since the 1990s,
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Figure 2. A schematic depiction of THz radiation emitted
from a PCA as charges excited by the incident NIR optical
pulse generate carriers that accelerate in response to the ap-
plied bias voltage. Adapted from Ref. [13].

researchers have focused more on ITI-V materials such as
GaAs, InGaAs, and alternating nanoscale multilayers of
InGaAs and InAlAs'®. The carriers in GaAs PCAs are
typically excited by NIR laser pulses with photon energy
larger than the GaAs bandgap (1.42 eV / 870 nm at room
temperature). InGaAs-based PCAs are of particular im-
portance for use with fiber-based laser systems. The use
of fiber-based lasers can make systems more compact, re-
liable, and robust, but most fiber-based lasers generate
pulses at wavelengths of about 1.55 um. InGaAs has a
small bandgap energy of 0.8 eV (1.55 um) and is thus the
preferred material for use in fiber-based systems!!. More
complex structures that combine layers of multiple ma-
terials can have similar or even better performance than

bulk InGaAs or bulk GaAs alone!2.

Another PCA design parameter that affects overall
performance is the antenna design'4. By antenna de-
sign we mean both the distance between the electrodes
(gap size) and the number, shape, and configuration of
the electrodes. Stone et al. performed a systematic char-
acterization of the THz radiation from PCA emitters as
a function of antenna design'®. They found that PCAs
with smaller gap sizes (5—50 pm) emitted THz radiation
with a larger spectral range (bandwidth) than PCAs with
medium or large gap sizes (0.1 —5 mm). The larger band-
width is attributed to the faster electric field screening
in the PCAs with smaller gap sizes'. Stone et al. found
that PCAs with a fixed 500 um gap size emitted THz
radiation with a spectral range that was independent of
the electrode shape (pointed / bow-tied vs. square or
round)'®. This indicates that the spectral range of a PCA
depends primarily on the gap size, substrate properties
such as the carrier lifetime, and laser source properties
such as pulse width!'5. However, Stone et al. also found
that PCA emitters with a pointed (bow-tied) antenna
geometry emitted THz radiation with a larger integrated
intensity of the FFT spectra, meaning that there was in-
creased intensity at almost all frequency components®®.
This increased intensity results in a “broader” usable
spectral range of the THz emission.

The most common PCAs in use today are made from
LT-GaAs and use bow-tie or parallel stripe antenna

designs'”. While these PCAs are certainly effective, the
potential uses of THz technology described above are mo-
tivating interest in THz sources with increasingly higher
bandwidth and power. There are four primary limi-
tations to what can be achieved with LT-GaAs PCAs.
First, most GaAs-based PCAs have a relative poor op-
tical pump-to-THz emission conversion efficiency'®. Sec-
ond, the THz emission intensity tends to saturate at
higher optical pump power'®2°. Third, GaAs-based
PCAs rarely emit usable intensities at THz frequencies
exceeding 4 THz2'23. Fourth, the bandgap of GaAs re-
stricts these emitters to use with NIR lasers emitting
at wavelengths shorter than 870 nm. These limitations
largely stem from the band structure and carrier dynam-
ics within the GaAs substrate. There has been sub-
stantial progress in the development of new III-V ma-
terials such as GaBi,As;_,, which reduces the bandgap,
and ErAs:GaAs or TbAs:GaAs, in which the rare-earth
(e.g. ErAs) forms nanoinclusions that mediate extremely
fast carrier relaxation?43%. These materials offer signifi-
cant opportunities for increased control over band struc-
ture and carrier dynamics within the PCA substrate.
Spintronic materials offer an entirely different material
platform with different and complementary carrier dy-
namics, as we describe below.

2. Optical rectification

Optical rectification is a non-linear process that oc-
curs when an intense AC electromagnetic field (e.g. laser
pulse) is incident on a non-centrosymmetric crystal®®.
Although the laser pulse applies a sinusoidally-varying
electric field, the non-centrosymmetric potental results
in asymmetric charge displacement and thus the creation
of a dipole. When the exciting laser pulses are tem-
porally short and have a correspondingly large spectral
bandwidth, the interaction with the crystal leads to a
beating of the polarization in the crystal that generates
electromagnetic radiation in the terahertz regime. The
conversion efficiency is defined as the ratio of the emit-
ted THz pulse energy to the input pump pulse energy>”.
Achieving intense THz output via optical rectification
requires matching the optical pump group velocity and
the terahertz radiation phase velocity, which is typically
achieved by selecting appropriate pump wavelengths3®.
Terahertz emission has been reported in a few centrosym-
metric crystals, but only when a strong electric field is
applied to break the symmetry3°.

The pioneering work on optical rectification was done
by Bass et al. in 1962 using a 694 nm continuous wave
laser incident on potassium dihydrogen phosphate potas-
sium dideuterium phosphate3®. Zernike and Berman also
generated a THz signal with a bandwidth of about 3 THz
using low-difference frequency mixing of a near-infrared
laser in quartz?®. More recently, THz radiation has been
generated using other nonlinear crystals such as lithium
niobate LiNbO3*! and zinc telluride (ZnTe), with photon



conversion efficiencies or quantum efficiencies up to about
45%38. Tian et. al demonstrated the generation of a
high-field terahertz pulse train via optical rectification in
congruent lithium niobate crystals?’ . The crystal is ex-
cited by temporally shaped laser pulses and the resultant
THz pulse reaches several hundreds of uJ level. How-
ever, the THz pulse trains are narrow-band compared
with spintronic emitters. THz generation has also been
reported in nonlinear organic crystals with output power
2 — 3 orders of magnitude greater than that achieved
in GaAs-based PCAs*2. Such nonlinear THz generation
materials can produce higher THz electric field intensi-
ties than are typically available from PCAs or spintronic
emitters, but they also typically require complex and ex-
pensive laser systems to generate intense near infrared
pump pulses. Spintronic THz sources are unlikely to be
used for generation of high-field THz generation*3 be-
cause of the probability that they will be damaged by
the intense pump pulses required.

Zn'Te is the most commonly used electro-optic crystal
for terahetrz generation because it has a large second
order nonlinear optical susceptibility**. Spectral ranges
up to about 4 THz have been reported using ZnTe
crystals**.  While increasing the thickness of the ZnTe
crystal allows for higher terahertz radiation amplitude,
the increasing thickness makes it impossible to retain
the required velocity matching between pump pulse and
terahertz.*®>. The two major limitations of electro-optic
crystals like ZnTe as THz sources stem from this velocity
matching requirement: the crystal must be thin and are
relatively fragile and a specific pump laser wavelength
must be used*®. Table I shows a summary of different
types of terahertz emitters (including PCA, non-linear
crystals and spintronic emitters) and their corresponding
useable bandwidth and limitations.

B. Terahertz detection

There are two common methods of detecting THz radi-
ation: PCAs and electro-optical sampling. Both of these
methods implement a rapid measurement of the electric
field associated with a THz pulse. The full electric field
profile of a THz pulse is reconstructed by scanning the
sampling time relative to the emission time of the THz
pulse using methods described in Sect. IIC 1. Finally, the
THz spectrum is obtained through a Fourier transform of
the temporal electric field profile of the THz pulse. Be-
cause there are no reported spintronic THz detection de-
vices, these established THz detection methods are typi-
cally used to characterize the THz emitted from a spin-
tronic source. We introduce the design, operation, and
limitations of these two THz detector types here.

We note that because the THz spectral data is ob-
tained through a Fourier transform, the spectral range
that can be detected is limited by the temporal resolu-
tion of the time-domain data. The temporal resolution

Emitter list

Emitter name || Usable Limitation(s)

bandwidth

(THz)
LT-GaAs 0.1 - 42723 |Requires pump laser wave-
(PCA) length of 870 nm or shorter.

Requires pump laser wave-
length of 1.55 pm or shorter
and engineered sample de-
sign.

InGaAs (PCA) ||0.1 -6*¢

ZnTe (OR) 0.1 - 4* The crystal must be thin and
is therefore fragile. A high-
intensity with specific pump
laser wavelength is required.

Expensive emitter.

LiNbO3(OR) /0.1 - 4** The crystal must be thin and
is therefore fragile. A specific
pump laser eiavelength is re-

quired.

Ultrahigh THz field ampli-
tude challenging to achieve;
emitter needs to be magne-
tized.

W/CoFeB/Pt | 0.1 - 30%7

(STE)

Table I. Overview of different terahertz emitters and corre-
sponding bandwidth as well as their limitations. The abbrevi-
ations are: OR - optical rectification, PCA - photoconductive
antenna, STE - spintronic terahertz emitter

of the time-domain data for PCA detectors is limited by
the lifetime of photo-generated carriers, allowing for mea-
surement of spectral bandwidths up to approximately 8
THz. The temporal resolution of the time-domain data
for electro-optic sampling is limited by the probe pulse
width and the phase matching with the THz pulse, al-
lowing for measurement of spectral bandwidths up to at
least 30 THz*".

1. Photoconducting antenna THz detectors

The process of detecting terahertz radiation using a
PCA relies on the same principle as using a PCA as a ter-
ahertz source except that there is no external bias applied
to the electrodes*®. Incoming THz radiation is focused on
the dipole antenna. In the absence of a NIR gate pulse,
there are no free carriers and no current will be measured
at the electrodes. When an optical gate pulse generates
free carriers, those carriers accelerate due to the electric
field of the THz radiation and generate a photocurrent
proportional to the instantaneous THz electric field at
the antenna?®?. By instantaneous we mean that the
laser pulse generating the carriers is short in time, as is
the lifetime of the optically-generated carriers. Conse-
quently, the voltage measured at the detector is propor-
tional to the THz electric field over the relatively short
window of time defined predominantly by the carrier life-
time. By systematically varying the time at which the




NIR laser pulse generates carriers, the temporal electric
field profile of the incident THz radiation can be mapped
up. We discuss this method in more detail in Sect. ITC 1.

Using PCA detectors, Kono et al. reported the detec-
tion of terahertz radiation up to 20 THz using a 15 fs
(ultrashort) light pulse®. They showed that the overall
performance of a PCA detector depends on the width of
the incoming laser pulse as well as the carrier lifetime in
the substrate material for the PCA detector®!. In short,
the factors that improve PCA emitter performance also
improve PCA detector performance.

2. Electro-optical sampling

Electro-optical sampling is a technique based on the
linear electro-optic effect (Pockels effect)®®. The Pock-
els effect was named after Friedrich Carl Alwin Pock-
els who in 1893 observed changes of the refractive index
of an optical medium/electro-optic crystal in the pres-
ence of an electric field®2. When used for THz detection,
the presence of an electric field from the THz radiation
changes the refractive index of a crystal. A NIR laser
pulse passing through the crystal undergoes a polariza-
tion rotation in response to this change in refractive in-
dex and this polarization rotation can be detected by
using a balanced bridge photodiode. The efficiency of
electro-optic sampling for THz detection depends on a
number of factors including the absorption coefficient of
the electro-optic crystal, the velocity mismatch between
laser pulse and terahertz beam, and the spatial overlap of
the terahertz beam and optical pulse®®. In the quest to
solve the problem of velocity mismatch between terahertz
beam and laser pulse, Wu et al. used electro-optic crys-
tals like ZnTe and GaP that have a smaller absorption
coefficient®®. In 2008, Pradarutti et al. investigated and
compared the THz detection response of CdTe, GaAs,
GaP, and ZnTe at a sampling wavelength of 1060 nm®*.
CdTe showed a strong signal detection for applications
below 1 THz, while GaP was more sensitive to a broader
spectrum. In relation to the response function of a zinc
blende electro-optic crystal, Kampfrath et al. showed
that thick electro-optic crystals could compete with thin
crystals in terms of sampling broadband terahertz pulses
and could also provide a flatter frequency response®®-26.
In essence, the uncertainties in the thickness of electro-
optic crystals, particularly for zinc blende crystals, is not
crucial for the shape of the detector response®®:56.

C. Experimental techniques and methods

We now summarize two experimental techniques that
utilize terahertz generation and/or detection. The first
technique, time-domain terahertz spectroscopy (TDTS),
is routinely used for THz absorption spectroscopy of a
wide variety of materials. It provides a clear example of
a technique that can benefit from spintronic THz emitters

" - Beamsplitter THz

Detector

| e’ " eee.. e R,
THez B | R o)

i Sample
Optical ;i
Delay

(b)

Source

Figure 3. Schematic depiction of TDTS experimental setup
as described in the text. Adapted from Ref. [57].

with stronger intensity or larger bandwidth. It is also the
technique most commonly used to characterize spintronic
emitters. The second technique, time-resolved magneto-
optical Kerr effect (TRMOKE) provides an example of an
emerging experimental paradigm that could also benefit
from spintronic THz sources. Moreover, TRMOKE en-
ables the measurement of spin population density and dy-
namics, and therefore is an important method for under-
standing the ultrafast spin physics that underlie the op-
eration of spintronic THz emission. TR-MOKE is based
on optical measurement of changes in net magnetization
or spin orientation, and can therefore only be applied to
materials that have such properties.

1. Basics of time-domain terahertz spectroscopy (TDTS)

The basic principles of operation and types of THz
sources and detectors have been summarized earlier in
this section. It is important to note that these THz de-
tectors sample the electric field at a specific point in time
defined by the arrival of the NIR pulse that gates the de-
tector. A complete picture of the electric field transient
as a function of time (i.e. the THz pulse) is obtained by
using an optical delay line to scan the detector gate pulse
relative to the laser pulse that generates THz emission.
The electric field as a function of time is then Fourier
transformed to obtain the THz spectrum. This approach
is called time-domain THz spectroscopy (TDTS). In this
subsection we introduce the experimental setup that is
commonly used to perform TDTS measurements and ex-
plain how all the parts of the system work together.

A schematic representation of a TDTS setup is shown
in Fig. 3. At the top left of Fig. 3 is depicted a laser
source that generates a laser pulse with femtosecond
pulse width. Although typical pulse widths of the fem-
tosecond pulse laser used are in the range 100 — 200
£s57, lasers with shorter pulse widths have also been used
for THz generation from spintronic emitters*”>8-60, The
laser pulse is split by a beam splitter into a pump beam
and probe beam. The pump beam induces THz emission
at a source (e.g., a biased PCA) and the probe beam
gates the detector (e.g., an unbiased PCA). It is cru-
cial to ensure that the time of arrival of the probe pulse



that gates the detector coincides with the time of ar-
rival of the terahertz pulse®”. To achieve this, the total
optical path length of the two arms, including both the
NIR and THz propagation, must be equal. We reiterate
that the NIR probe pulse gates the detector and enables
a measurement of the THz electric field at that precise
moment in time. Thus by routing either the pump or
probe beam through an optical delay line, the time delay
between THz emission and THz electric field detection
can be varied, allowing a measurement of the complete
THz electric field in the time domain. No detector has
infinitely fast response, and thus the measured signal is
actually a convolution of the real THz electric field with
the temporal precision of the detector, which is defined,
in the case of a PCA antenna, predominantly by the car-
rier lifetime. The response function of a PCA detector is
a measurement of the detector’s response to an impulse
function and is used to deconvolve the actual terahertz
field from the measured signal®’.

It is very important to ensure that noise levels within
a TDTS system are reduced to a level that ensures ac-
curacy in taking measurements®'. The primary source
of noise in a TDTS system is laser source noise. When
using PCA sources and detectors, for example, an in-
crease in laser fluence would correspond to an increased
intensity of THz emission and an increased photocurrent
at the detector even if the THz electric field were con-
stant. Stable laser sources are thus important to mit-
igating noise. Most TDTS experiments utilize lock-in
measurement techniques in order to significantly improve
signal to noise.

2. Time-resolved magneto-optical Kerr effect (TRMOKE)

The Kerr effect and the Faraday effect are magneto-
optical effects that were discovered in the 19th century
and have proven to be extremely important as non-
destructive probes of the magnetic and spintronic prop-
erties of materials. They have been used, for example, to
image magnetic domains and spin dynamics in ferromag-
netic materials®2. Both techniques are based on rotations
of the polarization of light when interacting with a ma-
terial that has a nonzero magnetization or spin projec-
tion, and both can be understood as arising from asym-
metries in the interaction with the material of the left-
and right-circularly polarized components of the polar-
ization. In the Magneto-Optical Kerr Effect (MOKE) the
polarization rotation is measured upon reflection from
the sample®®. In the magneto-optical Faraday effect,
the polarization rotation is measured upon transmission
through the sample®?. We focus here on MOKE, which
is most commonly used for magnetic samples that are, in
general, not transparent to the wavelength of light used.

While neither MOKE nor TRMOKE are commonly
used for THz emission or detection, they are routinely
used as a means of characterizing the spin dynamics
that underlie the generation of ultrafast transient spin

PBS HWP

LP: linear polarizer

BS: beam splitter

PBS: polarized beam splitter

= 1 HWP: half-wave plate
QWP: quarter wave plate
BPD: balanced photodiode
EM: electromagnet
PM: permanent magnet

| MOKE detection |
1 Set up

AC voltage

source
objective ens Ead
1 : O

CW laser LPn 4
| @405 nm I u v
N\ A
White light source

BS
ﬁ Flip mirror
6 ? BS

X b
Pulse laser @ xP (\)111‘51 ge
(@780 nm

Figure 4. Schematic diagram of a two-color vector MOKE
system including TRMOKE capabilities. The red line indi-
cates the beam path for the 780 nm TRMOKE setup, and
the blue line represents the 405 nm quasi-static MOKE setup.
Adapted from Ref. [67].

currents and the conversion of such transient spin cur-
rents into ultrafast transient charge currents. They are
therefore important techniques for understanding the
physics that underlay spintronic THz emitters. To under-
stand MOKE conceptually, consider plane-polarized light
that reflects off the surface of a sample. This linearly-
polarized light can be decomposed into equal amplitudes
of left- and right-circularly polarized light and these left-
and right-circularly polarized components will interact
differently with magnetization pointed along or perpen-
dicular to the optical propagation direction. The result
is that the reflected beam is elliptically polarized. The
degree of ellipticity and the Kerr angle (the angle of the
major axis of the ellipse relative to the incident plane
of polarization) are proportional to the magnetization in
the sample®2.

There are three important geometries for a typi-
cal MOKE system: longitudinal, transverse and polar.
These geometries are defined by the relationship between
the plane of polarization of the incident light and the
magnetization in the sample®?. In the longitudinal geom-
etry, the magnetization vector of the sample lies in-plane
and is parallel to the plane of polarization of the incident
light. In the transverse geometry, the magnetization vec-
tor is parallel to the sample plane but perpendicular to
the plane of polarization of the incident light. In polar
MOKE, the magnetization vector is perpendicular to the
sample plane. Vector MOKE methods have been devel-
oped to measure the sample magnetization along all three
directions by using various combinations of linear and cir-
cular polarization in the incident and detected light %466,
While the details of these MOKE geometries are not crit-
ical to the main point of this article, it is useful to know,
in the context of the magnetization and spin dynamics
that underlie spintronic THz emission, that it is possible
to measure the full three-dimensional dynamics of spins
by combining these methods.

MOKE measurements were originally developed us-
ing continuous wave (CW) lasers in which the MOKE
signal is proportional to the average magnetization



over the measurement interval. Time-resolved MOKE
(TRMOKE) utilizes MOKE detection with a pulsed laser
in order to measure the magnetization during a short
temporal window, typically of order 150 fs and defined
by the temporal width of the optical pulse employed.
By scanning the MOKE measurement time relative to
any driving function that induces a change in the mag-
netization, TRMOKE can be used to map the temporal
evolution of the magnetization, including both oscilla-
tions and damping to new equilibrium values62:67:68 A
schematic representation of a TRMOKE system is shown
in Fig. 4. The laser systems and optics used for a typi-
cal TRMOKE system are quite similar to those used in
TDTS. One additional requirement for TRMOKE is that
the driving function that induces magnetization changes
must be synchronized to the laser measurement pulses®”.
Moreover, this driving function must have a sufficiently
sharp rising edge that all magnetization changes begin
at a well-defined point in time relative to the measure-
ment pulse®”. A common driving function is a step
function in electrical current that drives magnetization
re-orientation through spin-orbit torques®’. Finally, we
note that achieving good signal to noise in TRMOKE
measurements typically requires the use of lock-in mea-
surement techniques sampling thousands to millions of
repetitions of identical pump-probe conditions. Conse-
quently, system stability and rapid return to equilibrium
conditions within the sample are essential.

A number of TRMOKE-based pump-probe techniques
have been used to study the spin dynamics of magnetic
materials and heterostructures. For example, the step
function in current described above can be replaced by an
optical pulse that induces spin dynamics. See, for exam-
ple, the discussion in Sect. III C associated with Fig. 8,
which illustrates how TRMOKE can measure magneti-
zation precession and damping. There are also efforts
underway to use THz radiation to induce spin dynamics
that can then be measured using MOKE. For example,
THz photons incident on a metal grating deposited on
a topological insulator can generate propagating Dirac
plasmon polaritons®® whose dymanics could be measured
by a THz pump - MOKE probe system. Such systems
would benefit from THz spintronic emitters that can pro-
vide higher THz intensities or larger bandwidths.

I1l. THE PHYSICS OF SPINTRONIC THZ EMISSION
A. Conceptual overview

All spintronic THz emitters are based on a sequence
of physical processes. First, a temporally-short laser
pulse, typically in the NIR, generates a non-equilibrium
spin population. Second, the formation of this non-
equilibrium spin population results in a transient spin
current. Third, the transient spin current encounters an
interface where it is converted into a transient charge cur-
rent. Finally, this transient charge current results in the

emission of THz frequency radiation. Although all spin-
tronic THz emitters follow this general sequence, there
are a variety of physical effects that can contribute to
the precise way in which, for example, the transient spin
current is generated. Similarly, there are a variety of
physical mechanisms by which the transient spin current
can be converted to a transient charge current. Under-
standing the ways in which materials and interface engi-
neering can be used to control the spin current generation
and spin current-to-charge current conversion requires a
strong foundation in the underlying physical processes.
An excellent and thorough summary of THz spintron-
ics and ultrafast magnetism was recently published by
Walowski and Miinzenberg®. The purpose of this section
is to introduce the physical processes that underpin the
generation of ultrafast spin currents and their conversion
into transient charge currents, which are the essential
steps in spintronic THz emission. In Sect. III B we sum-
marize the early ultrafast studies of magnetic materials.
We focus on a process known as ultrafast demagnetiza-
tion, which was understood as the loss of spin angular
momentum through transport of spins. In modern lan-
guage, we would say that this ultrafast demagnetization
is a result of a transient spin current, and these tran-
sient spin currents are precisely what we want to gen-
erate and then convert into transient charge current in
order to generate THz radiation. In Sect. III C we intro-
duce the concepts and models for the physical processes
that underlie the generation of transient spin currents.
In Sect. IITD we discuss the physical process by which
this transient spin current can be converted into transient
charge current and result in THz radiation. In Sections
IV and V we will discuss how materials and heterostruc-
tures can be selected and combined to control these phys-
ical processes and engineer improved THz emission. The
detailed descriptions of the underlying physics in this sec-
tion are intended to provide the foundation necessary to
understand the wide range of materials and interface en-
gineering that can be used to control the spin current
and spin-to-charge current conversion in such devices.

B. The birth of terahertz spintronics: a short summary of
ultrafast processes in magnetic materials

In the following we give a brief historical overview of
the field of ultrafast demagnetization processes and then
describe ultrafast spin transport.

1. Ultrafast demagnetization and the three-temperature
model

Beaurepaire, Bigot, and coauthors were among the first
to explore magnetic materials using sub-ps optical spec-
troscopy methods.”® In this section we first use this work
by Beaurepaire as an example to illustrate the historical
study of ultrafast demagnetization and the model that
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Figure 5. (a) Measured net temperature explained by Beaure-
paire et al. as arising from (b) time-dependent electron (7),
spin (T%) and lattice (1}) temperatures. Adapted from [70].

was used to understand it. Our discussion of this exam-
ple also serves to introduce several of the key physical
concepts about how magnetic materials respond to ul-
trafast laser pulses.

Beaurepaire and coauthors excited a thin Ni film with a
60 fs optical pulse at 620 nm and were able to separate the
changes to the electron and spin populations by applying
complementary magneto-optical and all-optical methods.
First, they performed TRMOKE measurements in which
they swept the magnetic field intensity and direction to
create a Kerr hysteresis loop for each time delay. From
these hysteresis loops they extracted the remanent mag-
netization as a function of time, which allowed them to
isolate the transient changes to the spin temperature.
Second, they performed transient absorption measure-
ments that were affected only by the electron tempera-
ture. From this data, reproduced in Fig 5(a), they de-
veloped the three-temperature model for interactions be-
tween electrons, spins, and phonons.

The three-temperature model describes the separate
evolution of the electron, spin, and lattice temperatures
in response to an ultrafast optical pulse. To understand
the three-temperature model, we start with the Fermi-
Dirac distribution that describes the number of electrons
in a material as a function of energy. When a sample is
at absolute zero, the Fermi-Dirac distribution is a step
function because all electrons have relaxed and filled ev-
ery allowed state up to the Fermi level. As the sam-
ple temperature increase, the distribution spreads out
because an increasing number of electrons have energy
above the Fermi level. In equilibrium conditions, the
electron temperature that creates this distribution is the
same as the lattice temperature, which is defined by the
amount of energy contained in the vibrations of the lat-
tice (i.e. phonons). When an ultrafast optical pulse is
absorbed by a material, this equilibrium is disturbed.
Some number of electrons is excited to higher energy lev-
els, increasing the total amount of energy in the electron
gas. The electron temperature, T, is the temperature
that corresponds to the Fermi-Dirac distribution of elec-
tron energies. Absorption of an ultrafast optical pulse by
a material thus promotes a subset of the electron pop-
ulation to higher energy states, creating a non-thermal

distribution” "3, Electron-electron interactions rapidly

exchange energy among the electrons, creating a thermal
distribution at a new (higher) T,. This thermalization of
the electron population typically occurs on timescales of
a few hundred fs. This rapid increase in T, is shown in
Fig 5(b). Over time, interactions between the electrons
and the lattice transfer some of this electron energy into
phonons, increasing the lattice temperature 7;. As can
be seen in Fig 5(b), the lattice and electron temperatures
will come to equilibrium on timescales of order 10 ps.

The spin temperature T is a fictitious temperature
that is used to describe the relative number of majority
and minority spins. As depicted in Fig. 1(a), there are
more majority spins than minority spins in any magnetic
material at equilibrium. As temperature increases, the
thermal energy exceeds the energy of the exchange inter-
actions that lead to spin alignment and thus the spins
become increasingly equally distributed among the ma-
jority and minority orientations. Ty is defined as the
temperature that would result in the observed relative
number of majority and minority spins. Because opti-
cal excitations in metals are spin conserving, the initial
change in the energy levels of the electrons, which leads
to the changes in T¢, does not result in a change in the
net spin polarization, i.e. the relative number of major-
ity and minority spins. This process is also depicted in
Fig. 1(a). After optical excitation, scattering leads to
the homogenization of the majority and minority spin
populations described by the increasing T observed in
Fig 5(b)™.

While the phenomenological description of the three-
temperature model successfully captured the main exper-
imental findings, there has been steady progress over the
past 25 years in developing more realistic models capable
of distinguishing the microscopic processes involved™.
For example, in the atomistic approach” 76, where ex-
change interaction mediates the ferromagnetic coupling
between spins, heating of the electron system by an ul-
trafast laser pulse results in a random reorientation of
individual spins. On a macroscopic level, this leads to
a reduction of the magnetic order and thus the macro-
scopic magnetization vector. The Landau-Lifshitz-Bloch
description is similar to the atomistic approach. Here,
the thermal response is modelled using the Landau-
Lifshitz equation with stochastic behavior of individual
spins via a mean-field approximation of the exchange
interaction””"8. Finally, there has been discussion of a
Stoner-like bandstructure approach in which the spin-flip
events occur due to scattering with electrons, magnons,
and phonons leading to a reduction of the magnitude of
the magnetic moments™ 31,

More recent work by Beaurepaire, Bigot, and coau-
thors has established that there are coherent and non-
linear interactions between the electromagnetic field of
the exciting laser pulse and the magnetization (spins)
within magnetic materials®2. This coherent interaction
between the electromagnetic field and the magnetization
can be distinguished from the polarization free decay that
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Figure 6. Charges and spins of a ferromagnet are excited by a
femtosecond laser pulse that induces a demagnetization after
a coherent interaction time. This is followed by a thermal-
ization process, in which charges and spins interact together
with the lattice. This is described by coupled baths with tem-
peratures T, Ts and Ti. The coupling constants are denoted
Ges, Ga and Gy with e — electrons, s — spins, [ — lattice.
The demagnetization process is accompanied by emission of
terahertz radiation Adapted from Ref. [82].

results from loss of electronic (charge) coherence. As
summarized in Fig. 6, these coherent interactions occur
within the duration of the optical pulse (~ 50 ps) and are
then followed by spin population and thermalization dy-
namics that can be characterized by the electronic (T),
spin (T5), and lattice (77) temperatures. As also depicted
in Fig. 6, THz photons can be emitted during the demag-
netization process. These results show that the idea that
spin angular momentum is lost can be reconciled with the
conservation of angular momentum when coherent inter-
actions between the electromagnetic field and the mag-
netization are included. Moreover, they suggest an op-
portunity to use tailored light pulses to precisely control
magnetization dynamics, which could be used to shape
THz pulses.

2. Ultrafast spin transport

The excitation of a magnetic sample by an ultrafast
optical pulse, as described above, leads to an increase
in the average electron (spin) velocity. There are many
different methods for calculating or simulating the result-
ing electronic and spin transport, but most analyses start
from Boltzmann transport®3 6. The key conceptual idea
of Boltzmann transport relevant to spintronic THz emis-
sion is that the high density of excited (high momentum)
electrons resulting from the optical excitation will result
in a flow of electrons (spins) into unexcited regions (e.g.
the interface with a normal metal) that have a lower den-
sity of excited electrons. We next distinguish between the
ballistic and diffusive transport regimes. Ballistic trans-

Figure 7. Illustration of (a) spin-polarized current and (b)
spin waves. The spin polarized current is the flow of elec-
trons with non-zero net spin polarization in a conductor. Spin
waves are collective precessional motion of spin angular mo-
mentum.

port describes electrons travelling according to their ini-
tial momentum, while diffusive transport is characterized
by a strong scattering rate®. Right after the laser exci-
tation, electron transport can be described in the bal-
listic limit. The transport characteristics then gradually
change and approach the diffusive regime®® with a time-
constant determined by the scattering rate. Superdiffu-
sive spin transport®3:8486 is observed in the transition be-
tween the ballistic and diffusive transport regimes: most
electrons scatter and create secondary electrons, while
some electrons propagate ballistically®. The recent work
of Nenno and coauthors provides a nice example of how
simulations of the hot-carrier dynamics following laser
excitation of bilayers containing a ferromagnetic metal
(FM) and a normal metal (NM) can be used to predict
and understand the resulting THz emission®®.

C. Spin-polarized currents and spin waves

Spintronics, which refers to spin-electronics, is an
emerging field that utilizes the spin degree of freedom
to advance traditional electronic concepts. While con-
ventional electronic devices are approaching the limits
of miniaturization due an increased generation of waste
heat, spintronic devices may be able to circumvent these
drawbacks. They offer additional functionalities such as
higher operational speed and lower power consumption.

In general, we can distinguish two types of spin cur-
rents: spin-polarized electric currents and spin waves (or
their fundamental quanta - magnons). Spin-polarized
electron current is an electric current with an unequal
amount of spin-up and spin-down electrons. In contrast,
a spin wave is a propagating perturbation in a magneti-
cally ordered material that can be used to transfer spin
angular momentum. While spin waves can be used in
both ferromagnetic metals and insulators, which is an
important advantage when it comes to power consump-
tion, spin-polarized electron currents in metals can be
created and controlled more easily. In the next two sec-
tions, we will introduce the basics of the two types of spin
currents in more detail.

Spin-polarized electron currents
J. C. Slonczewski®” and L. Berger®® independently



proposed in 1995 a new mechanism to control the mag-
netization of a magnetic material by a spin-polarized
current now known as the spin-transfer torque effect.
In a ferromagnet/nonmagnetic/ferromagnet trilayer
structure, an unpolarized electric current becomes
spin-polarized after passing through the ferromagnetic
layer. In this process, exchange interaction tends to
align the spins of the incoming electrons parallel or
antiparallel to the local magnetization. Since there
is an imbalance between majority and minority spin
electrons in a ferromagnetic metal near the Fermi
level, the electrons become spin polarized and hence a
spin-polarized current is created®®. This spin-polarized
current traverses the nonmagnetic layer, which is used
to avoid exchange interaction between the two magnetic
layers. After passing through this layer, the spin current
is injected into the second magnetic layer where it exerts
a torque on the magnetization. This torque can lead
to the onset of a steady state precession or result in
switching of the magnetization. This can be considered
the inverse of the “spin filtering” process occurring in
the first magnetic layer.

Two other possible ways to efficiently create spin-
polarized electron currents that also work in insulating
magnets are the inverse spin-galvanic effect?® 92 and the
spin-Hall effect?®. As described in more detail in the
next section, the inverse spin-galvanic effect is the re-
sult of asymmetric spin-flip scattering of electrons in gy-
rotropic materials due to a broken inversion symmetry in
the system®%9%, which leads to a homogeneous spin den-
sity throughout the sample. The spin-Hall effect occurs
in systems where the inversion symmetry is conserved
and results in a spin current perpendicular to both the
electric charge current and the spin-polarization vector.

Spin waves Apart from spin angular momentum car-
ried by spin-polarized currents, spin angular momentum
can also be carried by spin waves in magnetic media,
both metallic and insulating. A spin wave is the propa-
gation of the collective excitations of the spin lattice?:97
in a magnetically ordered material. The quanta of spin
waves are called magnons®®9?. Compared with spin cur-
rents that rely on the movement of electrons in a con-
ductor, magnonic spin currents hold the promise of being
energetically more efficient due to the absence of electron
scattering in magnetic insulators and therefore a reduced
Joule heating in comparison to conductors. In the classi-
cal limit, the fundamental equation of motion of the pre-
cessing magnetization M in an effective magnetic field
Heg is described by the Landau-Lifshitz—Gilbert (LLG)

equation'0l:

dM
dt
where Mg is the saturation magnetization, v is the gy-
romagnetic ratio, and ag is the Gilbert damping con-
stant. The first torque term on the right describes the

precession caused by an effective field including external
field, anisotropy fields, demagnetizing fields, etc., while
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Figure 8. (a) Laser pump pulse excitation of a Ni film re-
sults in spin dynamics that are measured with a time-delayed
optical probe pulse. (b) The observed spin dynamics can be
explained by (c) the initial displacement of the magnetiza-
tion from equilibrium followed by precession and damping.
Adapted from Ref. [100].

the second term represents the damping of the magne-
tization precession'®’. The small angle solution to the
LLG is known as the Kittel equation. Figure 8(b) shows
a nice example of how the Kittel equation can be used
to fit and understand data demonstrating magnetization
precession and damping in response to excitation of a Ni
film by an ultrafast optical pulse!'®°.

We note that the precessional motion of the magneti-
zation, such as spin waves, can be converted into spin-
polarized currents by the spin-pumping effect: this ef-
fect describes the injection of a spin-polarized electron
current in a nonmagnetic metal as a result of the mag-
netization precession in an adjacent magnetic material,
either metallic or insulating!??. The out-of-equilibrium
spin density and spin current are generated due to the
high-frequency spin dynamics in an energy range close
to the Fermi level'93, as illustrated in Fig. 9. This non-
equilibrium spin current can be detected by, for instance,
the inverse spin Hall effect, which is discussed in more de-
tail in Sec. IIID. The generation of a spin current due
to an incoherent precession is known as the spin Seebeck
effect, which we do not discuss henceforth and refer the
reader to the literature!%4-106,

Finally, we note that there has been some very re-
cent efforts in using THz emission from magnetic sam-
ples to probe the underlying spin currents. For instance,
Zhang et al. showed that it is possible to reconstruct
the magnetization dynamics from the THz emission of
a ferromagnet, i.e., the demonstration of ultrafast THz
magnetometry'®” | while Qiu et al. demonstrated the
direct connection between the angular-dependent THz
waveforms and three-fold rotational symmetry of an an-
tiferromagnet, i.e., that it is possible to infer symme-
try properties of the system from the THz emission

characteristics®®.
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Figure 9. Sketch of the spin pumping effect. The electrons are
excited in the GHz frequency (excitation energy hw) regime
near the Fermi level er, leading to the out-of-equilibrium spin-
density and spin-current. Adapted from Ref. [103].

D. Introduction to spin-transport and spin-orbit
phenomena

In this section, we give a brief overview of spin-
tronic effects important for the understanding of THz
spintronic emitters. For a more detailed review and
introduction to those phenomena, we refer the reader to
the literature cited in each subsection.

a. Magnetoresistance effects The magnetoresis-
tance effect is the change in the electrical resistance
when the magnetization state is changed. While the
effect was first observed more than 150 years ago, many
modern sensor applications still rely on the detection of
small changes in magnetoresistance due to small changes
in magnetization. There is a large family of magnetore-
sistance effects'®® 113 such as giant magnetoresistance
(GMR) and tunnel magnetoresistance (TMR) — to name
only a few. We focus here on the description of the
anisotropic magnetoresistance (AMR)14117,

AMR describes the change of the electrical resistance
as a function of the angle between the electric current
and the magnetization direction. Maximum resistance
is observed when the direction of the current is aligned
with the magnetization direction; minimum resistance is
observed when the current and magnetization are per-
pendicular. The resistivity p is given by!!8:

p(d) = po + Apcos®¢ (2)

where ¢ is the in-plane angle between the electric current
and magnetization, pg is the isotropic resistivity, and Ap
is the anisotropic resistivity change, which is defined as
Ap = py—pL. Here, p1, p| represent the resistivity when
¢ is 90° and 0°, respectively.

b. Spin Hall effect The ordinary Hall effect is the
observation of a voltage transverse to an electric current
when a conductor is exposed to an external magnetic
field that is perpendicular to the direction of the elec-
tric current''?. In the early 1970s, Dyakonov and Perel
proposed that spins accumulate on the lateral surfaces of
a conductor through which an electric current is passed,
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Figure 10. Illustration of (a) inverse spin galvanic effect and
(b) spin Hall effect. The inverse spin galvanic effect creates
a homogeneous spin density throughout the sample as shown
in (a). In comparison, the spin Hall effect results in the ac-
cumulation of spins of opposite spin orientations on the lat-
eral surfaces of the sample as shown in (b). Adapted from
Ref. [121].

even in the absence of an external field; an effect that
is now commonly referred to as the spin Hall effect®?.
Due to spin-orbit coupling in the conductor, electrons
with opposite spin alignment will be scattered in oppo-
site perpendicular directions relative to the flow of the
electric current. The spin Hall effect is closely related to
the anomalous Hall effect observed in magnetic materials;
however, the spin Hall effect does not require magnetic
ordering. Phenomenologically, a description of creating
transverse charge current from spin current is given by:

Je o OsuEjs X @, (3)

where fc,fs are the charge current density and spin cur-
rent density, respectively, & is the direction of the spin
polarization, and fsyg is the spin Hall angle of the ma-
terial, which is a measure of the material-specific charge-
to-spin conversion efficiency'?°, see Fig. 10. The most
commonly used spin-Hall materials are heavy metals with
a strong spin-orbit interaction, such as Pt, Ta, and W.
A typical spintronic THz emitter relies on the inverse of
the spin-Hall effect (ISHE)'2?: here, the spin-Hall mate-
rial converts an ultrafast spin current to a charge current
transient that gives rise to THz radiation, e.g., Ref. [4],
[5].

c.  Spin galvanic effect / inverse Rashba Edelstein ef-
fect The spin galvanic effect (sometimes also referred
to as inverse Rashba Edelstein effect)??7124 is another
mechanism for spin/charge interconversion2°128. In
contrast to the spin-Hall effect, the inverse spin galvanic
effect (or Rashba Edelstein effect) describes the electric
generation of a homogeneous spin density throughout the
sample, rather than only on the conductors’ surfaces. It
relies on the asymmetric spin-flip scattering of electrons
in systems where the dispersion of the two electron sub-
bands is spin-split due to a broken inversion symmetry.
We note that in general a broken inversion symmetry is
not enough; the inverse spin galvanic effect can only be
observed in gyrotropic materials'?'. When an electric
field is applied to the system, the Fermi contours shift,
giving rise to a non-equilibrium steady-state spin polar-
ization perpendicular to the driving electric field. The
inverse process is called the spin galvanic effect: here an
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Figure 11. Illustration of spin-to-charge current conversion by
means of the inverse Rashba Edelstein effect: The generation
of a charge current carried by the interfacial states is due
to a nonzero spin density induced by spin-current injection.
Adapted from Ref. [129].

electric charge current is created by spin-current injec-
tion. This is schematically shown in Fig. 11. The afore-
mentioned considerations also apply to interfaces, i.e., it
is possible to artificially create layered structures of non-
gyrotropic materials in the bulk which become gyrotropic
when assembled as multilayers and thus the inverse spin
galvanic effect can be observed in these systems!?!. Ex-
amples of multilayers exhibiting Rashba type interfaces
that can be used for spin-to-charge conversion include
Bi/Ag and Bi/Sb!25128,

The spin galvanic effect (or inverse Rashba Edelstein
effect) has been used to demonstrate effective spin-to-
charge conversion by steady-state spin pumping!?°126
and spin-torque ferromagnetic resonance 27, It
has also been demonstrated in magnetoresistance
measurements'?7128 Recently, the spin galvanic effect
was used in the ultrafast regime showing that it can even
be utilized in spintronic THz emitters!29-131,

IV. DESIGN, SYNTHESIS AND FABRICATION OF
SPINTRONIC TERAHERTZ EMITTERS

A key advantage of spintronic THz emitters is their
relatively easy synthesis and fabrication. Spintronic de-
vices are usually fabricated by thin-film deposition tech-
niques such as sputter deposition, e-beam evaporation,
or molecular beam epitaxy (MBE). The same standard
techniques can be employed for the synthesis of spintronic
THz emitters. While most work to date relies on the fast
and inexpensive sputtering technique, recent efforts have
used molecular beam epitaxy to understand the influence
of electron-defect scattering lifetime, structural defects,
and the substrate material on the THz properties3®:132.

In the following, we review what material properties
limit the performance of spintronic THz emitters and how
various synthesis methods and strategies can be used to
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address these shortcomings. In general, the pulse length,
and thus the THz bandwidth, are determined by the tem-
poral characteristics of the charge current transient in-
duced by the inverse spin-Hall effect. The rising edge
of the pulse is dictated by the optical pump pulse dura-
tion and the spin diffusion properties. The spin diffusion
properties depend on the density of states, band velocity,
and scattering rate of electrons when they are promoted
above the Fermi level in the FM*7 and on the spin trans-
mission across the FM/NM interface. The falling edge of
the pulse is determined by the carrier relaxation times in
the NM layer'32. The magnitude of the ultrafast spin-to-
charge current conversion, which largely determines the
THz pulse amplitude, are determined by the spin-Hall an-
gle, spin diffusion length, resistivity, and interfacial spin
transport properties.

Various approaches and experimental strategies have
been explored to modify THz emission characteristics.
Initial work mainly focused on the exact material com-
position and thickness of the FM/NM sample stack, in-
cluding NMs with different magnitude and sign of the
spin-Hall angle and thickness-dependent Fabry-Pérot-
type resonances®*7. More recent efforts have focused
on new material components such as ferrimagnets'33134,
antiferromagnets'®*, and synthetic antiferromagnets!'3°.
Continued study of the typical FMg!33:134,136-138 hag fo
cused on the influence of the interface quality on the THz
emission31:13%:140 and the role of the crystal growth and
crystallinity of the materials?”-8%:132:141 " Tn Sect. IV A
we focus on how interface and crystal quality affect THz
emission properties. In Sect. IV B, we review the different
“building blocks” (materials, thickness, magnetic order-
ing) of spintronic THz emitters. We stress that we are
just at the beginning of this field and there is tremen-
dous opportunity to exploit “conventional spintronics”
knowledge of transport, interfacial effects, etc. at both
DC and GHz frequencies to engineer much more sophis-
ticated heterostructures and interfaces to optimize per-
formance at THz frequencies.

A. Impact of interface and crystal quality on THz
emission

Torosyan et al. presented systematic studies of how
THz emission from MBE-grown Fe/Pt bilayers on
MgO and sapphire substrates depends on layer thick-
ness, growth parameters, substrates, and geometrical
arrangement!'32. They found that Fe/Pt bilayers on MgO
substrates have a higher dynamic range below 3 THz
when compared to bilayers on Al,Og substrates. This
difference was attributed to the almost-epitaxtial growth
of Fe on the MgO substrates. By varying Fe and Pt layer
thicknesses, they found that samples with 2 nm Fe and
3 nm Pt resulted in the maximum THz emission am-
plitude. The experimental results were supported by a
model that takes into account the generation and diffu-
sion of hot electrons in the Fe layer, the shunting effect,
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Figure 12. Terahertz emission from spintronic heterostructures. (a) THz signal signal trace obtained from photoexcited Ru- and
Au-capped Fe thin films. The signal inverts when the sample magnetization is reversed (dark to light curves). (b) Corresponding
Fourier spectra. Inset: emitted THz pulse energy vs absorbed pump-pulse energy per area. Adapted from Ref. [4]. (¢) Spectrum
of the spintronic W/CosoFe40B2o /Pt trilayer emitter in comparison to standard terahertz emitters measured with a 70-pm-thick
Lemke/amorphous polycarbonate electrooptic sensor (measurements performed under identical conditions, thicknesses given in
parentheses). Orange: photoconductive switch, blue: ZnTe(110) (1 mm), green: GaP(110) (0.25 mm), red: spintronic emitter

(5.8 nm). Adapted from Ref. [47].

spin accumulation in the Pt layer, and optical properties
of the bilayers'3?. Torosyan et al. also employed a Si lens
to collimate the THz beam and showed that the best re-
sult can be obtained when the lens faces the substrate
side and not the metal layer. This can be understood
by a suppression of the reflections at the MgO/air inter-
face and has the additional advantage that the delicate
Pt surface is not damaged when the lens is mounted. A
follow-up work by the same group investigated the in-
fluence of the electron-defect scattering lifetime on the
spectral shape and how structural defects affect the in-
terface transmission and thus the THz amplitude®®.

As noted above, not only the spin-diffusion properties
and the spin-Hall angle, but also the interface transmis-
sion properties are critically important. Li et al. pre-
sented a detailed investigation of the effects on the THz
emission of roughness, interface intermixing, and crys-
tal structure!®! in Co/Pt heterostructures. For this
purpose, polycrystalline samples with different rough-
ness were grown by magnetron sputtering, using con-
trol over the deposition chamber pressure to alter the
microstructure at the interface. Li et al. also fabri-
cated Co/CoxPt;_«/Pt samples to study the influence
of the intermixing of Pt and Co atoms at the inter-
face and compared the results obtained from polycrys-
talline samples to those obtained from eptiaxtial sam-
ples. In essence, they found that the photocurrents cre-
ated by the helicity-independent THz emission due to
the inverse spin-Hall effect and the helicity-dependent
THz emission due to the spin-dependent photogalvanic
effect (or spin-galvanic effect)'?? show opposite trends:
the helicity-independent ISHE contribution decreases as
the roughness is increased, while the helicity-dependent
contribution increases from near zero as the roughness in-

creases. The former effect is explained by a suppression
of the spin-current transparency across the interface due
to roughness-induced enhanced spin-flip probability. The
latter observation is explained by a geometrical increase
of the bulk volume that “feels” the interface properties
responsible for the spin-dependent photogalvanic effect.
These measurements also revealed that intermixing en-
hances the helicity-independent contribution of the THz
emission, but suppresses the helicity-dependent contri-
bution. Li et al. propose that the effects of intermixing
are due to an enhanced spin-current transmission across
the interface and/or a higher spin-orbit coupling in the
CoyxPt1_x layer. Finally, Li et al. found that epitaxially-
grown samples do not show any helicity-dependent emis-
sion.

We note that Jaffrés et al. correlated the
ferromagnetic-resonance  driven  spin-pumping re-
sults with THz emission from optimized 3D/5D heavy
metal interfaces. They found a strict correlation be-
tween THz signals and the spin-mixing conductance
and ISHE signals'4?143,  Furthermore, Gueckstock et
al. systematically studied the effect of the ferromagnet
- normal metal interface and found dramatic changes
in the amplitude and even an inversion of the polarity
of the THz emission. These results suggest that the
interfacial spin-to-charge current conversion arises from
skew scattering of spin-polarized electrons at interface
imperfections'44.



B. Terahertz generation based on the inverse spin Hall
effect and spin Seebeck effect

Kampfrath et al. were the first to report an ultra-
fast, contactless amperemeter based on a spintronic THz
emitter that utilized the inverse spin Hall effect to con-
vert an ultrafast spin flow into a terahertz electromag-
netic pulse?. Since that discovery, a variety of differ-
ent materials have been explored as potential spin-based
THz sources. Those studies not only helped to opti-
mize and engineer the THz signal, but also contributed
to our current understanding of ultrafast magnetic phe-
nomena in magnetic heterostructures and multilayers. In
this section, we present a summary of some pioneering
work that relied on spin-to-charge conversion by means
of the inverse spin Hall effect in both metallic and in-
sulating magnets. Terahertz sources based on metallic
heterostructures have key advantages. Their fabrication
is well established, inexpensive, and can easily be scaled
up using large-scale physical vapor deposition techniques
such as sputtering deposition. This manufacturing ad-
vantage makes metallic sources attractive inexpensive al-
ternatives to the commonly used THz sources based on
PCAs and nonlinear crystals, which were described in
Sect. IIA. The absorption in metallic sources is to a
large degree independent of the pump wavelength and
they feature a very short electron lifetime (down to 10
fs) enabling a broadband emission covering a frequency
range between 1 and 30 THz*". In the following, we dis-
cuss the state of the art beginning with the pioneering
work that combined concepts of spintronics with ultrafast
magnetism.

First observation. In 2013, Kampfrath et al. dis-
covered the possibility to control ultrafast spin current
pulses by magnetic heterostructures made of ferromag-
netic iron thin films and nonmagnetic capping layers (Ru
and Au)*. The observed THz emission from the magnetic
heterostructures was interpreted to arise from a photo-
excited spin-polarized electron current created in the iron
layer and the subsequent conversion into charge current
transients in the the nonmagnetic layer due to the inverse
spin Hall effect. By absorbing a femtosecond laser pulse,
electrons from below the Fermi level are promoted to
bands above the Fermi energy creating “hot” electrons.
The non-equilibrium hot majority electrons in iron are
sp-type electrons and have a higher velocity than the
d-type minority electrons, resulting in an ultrafast spin-
polarized electron current that is created in iron and in-
jected into the capping layer material. Ru and Au are
chosen for the capping layer due to their very different
electron mobility leading to different transport dynam-
ics. In Au, the hot electrons occupy sp bands with a
high velocity and long lifetime, while in Ru they occupy
d bands with a lower velocity and have a shorter lifetime.
As a result, Kampfrath et al. found different THz wave-
forms from the photoexcited Ru- and Au-capped iron
films, Fig. 12(a,b). This pioneering work paved the route
towards THz spintronic devices and applications. It also
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Figure 13. (a) THz waveforms and (b) corresponding spectra
obtained using two laser excitation wavelengths (800 and 1550
nm) for a Fe/Pt bilayer structure. Adapted from Ref. [145].

provided new insights into the underlying mechanisms of
ultrafast spin physics and introduced a new method to
contactlessly detect spin current in the THz frequency
regime.

Optimized efficiency of metallic spintronic THz
emitters. Seifert et al. presented an approach to opti-
mize the bandwidth, amplitude, and scalability of spin-
tronic THz emitters*”. One fundamental advantage of
spintronic emitters relative to III-V emitters is the ab-
sence of gaps in the emission spectra arising from interac-
tion with phonons. This phonon interaction is forbidden
in the generation of ultrafast photoexcited spin currents
or in the inverse spin-Hall effect. Seifert et al. employed
two heavy metals with opposite spin-Hall angle and sand-
wiched the ferromagnetic layer between the heavy metal
layers to enhance the spin-to-charge current conversion®”.
They also utilized a broadband Fabry—Pérot resonance
to further increase THz signal output®?. Figure 12(c)
shows a comparison of the THz amplitude from tradi-
tional THz sources and the conceptually-different spin-
tronic emitters. The spectrum obtained from the opti-
mized sample stacks impressively shows the advantages
of the spintronic emitters: the spintronic emitter made
of W/CoFeB/Pt exceeds by far the bandwidth of the
traditional emitters. Moreover, an intense broadband
THz emission from metallic spintronic thin-film stacks
composed of a W/CoFeB/Pt trilayer was reported in
201743, with the peak field reaching 300 kV/cm, and
a pulse energy of 5 nJ. As we will discuss in more de-
tail in Sec. V B, spintronic emitters are largely based
on thin film deposition techniques, which means their
emission can be further optimized using standard micro-
fabrication techniques such as photo- and electron-beam
lithography®%:146,147

Demonstration of insensitivity to laser pump
wavelength. As discussed in Sec. IT A 1, semiconductor-
based THz emitters (PCAs) require a certain laser pump
wavelength. In contrast, it was recently demonstrated
that metallic spintronic THz emitters are insensitive to
the excitation laser wavelength!4>148  Herapath et al.
reported that the efficiency of THz generation is inde-
pendent of the pump-photon energy within central wave-
lengths ranging from 900 to 1500 nm'#®. Papaioan-
nou et al. used two different laser wavelengths and com-



pared the resulting THz emission from Fe/Pt bilayers!45.
Figure 13 shows that the excitation of non-equilibrium
spin-polarized electron currents with less photon energy
(A = 1550 nm) is essentially as effective as the use of
higher photon excitation energy (A = 800 nm)*°. How-
ever, at first glance one would expect the opposite ob-
servation: higher photon energies would lead to a larger
asymmetry of the two spin species because they are resid-
ing in different bands with different band velocities. This
perceived discrepancy can be understood by taking into
account not only the directly excited high-energy elec-
trons, but also secondary electrons at intermediate en-
ergies created due to electron—electron scattering events
after the initial excitation of the electrons. The lifetime
decreases with the energy of the excited electron, and
therefore the most energetic electrons do not significantly
contribute to the process. The most significant contribu-
tion comes from intermediate energy electrons resulting
from scattering, whose contribution is similar to that of
electrons with longer lifetimes that are directly excited
by lower-energy photons'4®. Note that at very low pho-
ton energies we also have to consider the contribution
of holes to the spin-diffusion process, which results in a
zero net transport of spin'4. Figure 13 shows that the
total energy that it is deposited into the system is the
important quantity here.

While the excitation laser wavelength is not directly
critical to the THz generation, Herapath et al. demon-
strated that including TiO9 and SiO, dielectric overlayers
after the optimization for a particular excitation wave-
length can further enhance the terahertz emission*8.

Insulator-based spintronic THz emitters.

Very recently, it was shown that THz emission can
also be observed in magnetic insulator-based heterostruc-
tures upon photo-excitation®%!  In these studies the
magnetic insulator yttrium iron garnet was heated by
an adjacent metallic layer resulting in a spin-Seebeck
effect-driven spin current that arises on a time scale of
about 100 fs'0. This time scale is comparable to the
time scale of the thermalization process of the metal elec-
trons. These studies provide important insights into the
spin transfer and the fundamental time limitations for
angular-momentum transfer across metal-insulator inter-
faces. We note, however, that the signal strength is
considerably smaller than for metallic spintronic sources.
Consequently, we do not further discuss insulator-based
spintronic THz emitters and refer the reader to the
literature!®%:151,

C. Terahertz generation based on spin galvanic effect

While most work relies on the inverse spin Hall ef-
fect in the bulk for converting ultrafast photo-excited
spin currents into charge current transients, there has
been some effort in exploring interfaces. Employing inter-
faces offers important advantages including effects such
as interface-induced magnetism and non-trivial spin tex-
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Figure 14. (a) Experimental configuration and sketch of

THz emission characteristics of (a) control samples with-
out Rashba interface (CoFeB/Bi, CoFeB/Ag/Al, CoFeB/Al,
MgO/Ag/Bi) and (b) trilayer sample (CoFeB/Ag/Bi), where
the spin-to-charge conversion occurs at the Rashba interface
between Ag and Bi. (c) Comparison of the CoFeB/Ag/Bi
trilayer with bilayer control samples. An enhancement of the
signal strength is observed when Bi is deposited onto Ag. The
inset shows that the signal is inverted when the magnetization
M is flipped. Adapted from Ref. [129].

tures, spin-transfer torque effects, and magnetization re-
versal induced by interfaces'®®. Furthermore, poten-
tial devices could be made thinner and thus require
less material and a smaller volume, interfaces are easier
to manipulate and even gateable!®®, and layered struc-
tures with multiple interfaces could potentially be used
to increase the overall effect. Efficient spin-to-charge
conversion at interfaces between two dissimilar materi-
als was first demonstrated in steady-state spin pump-
ing experiments at GHz frequencies?>'26 in spin-torque
ferromagnetic resonance'?”, and in magnetoresistance
measurements'?®. Recently, it was shown that spin-to-
charge conversion at Rashba interfaces can also be used
on ultrafast time scales!?9 131,154,

There are a number of reports focused on the Rashba
interface between Ag and Bi for spin-to-charge conver-
sion. In particular, it was shown that the THz emission
can be enhanced by a factor of 6 when a bilayer of Ag/Bi
is deposited onto the metallic ferromagnet CoFeB'2°.
Furthermore, a helicity dependence of the THz electric
field that is polarized parallel to the CoFeB magnetiza-
tion direction was observed. This effect was absent in
any of the control measurements on samples that do not
exhibit the Ag/Bi interface and is most pronounced for
thin Ag layers below 10 nm'2?°. Similarly, it was shown
that Fe can serve as a spin current source material adja-
cent to a Ag/Bi bilayer!3°.

V. OUTLOOK AND PERSPECTIVE
A. Rise of antiferromagnetic spintronics

Recent work on ultrafast spintronic effects in antifer-
romagnetic and ferrimagnetic materials revealed inter-



esting properties and ultrafast phenomena distinctly dif-
ferent from their ferromagnetic counterparts!®>157. In
antiferromagnets the sublattice magnetizations may op-
pose each other, while in compensated ferrimagnets the
net magnetization can be tuned by composition, tem-
perature, or strain®®. Antiferromagnets exhibit strong
exchange coupling between neighboring spins; much
stronger than in ferromagnets®®. Therefore, antiferro-
magnets show intrinsic ultrahigh resonance frequencies
in the THz range, whereas ferromagnets have resonances
in the GHz range'®"158.  Utilization of materials with
magnetic order but vanishing net magnetization offers
numerous advantages over their ferromagnetic counter-
parts. These advantages include a higher stability due
to the absence of stray fields, higher operational speed,
resonance frequencies in the THz range, and the exis-
tence of both counter-clockwise and clockwise spin-wave
modes!®6:157 The detailed investigation of these systems
in terms of their ultrafast spintronic properties started
very recently and there are many open questions that
demand further study. In the following we focus our
discussion on ferrimagnets and non-collinear antiferro-
magnets. In particular, we will review the THz emis-
sion characteristics of heterostructures consisting of ferri-
magnets and non-collinear antiferromagnets and describe
their prospects as future spintronic THz devices.

Most recent studies on the spin dynamics of anti-
ferromagnets have focused on collinear antiferromag-
netic spin alignments. A typical antiferromagnetic in-
sulator is NiO, which has resonances in the low THz
range. In particular, recent THz spectroscopy stud-
ies of NiO revealed the damping parameter'®®160 and
the magnetic field and temperature dependence of the
antiferromagnetic resonance!6!. Wang et al. re-
ported magnon-torque-induced magnetization switching
and THz emission in BizSes/ NiO/NiFe devices at room
temperature'®?; this effect was later modeled by Suresh
et al. using quantum-classical simulations based on
a time-dependent nonequilibrium Green functions com-
bined with the Landau-Lifshitz-Gilbert equation frame-
work, which confirmed that the magnon torque plays the
dominant role in the system'®3. Qiu et al. observed THz
emission from NiO/Pt and NiO/W heterostructures at
zero external magnetic field and at room temperature®®.
In particular, they observed a connection between the
angular-dependent THz waveforms and the three-fold ro-
tational symmetry of NiO, which suggest the possibility
to 1) infer symmetry properties of the system from its
THz emission characteristics and 2) control THz emission
through structural symmetry or propagation direction.

Chen et al.'%* reported that the THz emission from
transition metal-rare earth element ferrimagnet/heavy
metal CoGd/Pt bilayer structures depends strongly on
both temperature and chemical composition. Interest-
ingly, strong terahertz emission from this structure with
nearly zero net magnetization is observed. The authors
explain the results by the localized and delocalized na-
ture of the electrons carrying magnetic moments in Gd
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and Co, respectively. For generating the superdiffusive
spin current in the ferrimagnetic layer, 3d-electrons from
the Co sublattice can be excited more easily than the 4f-
electrons from the Gd sublattice, which are further below
the Fermi level. In the same work, the THz emission mea-
surements of antiferromagnetic IrMn-based heterostruc-
tures show that no measurable THz signal is observed in
the IrMn /Pt bilayer. However, when the antiferromagnet
is used as a spin detector in a IrMn/Co bilayer — where
Co is a metallic ferromagnet — a sizable THz signal is
detected, indicating that antiferromagnets can be used
a spin-to-charge converter even at ultrafast timescales.
Indeed, it was previously reported in steady-state spin
pumping measurements at GHz frequencies that Mn-
based antiferromagnets show a sizeable spin-Hall angle
and hence can be used as spin current detectors'%>-167,

Meanwhile, Schneider et al.'®8 studied another transi-
tion metal-rare earth element ferrimagnet, FeTb. Schnei-
der et al. found that the THz emission amplitude from a
TbFe/Pt layer closely follows the in-plane ThFe magne-
tization. This is in contrast to the previously discussed
results obtained for CoGd, where THz emission was ob-
served even for a zero net magnetization and presumed
to be due to the difference in the transition metal-rare
earth element bandstructure: The electrons of the Gd
sublattice that can be excited by the ultrafast laser pulses
are localized 8 eV below the Fermi level in the 4f-band.
Therefore, the ferromagentic Co sublattice is the domi-
nant contribution to the spin-polarized current generated
upon excitation with the femtosecond laser pulse. In con-
trast, in the Tb sublattice, the excited electrons arise
from the more-than-half-filled 4f shell, which is about
2.23 eV below the Fermi level. Furthermore, in ThFe the
hybridization of 3d, 4f, and 5d electrons leads to a situa-
tion in which it is easier to excite electrons from the Tb
sublattice than from the Gd sublattice (while still being
more difficult than exciting the Fe sublattice). Therefore,
the THz emission from FeTb closely follows the in-plane
magnetization and a complete cancellation of THz emis-
sion is observed.

More recently, non-collinear antiferromagnets have at-
tracted increased attention due to their interesting spin
configurations. In particular, it was shown that non-
collinear antiferromagnets can be employed for generat-
ing and controlling the THz emission in antiferromag-
netic spintronic THz emitters. It was revealed that het-
erostructures based on the non-collinear antiferromagnet
Mn3zSn'™ and excited by a femtosecond laser pulse can
either be used as a spin current source (MnsSn/Pt) or
serve as a spin-to-charge converter when combined with
a ferromagnetic metal (Co/MngSn). In the latter case,
the anisotropic inverse spin Hall effect is responsible for
the conversion. Finally, Zhang et al. reported THz radia-
tion from an exchange-coupled synthetic antiferromagnet
where two antiparallelly aligned ferromagnetic layers are
separated by a spacing layer!"!.
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Figure 15. (a) Conceptual illustration of the terahertz chirality control using a magnetic field profile. (b) Experimentally
observed parameteric plots of the THz waveforms with left-handed and right-handed elliptical polarizations. (d) Broadband
elliptical THz emission. The colors represent different polarization states. Black: linear polarized (6°); red, green: right-handed
(67); blue, light blue: left-handed (67) polarization. Inset: 3D broadband polarization spectrum of a right-handed elliptically

polarized THz wave. Adapted from Ref. [169)].

B. New opportunities enabled by patterned terahertz
sources and nonuniform magnetization textures

Easy manipulation of the THz wave polarization and
spectral bandwidth is important for next generation func-
tional on-chip THz emitters. Spintronic THz sources
are particularly interesting in this regard. Micro- and
nanofabrication of magnetic heterostructures is readily
available for patterning arrays of spintronic THz sources.
Moreover, the magnetization state can be easily con-
trolled by the externally applied magnetic field, offering
conceptually new mechanisms for next generation THz
applications and devices.

Yang et al. presented detailed studies of the THz emis-
sion from Fe/Pt heterostructures!#6. They not only
investigated the thickness dependence of the bilayer
and compared the THz waveforms to photoconductive
switches and nonlinear crystals, but also demonstrated
the tunability of the THz spectrum of patterned magnetic
heterostructures via an external magnetic field. Lendinez
et al. studied the effect of the stacking order on the THz
waveform from CoFeB/Pt stripes'*”. They found that
the THz electric field amplitude is proportional to the
coverage of the CoFeB /Pt heterostructure on top of the
MgO substrate. Furthermore, by comparing the exper-
imental results to micromagnetic simulations, they re-
vealed that a small portion of the moments at the edges
of the micron-sized stripes lie in the easy axis indepen-
dent of the applied magnetic field, reducing the overall
spin current that contributes to the THz signal. Wu
et al. showed a systematic dependence of THz emis-

sion characteristics on the size of Fe/Pt bilayer stripes®?.
These experimentally-observed spectra were interpreted
in terms of a simplified multi-slit interference model that
was capable of capturing the main experimental features.

In addition to using patterned magnetic heterostruc-
tures for manipulating the magnetization state and thus
the THz emission properties, there has been an effort
to control the local magnetization texture using inho-
mogeneous external magnetic fields'?172. Such magne-
toelectric control of the magnetization may be another
avenue for THz control in spintronic sources. Kong et
al. demonstrated the magnetic-field-controlled switching
of the THz polarizations between linear and elliptical
states in W/CoFeB /Pt trilayers using non-homogeneous
field-induced magnetization states, as shown in Fig. 15.
The direction of the THz transient is controlled by the
direction of the spin polarization vector as stated by the
inverse spin Hall effect. By achieving a clockwise or
counterclockwise spin polarization vector over the sample
area using inhomogeneous magnetic field, they success-
fully tuned the direction of the converted charge current
in Pt and W layer by the inverse spin Hall effect, re-
sulting in elliptically polarized THz pulses'®®. Further-
more, the chirality, azimuthal angle, and ellipticity of
the generated elliptical THz signal were tuned by ap-
plying an external magnetic field. Similarly, Hibberd et
al. presented a proof-of-principle concept that a specific
magnetic field distribution can be applied such that the
transverse polarization of the resulting THz wave can be
controlled'”2. By placing the spintronic emitter between
two magnets of opposing polarity, a quadrupole-like po-
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Figure 16. (a) A schematic depiction of a hybrid semiconduc-
tor / spintronic THz emitter. (b) The measured spectrum ob-
tained with such a hybrid detector. Adapted from Ref. [173].
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larization profile of the THz wave was observed. Further-
more, an enhanced longitudinal electric field component
was observed in this configuration!”2.

C. Integration of semiconductors

For spectroscopy applications it is desirable to have a
THz source that emits an intense signal over the max-
imum possible bandwidth. The range from 0.1 to 10
THz is of particular interest for applications'™. As we
have discussed in the preceeding sections, most spintronic
emitters have relatively poor performance at frequen-
cies below 1 THz and relatively strong performance at
higher frequencies. Photoconductive antennas, on the
other hand, tend to perform better at frequencies below
4 THz?'"23. To generate relatively intense emission over
a wider frequency range, Chen et al. fabricated a hy-
brid emitter that combined a semiconductor PCA with a
magnetic heterostructure'”™. A schematic of this hybrid
emitter is shown in Fig. 16(a). The PCA was made of
HR-SI and the spintronic emitter was made of a either a
Co/Pt or a Co/W bilayer. The spintronic bilayer had a
total thickness less than 10 nm, far below the wavelength
of THz radiation, and thus the emission of the PCA
and spintronic components were effectively simultaneous.
The data demonstrating the performance of the hybrid
emitter with a Co/W bilayer is shown in Fig. 16(b). The
black curve shows the spectrum obtained when no bias
is applied to the PCA [Fig. 16(b)], effectively turning off
the emission from the semiconductor component. In this
case, only the spintronic component of the hybrid emitter
is “active”. As expected when only the spintronic emit-
ter is contributing, the emission intensity at frequencies
below about 1 THz is relatively poor. When either a pos-
itive or negative bias current (100 mA or —100 mA) is
applied (red and blue curves, respectively), the semicon-
ductor PCA contributes to the emission and the THz sig-
nal at frequencies below 1 THz is significantly stronger.
The difference in the intensity of the observed THz emis-
sion between the positively- and negatively-biased condi-
tions originates in whether the PCA and spintronic THz
emission interfere constructively or destructively, an ob-
servation that was confirmed by repeating the experi-
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ments with a Co/Pt bilayer. Because Pt has a spin-Hall
angle with opposite polarity to that of W, the bias that
resulted in constructive interference and enhanced THz
emission for Co/Pt was opposite to that of Co/W.

The work of Chen, et al. is an important first step to-
ward the fabrication of hybrid THz emitters combining
semiconductor and spintronic sources. The results also
illustrate the range of opportunities that exist when cre-
ating hybrid materials. For example, one might choose
to use two different wavelengths of light to excite the
semicondutor and spintronic emitters at slightly differ-
ent times. Another option may be to change the orienta-
tion of the PCA relative to that magnetization, resulting
in different polarizations of the THz emission from each
source. Another possible way to control the THz emis-
sion could be to change the thickness of the materials
or the separation between the two emitters to be on the
order of a quarter wavelength. This would allow for con-
trollable interference, at least at some frequencies. The
wide range of parameters that can be tuned in such a
hybrid emitter thus present significant opportunities for
tailoring the THz pulse emitted.

D. Emerging opportunities

As the above section describes, coupling spintronic
THz emitters to other materials platforms with com-
plementary THz properties provides a large palette for
designing multilayer structures whose THz performance
exceeds that of any individual material. For example,
Hu and coauthors predicted that THz radiation can be
generated in transition metal dichalcogenides via second
harmonic generation'”. Similarly, Welsh and coauthors
have studied and observed the generation of terahertz
radiation in metallic nanostructures like gold (Au) and
silver (Ag) gratings, which relies on a resonant “incoher-
ent” optical rectification!”®. Those concepts could po-
tentially also be employed in combination with spintronic
heterostructures to further tailor the THz pulse charac-
teristics.

One class of material that is already being incorpo-
rated into multilayer THz heterostructures is topological
insulators (TIs). TIs are materials that behave like insu-
lators in the interior and conductors on the surface due
to the presence of Dirac surface states that are topolog-
ically protected by time reversal symmetry!”®. These
surface states are known to have relativistic massless
dispersion and have been probed using angle resolved
photoemission spectroscopy (ARPES)17®. Terahertz gen-
eration from topological insulators largely originates in
these Dirac surface states through two processes: the sur-
face depletion field and optical rectification'®!77. Op-
tical rectification is generally the dominant mechanism
and results in a relatively large bandwidth due to op-
tical transitions between the surface states and lower-
energy conduction band states in the TI'7®. For exam-
ple, Zhu et al. reported THz emission from pure BisSes



thin film samples. The THz signal amplitude for sam-
ples with 10 quintuple layers was larger than that from
samples with only 4 layers'”®. This difference was at-
tributed to strong coupling between the top surface and
bottom surface of the TI in the thin samples. This cou-
pling limited the surface-related optical transitions and
suppressed the shift current'”®. More recently, Wang et
al. reported THz emission with improved signal intensity
in a BigSes/Co heterostructure! ™. The improved perfor-
mance was attributed to the strong spin—orbit coupling
due to momentum-locked surface states leading to an en-
hanced ultrafast spin-to-charge current conversion in the
heterostructure and thus enhanced THz emssion'"®.

VI. CONCLUSION

Improved sources are crucial for advancing THz tech-
nology to take advantage of the many opportunities for
sensing and spectroscopy in the THz frequency range.
The purpose of this tutorial article was to introduce read-
ers to spintronic THz emitters, which have emerged rel-
atively recently as a powerful source of THz radiation
with increased spectral bandwidth, intensity, and ad-
ditional functionalities. Conceptually, the operation of
these spintronic THz emitters is relatively simple. Be-
cause spintronic emitters take advantage of ultrafast dy-
namics in the spin degree of freedom to control the tran-
sient charge current, there are a wide variety of physi-
cal processes that can be leveraged to engineer these dy-
namics and the resulting subsequent THz emission. Our
detailed description of the physical principles underlying
the operation of the present generation of spintronic THz
emitters is intended to help researchers new to the field
to understand these opportunites. There is a wide range
of material components, device geometries, and control
strategies that can be explored and exploited to real-
ize improved THz emission from spintronic and hybrid
sources.
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