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SPECIAL SESSION

Session TU

TUTORIAL: QUANTUM MAGNONICS

Sara Majetich, Chair
Carnegie Mellon University, Pittsburgh, PA, United States

INVITED PAPERS

TU-01. Quantum Magnonics with a Superconducting Qubit.

Y. Nakamura'? 1. RIKEN Center for Quantum Computing, Saitama, Japan,
2. Research Center for Advanced Science and Technology, The University
of Tokyo, Tokyo, Japan

Magnons are quanta of collective spin excitations, such as in magnetostatic
modes and spin waves, ubiquitously found in magnetic materials. While
conventional experimental techniques in magnetic resonance and spintronics
can only detect large amplitude signals, either coherent or incoherent, the
recent progress in quantum magnonics has enabled us to investigate the
single magnon limit [1]. In this tutorial, we discuss how we can control
and detect single magnons in a macroscopic-scale ferromagnetic crystal.
We strongly couple a superconducting qubit, an artificial two-level system
realized in a superconducting circuit, to a magnon via a virtual excitation
of photon in a microwave cavity. The interaction allows us to generate
entanglemen

[1] D. Lachance-Quirion et al., Appl. Phys. Express 12, 070101 (2019).
[2] Entanglement-based single-shot detection of a single magnon with a
superconducting qubit, D. Lachance-Quirion et al., Science 367, 425 (2020).
[3] Dissipation-based quantum sensing of magnons with a superconducting
qubit, S.P. Wolski et al., Phys. Rev. Lett. 125, 117701 (2020).

TU-02. Cavity Magnoncs. S. Viola Kusminskiy' 1. Max Planck Institute
for the Science of Light, Erlangen, Germany

In the last years, a new field has emerged at the intersection between
Condensed Matter and Quantum Optics, denominated “Quantum
Magnonics”. This field strives to control the elementary excitations of
magnetic materials, denominated magnons, to the level of the single quanta,
and to interface them coherently to other elementary excitations such as
photons or phonons. The recent developments in this field, with proof of
concept experiments such as a single-magnon detector, have opened the
door for hybrid quantum systems based on magnetic materials. This can
allow us to explore magnetism in new ways and regimes, has the potential of
unraveling quantum phenomena at unprecedented scales, and could lead to
breakthroughs for quantum technologies. A predominant role in these devel-
opments is played by cavity magnonic systems, where an electromagnetic
cavity, either in the optical or microwave regime, is used to enhance and
control the interaction between photons and magnons. This Tutorial Session
will cover the basic concepts behind Quantum Magnonics, as well as the
most recent developments in the field.

TU-03. Emerging Opportunities for Coherent Information Processing
at the Intersection of Superconductivity and Magnetism. Y. Li'

1. Materials Science Division, Argonne National Laboratory, Argonne, IL,
United States

Hybrid magnonic systems incorporating superconducting systems have
recently emerged as a new promising direction for coherent information
processing by exploiting magnon excitations and high quality factor super-
conducting resonators [1]. Magnons are fundamental excitations of magnetic

systems with a frequency band which can be adapted in microwave super-
conducting quantum circuits. In particular, magnons possess large dipolar
magnon-photon coupling and wide frequency tunability, which may find
new potentials in quantum information. Superconducting resonators serve
as coherent data buses of many quantum circuits with long microwave
coherence time. Superconducting-circuit-based cavity magnonics may
provide a convenient circuit platform that bridges magnonics and quantum
information. In this tutorial, we will discuss recent progresses of cavity
magnonics built on superconducting circuits. We will start from the orig-
inal idea of coupling spin ensembles with superconducting resonators, and
how magnetic spins are involved to replace spin ensembles. Then we will
examine different magnetic materials and superconducting resonator designs
for building superconducting cavity magnonics. Last, we will discuss future
opportunities and challenges in scaling up such hybrid magnonic systems on
superconducting circuits, with an emphasis on maintaining coherence time
of magnons and photons, as well as utilizing superconducting properties
such as vortices for empowering magnonics.

[1] Y. Li et al., Hybrid magnonics: Physics, circuits, and applications for
coherent information processing, J. Appl. Phys., 128, 130902 (2020)
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SPECIAL SESSION

Session PL

PLENARY AND IEEE AWARDS CEREMONY

Juergen Fassbender, Co-Chair
HZDR, Dresden, Germany
Victorino Franco, Co-Chair
University of Seville, Seville, Spain

INVITED PAPER

PL-01. Nanoscale Magnetoelasticity, An Overlooked Opportunity.
G. Carman"? 1. Mechanical & Aerospace Engineering, UCLA, Los
Angeles, CA, United States, 2. Translational Applications of Nanoscale
Multiferroic Systems TANMS, Los Angeles, CA, United States

The magnetoelastic coupling between magnetic and mechanical phenom-
enon in materials has been well understood for decades. This coupling,
however, continues to be perceived as a nuisance rather than a unique
opportunity for controlling magnetic physical states and related material
parameters in the nanoscale. To explore this topic in more detail researchers
have begun to evaluate nanoscale magnetoelastic materials for microelec-
tronic applications. Efforts in this area are partially motivated by growing
issues stemming from the increasing power consumption of traditional
devices leading to the demise of Moore’s law. Specifically, researchers have
shown large energy efficiency improvements (>3 order of magnitude) in
strain powered magnetic bit writing (magnetoelectric/multiferroic) and spin
waves propagation when compared to conventional electrical current based
magnetic approaches. While this illustrates a primary benefit of magneto-
elastic materials, there are a large number of additional applications that
would benefit from increased efficiency in controlling nanoscale magnetic
behavior. The purpose of this presentation is to provide an overview of
recent advancements in strain powered magnetoelastic devices and in
doing so, showcase their advantages over existing technologies to motivate
increased research activities and cross collaborations. One major challenge
facing magnetoelastic control of magnetism in the small scale is the need
for advanced multi-physics approaches representing different length scales.
Several recent advancements include the implementation of fully coupled
continuum models (micromagnetics + elastodynamics) for device design
as well as the exploration of fundamental magnetoelastic and associated
properties with Density Functional Theory DFT. These modeling approaches
represent a driving engine enabling exponential growth in research and
development in contrast to the traditional “make it and test it” philosophy.
During the last few years, theoreticians have also begun to incorporate
magnetoelastic phenomena in bridging codes like Molecular Dynamic Simu-
lations to explore more specific local interactions at the intersection between
continuum and DFT modeling representing an exciting new opportunity for
the community. These modeling capabilities provide critical insights into
new approaches, properties, and materials to design and understand various
magnetoelastic dynamic operations. These models are enabling novel appli-
cations beyond the historical sonar community and microelectronic interests,
such as magnetic sensors, motors, and wireless energy transfer to name a
few. For example, research shows strain-powered magnetoelastic devices
provide a new form of contactless communications in highly cluttered
dielectric environments (e.g. mammalian tissues or seawater) using elec-
trically small magnetoelastic antenna. These advances highlight the possi-
bility of future chip-to-chip communication platforms. Additionally, our
society has become reliant on electromagnetic motors to power locomotion
in everything from cars to robots to conveyor belts at the macro level. These
electromagnetic motors, however, largely fail when the dimensions decrease
below the sub-millimeter regime due to energy inefficiencies and increased
volumetric power consumption. This is no longer the situation as recently

demonstrated when strain powered magnetoelastics have operationally
captured and released T-cells using a magnetoelastic motor like platform.
Therefore, magnetoelastic behavior, while fundamentally understood, has
not yet been adequately explored by the research community considering
the many opportunities available in the “micro/nano scale”. As this presen-
tation illustrates, magnetoelasticity is a research area poised for significant
expansion over the next decade.
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SYMPOSIUM SESSION

Session SA

APPLICATION OF SYMMETRY BREAKING IN CORRELATED AND QUANTUM MAGNETIC MATERIALS

Thomas Zac Ward, Chair
Oak Ridge National Laboratory, Oak Ridge, TN, United States

INVITED PAPERS

SA-01. Tuning Spin Excitations in Magnetic Films by Confinement.
V. Bisogni' 1. NSLS II, Brookhaven National Laboratory, Upton, NY,
United States

The past years have witnessed an increasing interest in the field of
quantum materials (QM), not only thanks to their fascinating properties
as a macroscopic manifestation of quantum mechanics (high-temperature
superconductivity, quantum Hall effect, giant magnetoelectric effect, etc...),
but also for the opportunities that these materials can offer towards the next
generation of electronic devices. Understanding the physics behind quantum
materials is thus a primary goal of condensed matter physics, both from a
fundamental point of view as well for gaining control over the QM func-
tional properties. Among all the experimental observables, excitations in
QMs can provide unique information about the key-interactions at play in
the system (magnetic interactions, electron-phonon coupling, spin-orbit
coupling, topology, multiferroicity, etc...) and the nature of the excitations
themselves (magnon, phonon, intra-band electronic excitations, orbiton,
exotic modes, etc...). In this talk, I will focus on soft Resonant Inelastic X-ray
Scattering (RIXS), as an emergent technique for the study of excitations
and their momentum dependence. I will present recent results achieved on
ferromagnetic thin films to investigate the evolution of the spin dynamics
as a function of thickness [1]. Our work reveals an asymmetric evolution of
the spin dynamics between the in-plane and out-of-plane directions: while
the spin excitations remain invariant along the in-plane direction, in the
out-of-plane direction a dampening is observed as a function of thickness.
Such result is interpreted as an effect of confinement, enabling the use of the
thickness as a “knob” to control the spin excitation energies.

[177. Pelliciari, S. Lee, K. Gilmore, J. Li, Y. Gu, A. Barbour, I. Jarrige, C. H.
Ahn, F. J. Walker, V. Bisogni, Nature Materials, 20, 188 (2021).

SA-02. Controlling the Stripe Order in a Diluted Frustrated Magnet.
T. Vojta', X. Ye! and R. Narayanan? /. Physics, Missouri University of
Science and Technology, Rolla, MO, United States; 2. Physics, Indian
Institute of Technology Madras, Chennai, India

Significant attention has recently been attracted by phases that sponta-
neously break real-space symmetries in addition to spin, phase, or gauge
symmetries. These phases include, for example, the charge-density wave
or stripe phases in the cuprate superconductors, the Ising-nematic phases in
the iron pnictides, and the valence-bond-solids in certain quantum magnets.
We discuss the interplay between the broken real-space symmetries and
vacancies, impurities and other types of quenched disorder that are inevi-
table in real materials. Specifically, we demonstrate that spinless impurities
in a frustrated Ising magnet give rise to a random-field mechanism that
can destroy the stripe-ordered phase. The strength of the emerging random
fields is governed by the spatial impurity distribution. Moreover, the mech-
anism can be tuned very efficiently by weak exchange anisotropies that
explicitly break the real-space symmetry, providing a way of controlling
the phase diagram of this many-particle system. This work was supported in
part by the National Science Foundation under Grant Nos. DMR-1828489
and OAC-1919789.

Domains of horizontal and vertical stripes in the diluted J;-J, Ising
model.

SA-03. Compositional disorder in the extreme limit: A novel route

to the design and manipulation of dynamic and frustrated magnetic
systems. A.R. Mazza' and T.Z. Ward' 1. Oak Ridge National Laboratory,
Oak Ridge, TN, United States

The limited number of available spin-active elements makes the design of
new magnetic materials a challenge. By focusing on maximizing disorder
of the spin and exchange interaction landscape, new and highly tunable
magnetic behaviors — from macroscopically ordered states to degenerate and
frustration-driven dynamic systems — can be explored. Magnetic order classi-
cally relies on uniformity, with disorder resulting in lower ordering tempera-
tures and prevention of percolation. However, in a chaotic limit, disorder can
be treated as a parameter which can manipulate the local microstates towards a
global response from long-range order to phase degeneracy. A classical Heisen-
berg model is found to be sufficient to describe how compositionally disordered
systems drive continuous control over ordering types and critical temperatures.
Theory then guides the design and growth of high entropy perovskite oxide films
demonstrating the utility of this predictive materials approach. From this, we
design the near degeneracy of macroscopic magnetic phase percolation between
antiferromagnetic and ferromagnetic states. This leads to the discovery that
manipulating the local spin disorder can be used to drive monolithic exchange
bias behaviors in the single crystal films similar to that observed in AFM-FM
bilayer heterojunctions, providing important new insights into recent proposals
that spin and exchange disorder can be the dominating factor in generating
exchange bias responses.
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SA-04. Emergent magnetic states in transition metal nitride
heterostructures. £. Guo' 1. Institute of Physics, Chinese Academy of
Sciences, Beijing, China

Transition metal nitrides (TMN) is a large group of materials which exhibit
excellent mechanical properties, exceptional good thermal conductivity, and
corrosion resistance. Among their intriguing physical properties, magnetism
in TMNs had not been extensively studied in the past. In this talk, we firstly
take CrN as a prototype system to investigate its high conductivity and unique
antiferromagnetism as a response to the epitaxial strain. [1, 2] By shrinking
the film thickness to a critical value of =30 unit cells, a profound conduc-
tivity reduction accompanied by unexpected volume expansion is observed
in CrN films. The electrical conductivity is observed surprisingly when the
CrN layer is as thin as a single unit cell thick, which is far below the crit-
ical thickness of most metallic films. Both first-principles calculations and
linear dichroism measurements reveal that the strain-mediated orbital split-
ting effectively customizes the relatively small bandgap at the Fermi level,
leading to an exotic phase transition in CrN. In the second part of talk, we
demonstrate the first synthesis of chromium oxide (Cr,O;)—chromium nitride
(CrN) superlattices with atomically sharp interfaces.[3] The ferromagnetic
spin ordering was achieved at interfaces comprising two antiferromagnets
and decays by increasing interlayer thickness. Combined multiple magnetic
probes (XMCD, PNR, NV-center) and DFT calculations, we attribute
the unexpected ferromagnetism to the spin canting at the interfaces, thus
yielding the lowest stable energy.

References [1] Q. Jin et al., Advanced Materials 33, 2005920 (2021). [2]
Q. Jin et al., Phys. Rev. Mater. 5, 023604 (2021). [3] Q. Jin et al., to be
submitted.

SA-05. Designing Spin Textures through Local Control of
Magnetocrystalline Anisotropy. Y. Takamura', M.S. Lee!,

R.V. Chopdekar?, P. Lyu!, T. Wynn’, E. Folven®, J. Grepstad®,

S.T. Retterer’, P. Shafer? and E. Arenholz* 1. Materials Science and
Engineering, University of California, Davis, Davis, CA, United States;
2. Advanced Light Source, Lawrence Berkeley National Laboratory,
Berkeley, CA, United States; 3. Center for Nanophase Materials Sciences,
Oak Ridge National Laboratory, Oak Ridge, TN, United States, 4. Oak
Ridge National Laboratory, Oak Ridge, TN, United States, 5. Stanford
Synchrotron Radiation Lightsource, SLAC National Accelerator
Laboratory, Menlo Park, CA, United States; 6. Norwegian Institute of
Science and Technology, Trondheim, Norway

The development of spintronic devices based on ferromagnetic (FM) and
antiferromagnetic (AF) materials requires the ability to design spin textures
such as artificial magnetic skyrmions, which are characterized by adjacent
FM regions of a thin film with both in-plane and out-of-plane moments.
In particular, AF spin textures have received significant interest in recent
years due to their promising characteristics including fast operating speeds,
nanoscalability, and stability against magnetic stray fields. Due to their
strong interactions between charge, spin, lattice, and orbital degrees of
freedom, strongly correlated electron systems such as FM La ;Sr, ;MnO;
(LSMO) and AF La, Sr,FeO; (LSFO) provide an ideal platform for the
design of magnetic spin textures. In this work, an ion implantation-based
patterning process was used to define magnetic islands — also referred to as
micromagnets - embedded within a non-magnetic matrix.! This patterning
process gives rise to a complex 3D strain state within the magnetic islands
due to the combined strains imposed from the underlying substrate and
surrounding amorphous matrix, allowing for control of the local magne-
tocrystalline anisotropy by varying the ion implantation dose and epitaxial
strain.? X-ray diffraction experiments and simulations show that as a function
of increasing implant dose, a uniaxial expansion of the c-axis of the unit cell
leads to a transition from in-plane easy axis toward perpendicular magnetic
anisotropy. Above a critical dose of 3 x 10'3 Ar*/cm? significant crystalline
disorder results, leading to a decrease in the average Mn valence state and
near complete suppression of magnetization. X-ray photoemission electron
microscopy (X-PEEM) imaging was performed on patterned micromagnets

in LSMO and LSFO thin films as well as LSMO/LSFO heterostructures
(Figure 1). The FM and AF spin textures demonstrate that an intricate inter-
play exists between shape and magnetocrystalline anisotropy energies as
well as exchange coupling interactions at LSMO/LSFO interfaces.>* These
magnetic spin textures can be controlled using parameters such as the LSMO
and LSFO layer thicknesses, micromagnet shape, and temperature.* In the
limit of ultrathin LSFO layers in an LSMO/LSFO heterostructure, shape
anisotropy effects dominate such that the AF spin axes lie perpendicular to
micromagnet edges and can be oriented along any in-plane crystallographic
direction. These studies demonstrate that strongly correlated and quantum
materials provide a unique platform for engineering FM and AF spin textures
for spintronics applications.

1'Y. Takamura et al., Nano Letters, 6 1287 (2006) 2 M.S. Lee et al., AIP
Adpv., 10, 045306 (2020) * M.S. Lee et al., ACS Nano, 10, 8545 (2016) * M.S.
Lee et al., JAP, 127,204901 (2020)

Fig. 1: X-PEEM images and domain schematics for (a) FM spin
textures in LSMO micromagnets and (b) AF spin textures in LSFO
micromagnets in an LSMO/LSFO heterostructure.
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SYMPOSIUM SESSION

Session SB

SPINTRONIC DIODES: CHALLENGES AND NEW DIRECTIONS
Riccardo Tomasello, Co-Chair
Politecnico di Bari, Bari, Italy

Mario Carpentieri, Co-Chair
Politecnico of Bari, Bari, Italy

INVITED PAPERS

SB-01. Challenges in microwave and THz spintronic diodes.
G. Finocchio' 1. University of Messina, Messina, Italy

Microwave detectors based on the spin-torque diode effect are among the
key emerging spintronic devices (see ref.[1] and references therein). By
utilizing the spin of electrons in addition to their charge, they have the
potential to overcome the theoretical performance limits of their semi-
conductor (Schottky) counterparts. Those devices realized with magnetic
tunnel junctions and in active regime exhibit high-detection sensitivity
>200kV/W at room temperature and zero bias field, thanks to the injection
locking mechanism, and for low-input power (micro-Watts or lower). Those
performance can be improved with the bolometric effect or when coupled
properly in arrays. Here, I will discuss our recent results in the field of
microwave detectors based on spin diodes and possible implementations of
THz detectors based on antiferromagnets working in linear and parametric
excitation regime. I will point out how those devices can impact the loT
market and can be used for implement hardware multiplication by using the
concept of degree of rectification and as dual band detectors in frequency
shifting keying demodulation schemes in which the information is coded
in two discrete values of the frequency in a carrier signal. In particular, the
frequency response of spin-torque diodes and their current tunability can
be also used as building blocks of the hardware realization of neurons and
synapses in neuromorphic applications. Another application of spintronic
diodes, when they have a broadband frequency response, is as electromag-
netic energy harvesting, which offers an attractive energy source for appli-
cations in self-powered portable electronics in the “internet of things” era.
Here I will show the development of a bias-field-free spin-torque diodes
based on a magnetic tunnel junction having a canted magnetization in the
free layer, and demonstrate that those devices could be an efficient harvester
of broadband ambient RF radiation, capable to efficiently harvest microwave
powers of microWatt and below and to power a black phosphorous nanode-
vice. I will also review recent idea on spintronic detectors in presence of
nonuniform ground states such as skyrmions.

[1] G. Finocchio, et al. Perspectives on spintronic diodes, Appl. Phys. Lett.
118, 160502 (2021);

SB-02. WiFi Band Energy Harvesting using Spin-Torque Diode and
Nonlinear Hall Effects. H. Yang' 1. National University of Singapore,
Singapore

There is a great interest to generate electricity using ambient RF energy.
We addressed this using two different approaches. We first use the
intrinsic quantum property of the Weyl semimetal to convert the RF
energy into electricity [1]. The nonlinear Hall effect (NLHE) can produce
a dc transverse voltage in zero magnetic field. However, it requires
NLHE to be detected at room temperature. Despite of several studies
of NLHE in topological materials and 2D materials, the room-tempera-
ture NLHE has not yet been achieved. We find the room-temperature
NLHE in a type-1I Weyl semimetal TalrTe,, which hosts a robust NLHE
due to broken inversion symmetry and large band overlapping at the

Fermi level. The NLHE is present only when the electric field is applied
along the axis of the mirror plane (a-axis of the crystal). Based on the
observed room-temperature NLHE in TalrTe, we demonstrate the wire-
less RF rectification with zero external bias and magnetic field. An
incident electric field along the a-axis (E,) generates a rectified voltage
along the b-axis (V}), whereas, there is no rectification when the incident
electric field is along the b-axis (£,) in consistent with the symmetry
constraints of NLHE. This work opens a door to realizing room tempera-
ture rectification applications based on the NLHE in Weyl semimetals.
The other approach is to use the spin-torque diode effect of spin-torque
oscillators (STOs) [2]. For the application in rectification and energy
harvesting, the spin-diode effect is demonstrated by measuring the
rectified dc voltage. Due to the canted anisotropy, the free layer of the
individual STOs shows a large RF sensitivity as a result of non-linear
dynamics. We demonstrate series connections have an advantage for
rectification due to the additive effect of the diode voltages from STOs.
Using eight oscillators in series, the rectified voltage is enhanced and we
have achieved a rectification efficiency of 6% at -20 dBm, which outper-
forms the Schottky diode capability at sub uW power. By integrating
the electrically connected eight STOs with conventional electronics, we
demonstrate the battery-free energy-harvesting system by utilizing the
wireless RF energy to power electronic devices such as LEDs. We also
demonstrate the capability of this energy harvesting system in holding dc
power using a time-varying signal, which is useful in harvesting energy
from discrete commercial sources such as a WiFi router. Our results
highlight the significance of electrical topology (series vs. parallel) while
designing an on-chip STOs system.

[1] D. Kumar et al., Nat. Nanotechnol. 16, 421 (2021) [2] R. Sharma et al.,
Nat. Commun. 12, 2924 (2021)

SB-03. Radio-Frequency Spintronic Neural Networks. N. Leroux',

A. Ross', D. Markovic!, D. Sanz Hernandez', J. Trastoy', P. Bortolotti',
D. Querlioz?, L. Martins?, A. Jenkins?, R. Ferreira®, A. Mizrahi' and

J. Grollier' 1. CNRS/Thales, Palaiseau, France, 2. C2N, Université Paris
Saclay, Palaiseau, France, 3. INL, Braga, Portugal

A key challenge of neuromorphic computing is to build hardware neural
networks with dense connectivity between nanoscale synapses and
neurons, approaching the brain’s thousands of synapses per neuron (/).
In this talk, I will show that spin diodes are microwave nano-synapses
that naturally and densely interface with neurons made of spin-torque
nano-oscillators (2). I will describe the principle of these novel synapses
and explain how their microwave features can be harnessed to achieve
the multiply-and-accumulate operations at the core of neural networks,
with over 500 synapses/neuron. I will show that they implement all-to-all
connections as well as convolutional operations in a fully parallel way
with high density and speed. I will describe our experiments high-
lighting these functionalities (3), and show that they open the path to
radio-frequency deep learning.
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1. J. Grollier et al., Nat. Electron., 1-11 (2020). 2. N. Leroux et al., Phys.
Rev. Appl. 15, 034067 (2021). 3. N. Leroux et al., Neuromorphic Comput.
Eng. (2021), doi:10.1088/2634-4386/abfcat.

SB-04. Antiferromagnetic Spin-torque Oscillators: Ultrafast Dynamics
and Possible Applications. O. Gomonay' 1. Institute of Physics, Johanes
Gutenberg University, Mainz, Germany

Antiferromagnets are prospective materials for spintronic applications due
to their internal ultrafast dynamics, robustness with respect to the external
magnetic fields, and high sensitivity to spin-torques of different nature.
Moreover, in contrast to ferromagnets, spin-torques can induce steady
precession of the Néel vector at THz frequencies whose values can be
controlled by the current. Hence, antiferromagnets can be considered as
tunable current controlled auto-oscillators, which is the main component of
phase-controlling devices. An auto-oscillation regime is supported solely by
antidamping torques that compensate the internal energy losses. However,
the frequency of the precession, threshold value, the type of dynamics etc
can be effectively manipulated by applying the field-like torques. In this
presentation we review recent developments in the field of antiferromagnetic
spin-torque oscillators and discuss new functionalities stemming from the
combining effect of the field-like and antidamping-like torques. To demon-
strate the effects of different torques we start from the dynamics of ultrafast
switching and discuss various mechanisms including the Néel spin-orbit
torques [1], thermomagnetoelastic mechanism [2], and optically-induced
spin-transfer torques [3]. We illustrate possible applications of nontrivial
antiferromagnetic dynamics for the detection and emission of teraherz radi-
ation in altermagnets CuMnAs and Mn2Au in which electrical current can
induce simultaneously the ac Néel spin-orbit torque and dc spin-orbit torque
[1]. Using NiO antiferromagnet as an example, we discuss and compare
various scenarios of ultrafast dynamics, such as: i) reorientation of the Néel
vector due to the field-like torques of magnetoelastic nature and spin-orbit
torques due to spin-pumping [4]; ii) fast switching and stable precession
induced by the ac spin-transfer torques whose frequency coinsides with
the frequency of antiferromagnetic resonance. We also analyse the chaotic
regimes of an antiferromagnetic oscillator that appear at certain combi-
nation of field-like and damping-like torques (see Fig.1) and and discuss
possible applications for neuromorphic computations [5]. As an outline of
future development, we discuss influence of the magnetoelastic and thermal
effects and combination of different stimulus for the effective control and
manipulation of the antiferromagnet-based devices.

[1]1 O. Gomonay, T. Jungwirth, and J. Sinova. Narrow-band tunable terahertz
detector in antiferromagnets via staggered-field and antidamping torques.
Phys. Rev. B, 98, 104430 (2018) [2] H. Meer, F. Schreiber, C. Schmitt,
R. Ramos, E. Saitoh, O. Gomonay, J. Sinova, L. Baldrati, and M. Klui.
Direct imaging of current-induced antiferromagnetic switching revealing
a pure thermomagnetoelastic switching mechanism. Nano Lett., 21,114
(2021). [3] Th. Chirac, J.-Y. Chauleau, P. Thibaudeau, O. Gomonay, and M.
Viret. Ultrafast antiferromagnetic switching in NiO induced by spin transfer
torques. Phys. Rev. B 102, 134415 (2020). [4] L. Baldrati, O. Gomonay,
A. Ross, M. Filianina, R. Lebrun, et al. Mechanism of Néel Order Switching
in Antiferromagnetic Thin Films Revealed by Magnetotransport and Direct
Imaging. Phys. Rev. Lett., 123, 177201 (2019). [5] B. Wolba, O. Gomonay,
and V. P. Kravchuk. Chaotic Antiferromagnetic Nano-Oscillator driven by
Spin-Torque. Phys. Rev. B, 104, 024407 (2021).

Current-induced transition to chaos traced by variation of the largest of
three Lyapunov’s exponents. Red lines on the spheres show trajectories
of the Neel vector. From [5].

SB-05. Signal Detector and RF Energy Harvester Based On A
Spintronic Diode With Perpendicular Anisotropy. P. Artemchuk!'-2,

O. Prokopenko?, V. Tyberkevych! and A.N. Slavin' 1. Physics, Oakland
University, Rochester, M1, United States, 2. Radio Physics, Electronics and
Computer Systems, Taras Shevchenko National University of Kyiv, Kyiv,
Ukraine

The spin-torque magnetic diode (STMD) effect [1] is a quadratic rectifica-
tion effect of the input microwave current /z(?) in a magnetoresistive nano-
junction, which is commonly observed in the traditional regime of operation
of an STMD, when the magnetization of the “free” layer (FL) lies in-plane,
and when the frequency f; of the current /zp(?) is close to the ferromagnetic
resonance (FMR) frequency f; of the junction. In this case, the induced reso-
nance oscillations of the junction resistance R(#) can mix with the oscillations
of the input microwave current /ig(2), and produce an output DC voltage
Upc = <Ixp(t)R(t)> (where “<>” denotes time averaging) across the junction.
It was demonstrated theoretically in [2] that in an STMD, biased by an out-of-
plane static magnetic field, a different dynamical regime of the STMD oper-
ation characterized by large-angle out-of-plane magnetization precession
can be realized. The excitation of the large-angle precession has a threshold
character, and is possible only for input microwave currents exceeding a
certain frequency-dependent critical value, and sufficiently low frequency.
In this regime of the out-of-plane precession the output DC voltage of an
STMD increases with the frequency of the input signal, but is virtually inde-
pendent of its power. An STMD working in the regime of large-amplitude
out-of-plane precession functions as a non-resonant threshold detector of
low frequency microwave signals, due to the large nonlinear shift of its oper-
ating frequency. Therefore, this precession regime is particularly suitable for
applications in the microwave energy harvesting. It was demonstrated exper-
imentally in [3] that the out-of-plane magnetization precession regime in an
STMD operation predicted in [2] can be realized without any bias magnetic

field, if an STMD FL has a perpendicular magnetic anisotropy. In such a

regime an STMD has the rectification properties that are independent of
the input microwave frequency, and the performance of the STMD-based
energy harvesting device is comparable to the performance of the state-of-
the-art Schottky diode for low-power rectification. It was further shown in
[3] that the developed bias-free STMD provides sufficient dc voltage to
power a practical nanodevice — a black phosphorus photosensor. Here we
present an analytical and numerical theory explaining the performance of a
bias-free STMD with perpendicular magnetic anisotropy [4]. We show that
in an STMD, having a magnetic FL with perpendicular magnetic anisotropy
of the first and second order, and no external bias magnetic field, the out-of-
plane regime of magnetization precession can be excited by sufficiently
large (exceeding a certain threshold) RF signals with the frequencies smaller
than 250 MHz. We also show that such a device can operate as a broadband
energy harvester capable of converting incident RF power into a DC power
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with a conversion efficiency of ~5%. The developed analytical theory of
the bias-free STMD operation can be used for the optimization of high-
efficiency RF detectors and energy harvesters based on STMDs. Our results
are paving a way for use of spintronic detectors and harvesters as building
blocks for self-powered nano-systems, such as implantable biomedical
devices, wireless sensors, and portable electronics.

[1] A. Tulapurkar, Y. Suzuki, A. Fukushima et al., Nature., Vol.438, p.339
(2005). [2] V. Prokopenko, I. N. Krivorotov, E. Bankowski et al., J. Appl.
Phys., Vol. 111, p.123904 (2012). [3] B. Fang, M. Carpentieri, S. Louis
et al., Phys. Rev. Appl., Vol. 11, p.014022 (2019). [4] P. Yu. Artem-
chuk, O. V. Prokopenko, E. N. Bankowski et al., AIP Advances., Vol. 11,
p. 025234 (2021).



8 ABSTRACTS

SYMPOSIUM SESSION

Session SC

EXPLORING MAGNETISM AT THE NANOSCALE WITH SCANNING NV MAGNETOMETRY

Patrick Maletinsky, Chair
University of Basel, Basel, Switzerland

INVITED PAPERS

SC-01. Magnetic Domains and Moire Magnetism in atomically thin
CrBr; and Crls. J. Wrachtrup'? 1. Physics, University of Stuttgart,
Stuttgart, Germany, 2. Max Planck Institute for Solid State Science,
Stuttgart, Germany

The emergence of atomically thin van der Waals magnets provides a new
platform for the studies of two-dimensional magnetism and its applications.
However, the widely used measurement methods in recent studies cannot
provide quantitative information of the magnetization nor achieve nanoscale
spatial resolution. These capabilities are essential to explore the rich prop-
erties of magnetic domains and spin textures. In this talk, we will present
our recent results using cryogenic scanning NV magnetometry to unambig-
uously prove the existence of magnetic domains and study their dynamics in
atomically thin CrBr3 [1]. We also measured Moire magnetisation patterns
in twisted thin films of CrI3. Owing to the high spatial resolution of our
technique, we were able to determine a periodic pattern consisting of anti-
ferromagnetically and ferromagnetically ordered domains in twisterd layers
of this material [2].

[1] Qi-Chao Sun et al. Magnetic domains and domain wall pinning in atom-
ically thin CrBr3 revealed by nanoscale imaging, Nature Commun. 12, 1989
(2921) [2] Tiancheng Song et al. Direct visualization of magnetic and moire
magnetism in tiwsted 2D magnets, Science, in press (2021)

SC-02. Exploring antiferromagnetic order at the nanoscale with a
single spin microscope. V. Jacques' 1. Laboratoire Charles Coulomb,
CNRS and Université de Montpellier, Montpellier, France

Experimental methods allowing for the detection of single spins in the
solid-state, which were initially developed for quantum information science,
open new avenues for the development of highly sensitive quantum sensors
[1]. In that context, the electronic spin of a single nitrogen-vacancy (NV)
defect in diamond can be used as an atomic-sized magnetometer, providing
an unprecedented combination of spatial resolution and magnetic sensitivity
under ambient conditions [2]. In this talk, I will illustrate how scanning-NV
magnetometry can be used as a powerful tool for exploring condensed-matter
physics, focusing on chiral spin textures in antiferromagnetic materials [3-5].

[1] C. Degen et al., Rev. Mod. Phys. 89, 035002 (2017) [2] L. Rondin et al.,
Rep. Prog. Phys. 77, 056503 (2014) [3] L. Gross et al., Nature 549, 252
(2017) [4] A. Haykal et al., Nat. Comm. 11, 1704 (2020) [5] A. Finco et al.,
Nat. Comm. 12,767 (2021)

SC-03. Optimizing color center-based nano-sensing. N. Oshnik!,

L. Mehmel!, O. Opaluch!, A. Damm!, S. Shradha?, F. Eilenberger? and
E. Neu' 1. University of Kaiserslautern, Kaiserslautern, Germany;,

2. University of Jena, Jena, Germany

Individual color centers offer unique capabilities as versatile, nanoscale
sensors. Most of these sensing capabilities employ the electronic spins of the
color centers. A central advantage here is the optical state read-out of indi-
vidual electronic spins. To fully harness the sensing capabilities, it is of high
importance to efficiently collect the fluorescence of the centers. For scan-

ning probe-based sensing and imaging, we incorporate the color centers into
conically shaped nanopillars. The color centers are embedded close to the
apex of the nanopillar. These nanostructures, manufactured in sophisticated
top-down processes [1], thus enable scanning color centers near a sample
and enhance fluorescence collection [2]. We also investigate the coupling of
excitation laser light with different laser wavelengths into various nanopillar
types and find significant enhancements of the excitation fields in the nano-
pillars [3], thus witnessing optimal excitation in the nanostructures. Besides
incorporating centers in scanning probe nanostructures, we optimize color
center-based sensing via optimal control approaches [4]: Using numerical
methods, we identify optimal shapes for the microwave pulses used for spin
manipulation. Simultaneously, we optimize the laser pulses that initialize the
color center spin state especially their duration and intensity. While magnetic
sensing is the main application field of color centers, novel approaches to
color center-based sensing are evolving as color centers enable sensing
via near field processes such as Forster resonance energy transfer (FRET).
We recently realized FRET between nitrogen vacancy (NV) centers and a
luminescent two-dimensional material, namely WSe, [5]. We will discuss
recent advances in this field including approaches to manufacture hybrid
nanostructures consisting of diamond and two-dimensional materials and
potential applications.

[1] M. Radtke et al. Micromachines, 10, 718 (2019) [2] P. Fuchs et al., New
Journal of Physics, 20, 125001 (2018) [3] A. Hochstetter and E. Neu, AIP
Advances, 11, 065006 (2021) [4] P. Rembold et al., AVS Quantum Science
2, 024701 (2020) [5] R. Nelz et al. Adv. Quantum Techn. 3, 1900088 (2019)

SC-04. Imaging hydrodynamic flow in WTe2 with cryogenic quantum
magnetometry. U. Vool' 1. Harvard University, Cambridge, MA,
United States

Hydrodynamic electron flow, where electrons in a conductor flow
collectively - akin to a fluid, is a unique signature of strong electron interac-
tions in a material. This effect has been observed in 2D materials, but obser-
vations in bulk materials are intriguing as high-carrier density should screen
the interactions. In this talk, I will discuss a recent measurement of hydro-
dynamic flow in the semimetal WTe2, allowing us to gain insight into the
microscopic origin of its electron interactions. We image the spatial profile
of the electric current by using a nitrogen-vacancy scanning tip. Using
coherent quantum sensing, we obtain magnetic field resolution of ~10nT
and spatial resolution of ~100nm. The current pattern we observe differs
substantially from the flat profile of a normal metal, and indicates correlated
flow through the semimetal. The pattern also shows non-monotonic tempera-
ture dependence, with hydrodynamic effects peaking at ~20 K. We compare
our results to a model which combines ab initio electron scattering rates and
the electronic Boltzmann transport equation. The model shows quantitative
agreement with our measurement, allowing us to extract the strength of
electron-electron interactions in our material. Furthermore, we conclude
that electron interactions are phonon-mediated. This result opens a path for
hydrodynamic flow and strong interactions in a variety of new materials.

U. Vool, A. Hamo, G. Varnavides, Y. Wang et. al. Nature Physics (2021)
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SC-05. Extending Quantum Coherence of Quantum Sensors.
A. Bleszynski Jayich', S. Meynell', D. Yang! and M. Joos' 1. Physics, UC
Santa Barbara, Santa Barbara, CA, United States

The nitrogen vacancy (NV) center in diamond is an atomic-scale defect
in diamond that is highly sensitive to a wide variety of fields: magnetic,
electric, thermal, and strain. A versatile quantum sensor, the NV center
holds particular promise for nanometer-scale imaging. Here I discuss an
NV-based imaging platform where we have incorporated an NV center into
a scanning probe microscope and used it to image a variety of condensed
matter systems, including skyrmions, nanoscale topological spin textures,
as well as current flow patterns in graphene. I also discuss recent experi-
ments that utilize the NV center’s sensitivity to fluctuating magnetic fields
to image conductivity with nanoscale spatial resolution. A grand challenge
to improving the spatial resolution and magnetic sensitivity of the NV is
mitigating surface-induced quantum decoherence, which I will discuss in
the second part of this talk. Decoherence at interfaces is a universal problem
that affects many quantum technologies, but the microscopic origins are as
yet unclear. Our studies guide the ongoing development of quantum control
and materials control, pushing towards the ultimate goal of NV-based single
nuclear spin imaging.
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FRONTIERS OF ORBITAL PHYSICS: STATICS, DYNAMICS, AND TRANSPORT OF ORBITAL ANGULAR

MOMENTUM

Olena Gomonay, Chair
Johannes Gutenberg University Mainz, Mainz, Germany

INVITED PAPERS

SD-01. Theory of Orbital Hall Effect and Current-Induced Torques by
Orbital Current. D. Go'#, D. Jo%, K. Kim?, H. Lee? and Y. Mokrousov!#
1. Forschungszentrum Jiilich, Jiilich, Germany, 2. Pohang University

of Science and Technology, Pohang, The Republic of Korea, 3. Korea
Institute of Science and Technology, Seoul, The Republic of Korea;

4. Johannes Gutenberg University Mainz, Mainz, Germany

The current-induced torque is one of the most important phenomena in spin-
tronics as it provides a way to control magnetic order parameters by elec-
trical means. So far, most studies on the microscopic mechanisms of the
current-induced torque have focused on the role of spin current carried by
conduction electrons, which exerts spin-transfer torque on the magnetization
upon the injection into a ferromagnet. In solids, however, electronic Bloch
states originate from the atomic orbitals of the constituent atoms. Thus,
while it is natural to expect that such orbital information may be used to
control the magnetization because the orbital degree of freedom carries the
angular momentum as the spin degree of freedom does, the role of orbitals
in the physics of the current-induced torque has been barely investigated.
In recent years, we uncovered mechanisms of generating the electronic
current carrying finite orbital angular momentum such as the orbital Hall
effect (OHE) [1] and proposed to utilize the orbital current for controlling
the magnetization [2]. The latter is shortly denoted by “orbital torque” (OT)
nowadays. In this talk, I review recent theoretical progress in the mecha-
nisms of the OHE and the OT. In the first part, I will explain that the OHE
arises in various metals regardless of their strength of the spin-orbit coupling,
whose magnitude is typically an order of magnitude larger than that of the
spin Hall effect (SHE) in heavy metals [3]. In fact, the SHE is a concomitant
effect of the OHE, whose hierarchical relation will be explained. In the
second part, I will discuss the mechanisms of the OT. The main problem is
that it is hard to distinguish the orbital contribution and the spin contribution
to the torque on the magnetization in most torque measurements. This is
one of the main difficulties to quantify the OT. Theoretically, we recently
developed a general theoretical formalism that tracks the transfer of the
angular momentum in solids between the lattice, the local magnetic moment,
and the electron’s spin and orbital, and successfully implemented it within
the density functional theory framework [4]. This enables us to understand
the microscopic nature of the OT and quantify different competing contri-
butions. Finally, I will also discuss unique qualitative features of the OT
mechanisms: significant dependence of the interface orbital transparency on
the crystallinity and long-range transport and dephasing in a ferromagnet [5].

[1] D. Go, D. Jo, C. Kim, and H.-W. Lee, Phys. Rev. Lett. 121, 086602
(2018). [2] D. Go and H.-W. Lee, Phys. Rev. Res. 2, 013177 (2020). [3]
D. Jo, D. Go, and H.-W. Lee, Phys. Rev. B 98, 214405 (2018). [4] D. Go,
F. Freimuth, J.-P. Hanke, F. Xue, O. Gomonay, K.-J. Lee, S. Bliigel, P. M.
Haney, H.-W. Lee, and Y. Mokrousov, Phys. Rev. Res. 2, 033401 (2020).
[5] D. Go, D. Jo, K.-W. Kim, S. Lee, M.-G. Kang, B.-G. Park, S. Bliigel,
H.-W. Lee, and Y. Mokrousov, arXiv:2106.07928.

SD-02. Ferroelectric control of Rashba states: towards non-volatile
spintronics driven by ferroelectricity. M. Bibes' 1. Unité Mixte de
Physique CNRS/Thales, Palaiseau, France

After 50 years of exponential increase in computing efficiency, the tech-
nology of today’s electronics is approaching its physical limits, with feature
sizes smaller than 10 nm. New schemes must be devised to contain the
ever-increasing power consumption of information and communication
systems, which requires the introduction of non-traditional materials and
new state variables. As recently highlighted, the remanence associated
with collective switching in ferroic systems is appealing to reduce power
consumption!. A particularly promising approach is spintronics, which relies
on ferromagnets to provide non-volatility and to generate and detect spin
currents. However, magnetization reversal by spin transfer torques is a power
consuming process. This is driving research on multiferroics to achieve a
low-power electric-field control of magnetization, but practical materials
are scarce and magnetoelectric switching remains difficult to control. In
this talk, we will propose an alternative strategy to achieve low-power spin
detection and generation, in non-magnetic systems combining ferroelec-
tricity and Rashba spin-orbit coupling?. We will describe various materials
strategies based on single materials, multilayers and two-dimensional elec-
tron gases. In particular we will show results on SrTiO;-based electron gases
in which a large electric field induces a ferroelectric-like state that enables a
non-volatile control of its spin-orbit properties and spin-charge conversion
capabilities®. These observation open the way to the electric-field control
of spin currents and to ultralow-power spintronics, in which non-volatility
would be provided by ferroelectricity rather than by ferromagnetism. This
work received support from the ERC Advanced grant n°® 833973 “FRESCO”.

1. Manipatruni, S. Beyond CMOS computing with spin and polarization.
Nature Physics 14, 338 (2018). 2. Varignon, J., Vila, L., Barthélémy, A. &
Bibes, M. A new spin for oxide interfaces. Nature Phys 14,322-325 (2018).
3. Noél, P. et al. Non-volatile electric control of spin—charge conversion in a
SrTiO3 Rashba system. Nature 580, 483-486 (2020).

SD-03. Ultra-efficient spin manipulation by orbital currents. M. Kldui'
1. Physics, Johannes Gutenberg University Mainz, Mainz, Germany

While so far the focus has been on spin currents, effects of orbital currents,
i.e. t