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New opportunities with Resonant Inelastic Soft X-ray
Scattering in the study of spin dynamics under

device-operating conditions

Collective spin excitations in quantum materials provide a revolutionary alternative for devices
with improved performances and energy-efficiency, as they permit the transfer of information
without requiring any movement of charge, thus eliminating the dominant source of energy dissi-
pation.

Understanding how to manipulate these collective spin excitations would provide a foundation
for the next generation of energy-efficient electronic devices. A promising direction is to under-
take the study of the microscopic spin dynamics in technologically-relevant quantum materials
under device-operating conditions. To this end, we will utilize soft X-ray Resonant Inelastic X-ray
Scattering (RIXS) at the world-leading RIXS spectrometer at NSLS-II and develop a unique sample
environment, called Opera, to replicate device working conditions. The combined use of Opera
and RIXS will provide an unprecedented insight into the material properties and the behavior of
the collective spin excitations when subject to device-relevant perturbations of applied current,
electric-field, magnetic-field, and temperature gradient in order to explore different spin current
injection mechanisms such as spin torque and spin Seebeck effect in magnonic devices. This re-
search is supported by DOE through the five-year “Early Career Research Program” funds.
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Effects of spin-orbit couplings on emergent electric
fields due to magnetic Skyrmion motion

We present an analytical study on the spinmotive force (SMF) generated by translational motion
of magnetic Skyrmion. A SMF refers to an electrical voltage emerged due to dynamical magnetic
textures, which reflects the spatiotemporal variation of the magnetization. The dynamics of a
Skyrmion thus can be detected by a SMF measurement, which may play an important role in
future Skyrmion-based technologies. We obtain the expression for the SMF, taking into account
the Rashba and Dresselhaus spin-orbit couplings (SOCs) as well as the so-called β term arising
from the nonadiabaticity in the electron spin dynamics. To this end, we derive a general formula
for the SMF including the effect of theDresselhaus SOC. Our results reveal the dependence of the
SMF on the Skyrmion profile and the SOC parameters, which offers an estimation of the SMF for
a given experiment.

Primary author(s) : IEDA, Jun’ichi (ASRC, JAEA)
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Spin Seebeck effect induced by magnon polarons

The spin Seebeck effect (SSE) [1] refers to the generation of a spin current in magnetic materials
by a temperature gradient. In the SSE, a thermally generated magnon spin current in a magnet is
converted into a conduction-electron spin current in a metal attached to the magnet via the inter-
facial spin-exchange interaction. The spin current is detected as an electric voltage via the inverse
spin Hall effect in the metal. Recent studies revealed that the SSE provides a sensitive probe for
magnon dynamics in magnetic materials [2,3].
In this talk, we report anomalous peak structures in the magnetic field-dependent SSE voltages
induced by hybridized magnon-phonon excitation (or magnon polarons [4-6]) at the band (anti-
)crossings between the magnon and phonon dispersion curves in Y3Fe5O12 (YIG). The SSE anoma-
lies appear when the magnon and phonon dispersion curves touch, which maximizes the phase
space of magnon-polaron formation. The experimental results are well reproduced by a Boltz-
mann equation including the magnetoelastic coupling. The peak structures of the SSE can thereby
be attributed to the spin current carried by magnon polarons exhibiting longer lifetimes than pure
magnons [4,5]. During the talk, we will also address the magnon-polaron features in the spin
Peltier effect, the reciprocal effect of the SSE [7,8], referring to the heat-current generation as a
result of a spin current.

[1] K. Uchida, H. Adachi, T. Kikkawa, A. Kirihara, M. Ishida, S. Yorozu, S. Maekawa, and E. Saitoh,
Proc. IEEE 104, 1946 (2016).
S. Geprägs et al., Nat. Commun. 7, 10452 (2016).
J. Barker and G. E. W. Bauer, Phys. Rev. Lett. 117, 217201 (2016).

T. Kikkawa, K. Shen, B. Flebus, R. A. Duine, K. Uchida, Z. Qiu, G. E. W. Bauer, and E. Saitoh, Phys.
Rev. Lett. 117, 207203 (2016).

B. Flebus, K. Shen, T. Kikkawa, K. Uchida, Z. Qiu, E. Saitoh, R. A. Duine, and G. E. W. Bauer, Phys.
Rev. B 95, 144420 (2017).

L. J. Cornelissen, K. Oyanagi, T. Kikkawa, Z. Qiu, T. Kuschel, G. E. W. Bauer, B. J. van Wees, and E.
Saitoh, Phys. Rev. B 96, 104441 (2017).

J. Flipse, F. K. Dejene, D. Wagenaar, G. E. W. Bauer, J. Ben Youssef, and B. J. van Wees, Phys. Rev.
Lett. 113, 027601 (2014).

S. Daimon, R. Iguchi, T. Hioki, E. Saitoh, and K. Uchida, Nat. Commun. 7, 13754 (2016).
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Role of magnon mode helicity in the spin current

The spin Seebeck effect (SSE) [1] attracts much attention due to possible application to thermal
spin generators for driving spintronics devices. The SSE is observed through the generation of
spin current in ferromagnets and ferrimagnets under a temperature gradient. Driving spin cur-
rents thermally could lead to the manufacturing of a compact magnetic source without using elec-
tric current or magnetic field.
In magnetic insulators, the spin current is carried by spin-waves (magnons), and the SSE is gov-
erned by the spin dynamics rather than the simple static magnetism [2]. Y3Fe5O12 (YIG) is a
well-known ferrimagnet and frequently employed for the SSE, and has gradually attracted revisit-
ing interest in neutron research after almost 40 years [3].
We thus performed unpolarized and polarized neutron scattering on a chopper spectrometer HYSPEC
at ORNL, to investigate the spin excitations at elevated temperatures. Polarization dependent in-
elastic scattering experiment clearly showed the opposite sign in the helicity of the acoustic and
optical magnetic excitation mode in an applied magnetic field in this ferrimagnetic material. The
temperature dependence of the SSE in YIG might be closely related to the thermal activation of
the gapped optical mode at elevated temperatures in addition to the activation of the acoustic
mode at low temperatures thereby changing the spin transport properties. To gain a detailed full-
polarization analysis investigation on the magnetic excitation modes, we have recently conducted
a triple-axis measurement using IN20 at ILL. In this talk, we show our recent results which are
needed for the microscopic understanding of the SSE.
The research project was conducted through a collaboration with K. Kakurai, Y. Okino, Y. Kawamoto,
M. Fujita, T. Kikkawa, Y. Shiomi, E. Saitoh, S. Shamoto, J. Barker, G. E. W. Bauer, M. Mori, and S.
Maekawa.

[1] K. Uchida et al., Nature 455, 778 (2008).
K. Uchida et al., Nat. Mat. 9, 894 (2010).
J.S. Plant, J. Phys. C 10, 4805 (1977).

J. Barker and G.E.W. Bauer, Phys. Rev. Lett. 117, 217201 (2016).
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Strain-induced nonlinear spin Hall effect in
topological Dirac semimetal

The aim of this presentation is to theoretically propose an efficient way of spin current generation
in so-called “topological Dirac seimetals (TDSMs).” TDSMs are characterized by pair(s) of doubly-
degenerate nodal points (Dirac points) in momentum space that are protected by rotational sym-
metry around an axis, directly observed by angle-resolved photoemission spectroscopy (ARPES) in
Na3Bi and Cd3As2 [1,2]. One of the important features of TDSMs is the intrinsic spin Hall effect
(SHE), which comes from their nontrivial momentum-space topology at low energy and is thus
topologically robust [3]. On the other hand, the topological robustness implies that the spin Hall
conductivity for this intrinsic SHE is strictly determined from the Dirac-point configurations and
cannot be tuned or enhanced easily.

In order to overcome this problem, I focus on a lattice-strained TDSM, to obtain an additional
contribution to the spin current generation. I propose that an electric field applied to a TDSM
nanowire with torsional train gives rise to a nonlinear spin Hall current, namely the spin current
perpendicular to and quadratic in the electric field (see Fig. 1) [4]. The spin current response is
obtained by solving the Boltzmann equations for each valley, regarding the strain as a pseudomag-
netic field for the Dirac electrons [5]. I find that the torsional strain is essential for the nonlinear
SHE; it arises as the hybrid of the regular Hall effect driven by the pseudomagnetic field (lattice
strain) and the anomalous Hall effect coming from the momentum-space topology. This nonlinear
SHE gives a sizable spin current contribution compared with the linear intrinsic SHE. Moreover,
this nonlinear effect rectifies an alternating electric field into a steady spin current, which renders
the TDSM an efficient spin-current injector.

[1] Z. K. Liu et al., Science 343, 864 (2014).
M. Neupane et al., Nat. Commun. 5, 3786 (2014).
B.-J. Yang and N. Nagaosa, Nat. Commun. 5, 4898 (2014).

Y. Araki, Sci. Rep. 8, 15236 (2018).

D. I. Pikulin, A. Chen, and M. Franz, Phys. Rev. X 6, 041021 (2016).
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Microscopic theory of non-equilibrium spin
transport at metal-insulator interfaces

We theoretically describe non-equilibrium spin transport in metal-insulator interfaces. From the
interface exchange interaction between the conduction electrons and the insulator spins, we de-
rive semi-classical stochastic equations of motion for the spins. The non-equilibrium driving here
originates from spin accumulation of the electrons at the interface. From the resulting equations of
motion, microscopic contributions are identified for damping-like spin transfer torque, interfacial
Gilbert damping, and noise magnetic fields. We discuss the relevant elastic and inelastic scatter-
ing processes responsible for each contribution. Within the same framework, we also derive an
expression for the interface spin current. This is written only in terms of the stochastic insulator
spin variables, providing a convenient basis for numerical simulations of insulator spin transport.

Primary author(s) : YAMAMOTO, Kei (Japan Atomic Energy Agency)

Co-author(s) : Mr. MCKEEVER, Benjamin (JGU Mainz)
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Inelastic neutron scattering from molecular
nanomagnets

Molecular nanomagnets (MNM) are organometallic compounds with a magnetic core surrounded
by an organic ligand sheath. The effect is to magnetically isolate the molecules into individual zero
dimensional magnetic units. Isolated from the others, they can retains their magnetisation up to
significant temperature[1]. In this case they are also termed as single molecule magnets (SMM).
Applications are ranging from ultra-dense magnetic storage up to the construction of elementary
bricks for quantum information processing as scalable molecular electron spin devices.
Contrarily to bulk magnetism showing a quasi-continuum of collective and dispersive excitations,
the MNM have local properties, each molecule possessing a finite number of energy levels that can
be calculated from effective Hamiltonian diagonalisation provided the system is small enough.
Inelastic neutron scattering is probing the spin-spin correlations at the microscopic level. Experi-
ments in a range of energies and energy resolutions allow the determination of the parameters in
the effective Hamiltonians opening the route to the knowledge of the physical properties exhibited
by these materials.
We shall overview here several results obtained from inelastic neutron scattering on various MNM,
most on powder samples but also, with a recent refinement of the technique, from single crystals
experiments[2,3].

[1] e.g., Gatteschi D., Sessoli R., Villain J. Molecular nanomagnets, Oxford University Press (2006).
M. L. Baker et al., Nature Physics volume 8, pages 906–911 (2012).
E. Garlatti et al., Nat. Commun. 8, 14543 doi: 10.1038/ncomms14543 (2017).
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Spin-Order-Induced Ferroelectricity and
Magnetoelectric Effect in LiCuFe2(VO4)3

The coexistence of ferroelectricity and magnetism being considered for a long time mutually ex-
clusive phenomena represent now a flourishing field of magnetoelectric multiferroicity. In par-
ticular, the magnetoelectric coupling is an intrinsic feature of the improper multiferroics where
the electric polarization arises from the spiral magnetic ordering. The spirals are the result of
competition of nearest neighbor and higher order superexchange interactions. Here, we report on
spin-order-induced ferroelectricity and magnetoelectric effect in LiCuFe2(VO4)3 which is isostruc-
tural to howardevansite mineral NaCuFe2(VO4)3. In many respects, the howardevansites differ
from any magnetoelectric material studied so far. Their magnetic subsystem is represented by
two types of 3d-transition metal, Cu and Fe, with third 3d-transition metal, V, being magnetically
silent. The Li+ ions occupy the channels of the crystal structure and one of two alkali ions po-
sition is half-filled. The temperature dependences of specific heat and magnetic susceptibility in
LiCuFe2(VO4)3 evidence the formation of the long range antiferromagnetic order at low temper-
atures accompanied by distinct anomalies in both properties. As compared to Weiss temperature,
the ordering temperature in LiCuFe2(VO4)3 is rather low pointing to reduced dimensionality of
the magnetic subsystem. At low temperatures, the specific heat evidences two peaks in close
vicinity to each other. This two peak structure of magnetic origin is further confirmed in mea-
surements of both dc- and ac-susceptibility. The upper and lower peak temperatures are TN2 =
9.8K and TN1 = 8.2 K. At lowering temperature, dielectric permittivity in LiCuFe2(VO4)3 exhibit
broad frequency-dependent relaxation-type anomaly at T~ 30K, sharp peak at TN2 and step-like
feature at TN1. The broad anomaly at T can be ascribed tentatively to cooperative hopping of Li+
ions within the channels of crystal structure. Its characteristic temperature shifts upward with fre-
quency following the Arrhenius plot with activation energy Dact ~ 60 meV. The broad maximum
in dielectric permittivity is insensitive to external magnetic field, but the field rapidly suppresses
the singularities at TN2 and TN1. The Mössbauer spectroscopy reveals wide distribution of hy-
perfine field in between TN2 and TN1 consistent with incommensurate-commensurate scenario
suggested by dielectric permittivity data, while the first principles calculations provide values of
magnetic exchange interaction parameters. The magnetic subsystem in LiCuFe2(VO4)3 is quite
peculiar being constituted by weakly coupled chains of mixed spins. Within chains these spins are
coupled by multiple antiferromagnetic and ferromagnetic exchange interactions which open way
to formation of non-collinear structures, either commensurate or incommensurate. The latter one
breaks the spatial inversion symmetry of the compound.

Primary author(s) : Prof. VASILIEV, Alexander (Moscow State University, National University of
Science and Technology ”MISiS”); Mr. KOSHELEV, Anatoliy (Moscow State University); Dr. SHVAN-
SKAYA, Larisa (Moscow State University, National University of Science and Technology ”MISiS”)
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Halogen sensitive spin crossover in Mn (III) cation
complex with electroactive TCNQ anion

We present the synthesis, crystal structure, electric and magnetic properties of the spin-crossover
salt [Mn(5-Cl-sal-N-1,5,8,12)]TCNQ1.5(2CH3CN), (I), containing distinct conductive and magnetic
blocks along with the solvent acetonitrile molecules. As a magnetic unit it employs the Mn (III) ion
with Schiff base ligands [Mn(5-Cl-sal-N-1,5,8,12)]ClO4 while the conducting unit is the π - electron
acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ). The title compound (I) exhibits the semicon-
ducting behavior with room temperature conductivity RT = 2 10-4 ohm-1cm-1 and activation gap
Ea = 0.21 eV. In the range 73 - 123 K, it experiences hysteretic phase transition accompanied by a
crossover between low spin S = 1 and high spin S = 2 states of Mn (III) ions and sharp changes in
bond lengths within MnN4O2 octahedra. The pronounced shrinkage of basal Mn – N bonds at the
spin crossover in (I) suggests that the dx2-y2 orbital is occupied/deoccupied at this transition. In-
terestingly, the Br isostructural counterpart [Mn(5-Br-sal-N-1,5,8,12)]TCNQ1.5(2CH3CN), (II), of
the title compound evidences no spin-crossover phenomena, cf. Fig. 1 and Fig. 2. The comparison
of Cl and Br compounds allows distinguishing the thermal and spin-crossover contributions to the
overall bond lengths variation. The difference in behavior of these salts is ascribed to enhanced
anharmonicity of the stretching Mn – N vibrations due to the mixing with bending N – C – Cl
vibrations in (I) as compared to the mixing with N – C – Br vibrations in (II). The only difference
between (I) and (II) compounds concerns the mass of the halogen ions. The spin-crossover in (I)
must be assigned to a mode which has mixed character due to the overlap of stretching Mn – N
vibrations and bending N – C – Cl vibrations.

Primary author(s) : Dr. MAXIMOVA, Olga (National University of Science and Technology ”MISIS”,
Lomonosov Moscow State University)
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Magnon-pair excitation and transport in spin
nematics

In ordinary magnetic insulators, elementary excitation from a magnetic ordered state is described
by a magnon, which is a quantized spin wave. Magnons carry spin current and thermal current. In
contrast, frustrated quantum magnets frequently exhibit non-trivial ground states and elementary
excitations. Thus we expect that novel types of carriers would contribute to spin and thermal
transport phenomena. Here we focus on a spin nematic state in a spin-1/2 frustrated ferromagnetic
chain. In the spin nematic state, low-energy excitations are governed by bound magnon pairs,
so that bound magnon pairs carry spin current and thermal current. In the present work, we
investigate transport properties by exploiting numerical methods, such as exact diagonalization
and density-matrix renormalization group. We argue that bound magnon pairs would contribute
to the spin transport, based on numerical results of current-current correlation functions.

Primary author(s) : Dr. ONISHI, Hiroaki (Advanced Science Research Center, Japan Atomic Energy
Agency)
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In-situ Measurement of the spin Sebeeck Effect with
Polarised Neutron Reflectivity

The spin Seebeck effect – generation of a spin polarised current in a magnetic material subjected
to a temperature gradient – is a magnetothermal effect that could be used for generation of pure
spin currents for spintronic applications. It is most often detected indirectly by placing a heavy
metal such as Pt in contact with the magnet and measuring the voltage generated by the inverse
spin Hall effect. This is, however, plagued by artefacts such as the anomalous Nernst effect (ANE),
or proximity induced ANE and there are outstanding questions with regards to the influence of
the interface on the detected voltage. In addition, recent work has shown an enhancement of the
measured ‘spin Seebeck voltage’ for multilayer films that could be a result of enhanced magnon
propagation[1], or a change in the ANE contribution to the measured voltage.

Polarised neutron reflectometry (PNR) can be used to directly probe the magnetism of thin films
as a function of depth, which makes it a possible route to directly observe the spin Seebeck effect.
The challenges with this technique, however, lie in the development of a sample environment that
can maintain a suitable temperature gradient, whilst not distorting the sample, or introducing
temperature dependent or time varying artefacts. We will show development of a thermal cell for
PNR measurements of potential spin Seebeck multilayers, where we observe evidence of a change
in magnetisation profile - as measured by the spin asymmetry - when a temperature gradient is
applied (Figure 1).

[1] R. Ramos et al., Phys. Rev. B 92, 220407(R) (2015)

Figure 1 – PNR data obtained for a multilayer {Fe3O4:Au} film using the in-situ thermal cell. (a)
Raw data for dT = 0K, and dT = 80K. (b) Corresponding spin asymmetry.

Primary author(s) : MORRISON, Kelly (Loughborough University); CARUANA, Andrew (STFC); Dr.
CHRISTOPHER, Cox (Loughborough University)
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Study of the effects of the electric field on the
skyrmion lattice with SANS

Skyrmions constitute a new magnetic topology that occurs only under specific conditions of
temperature, applied magnetic fields, and only in certain chiral magnets lacking inversion
symmetry. Thanks to their topological stability and the low current density required for the
manipulation of their position, skyrmions constitute a valid alternative to domain walls as
information carriers in spintronic devices [1].
In order to develop skyrmoinic devices, it is important to understand the characteristics and
behaviour of the skyrmion lattice in relation both to external stimuli such as electric fields, and to
the underlying crystal structure. In this context, we have studied the response of the skyrmion
lattice to the electric field in a single crystal of Zn substituted Cu2OSeO3 with small angle
neutron scattering.
On one hand the Zn substitution is observed to shift the position of the skyrmion pocket towards
lower temperatures [2], while the application of an electric field changes the size of the pocket
according to its polarity, in agreement with the know behaviour of pristine material [3].
Moreover, thanks to the effect of the Zn substitution, we have been able to measure the
formation time of the skyrmion lattice, which is longer than its decaying time, suggesting two
different mechanism involved in the two different processes. The formation time increases with
decreasing temperature, allowing us to extract the energy barrier for the formation of the
skyrmion lattice.
This small angle neutron scattering work constitute a step forward towards the understanding of
both chemical substitution, as a way of engineering materials with suitable characteristics for the
development of skyrmionc devices, and of the response of the skyrmion lattice nucleating under
the application of an electric field.
A.Fert, V.Cros, and J.Sampaio. Nat. Nano, 8, 152 (2013), [2] A. Štefančič et al. Phys. Rev. Mat. 2,
111402(R) (2018) [3] J.S. White et al. Phys. Rev. Applied 10, 014021 (2018)

Primary author(s) : CRISANTI, Marta (Institut Laue Langevin)
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Magnetic order in topological insulator thin films:
transition metal vs rare earth doping

Topological insulators (TIs) are one of the most important recent discoveries in condensed matter
physics. They have a gapless topological surface state which exhibits robust spin-momentum-
locking protected by time-reversal symmetry (TRS). The Dirac-cone-shaped surface state can be-
come gapped if TRS is broken, which gives rise to quantum phenomena such as the quantum
anomalous Hall effect. The most common route to controlled TRS breaking in TIs is to introduce
magnetic order through doping with magnetic impurities. However, the nature of the ordering in
magnetically doped TIs remains poorly understood. In particular, the homogeneity and disorder
has been under debate, and various types of magnetic order have been proposed to play a role
[1-4].
Here we contrast the microscopic magnetic order in two magnetically doped topological insulator
thin films: transition metal doped Cr:Sb2Te3 and rare earth doped Dy:Bi2Te3.

Our combined polarized neutron reflectometry, muon spin spectroscopy, x-ray magnetic circu-
lar dichroism, and x-ray resonant photoemission studies show that long range magnetic order in
Cr:Sb2Te3 [5] is accompanied by significant amounts of inhomogeneity and dynamics – even in
films whose magnetic volume fraction tends to 100%. In contrast, Dy:Bi2Te3 [6] does not order
ferromagnetically, but instead displays similar, inhomogeneous islands of more static magnetism
embedded in a paramagnetic environment [7]. These islands are highly susceptible to moderate
magnetic fields. In Cr:Sb2Te3, ferromagnetic order is mediated by charge carriers [8], as shown
by the presence of magnetic polarization on the anion sites. Crucially, this is absent in Dy:Bi2Te3.
In both materials the presence of dopant-induced charge carriers cannot be excluded, however,
in Dy:Bi2Te3 these do not appear to contribute to the magnetic order of the dopants. Most re-
cently, we were able to combine these two materials into heterostructures leading to new physical
properties as demonstrated using XMCD and polarized neutron reflectometry measurements.

[1] Yu et al., Science 329, 61 (2010); [2] Li et al., PRL 114, 146802 (2015); [3] Lachman et al., Sci.
Adv. 1, e1500740 (2015); [4] Peixoto et al., PRB 94, 195140 (2016); [5] L. J. Collins-McIntyre et al.,
Europhys. Lett. 115, 27006 (2016); [6] S.E. Harrison et al., J. Appl. Phys. 115, 023904 (2014); [7] L.
B. Duffy et al.,PRB97 174427 (2018); [8] L. B. Duffy et al., PRB 95 (22), 224422 (2017).
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Resolving the magnetic structure across interfaces in
functional heterostructures

Obtaining detailed information on interface structure and proximity effects in magnetic heterostruc-
tures is indispensable for understanding the mechanisms promoting the novel physical properties
and functional behavior. We will present recent examples using the high sensitivity of neutron
reflectometry to resolve structural and magnetic ordering across interfaces in layer systems and
lateral patterns on different length scales.
Magnetic tunnel junctions (MTJ) are an integral component of modern spintronics devices, includ-
ing the recently commercialized magnetic random access memory. In state of the art MTJs, MgO
and CoFeB have become the materials of choice [1]. Typically, a post-growth annealing process is
performed to maximize the tunneling magnetoresistance and perpendicular magnetic anisotropy,
but the exact processes are far from being understood [2]. High annealing temperatures are fa-
vorable leading to improved crystallization of CoFeB and MgO but can be detrimental to the layer
structure due to enhanced diffusion [3]. Here, we study W diffusion barriers [3] as a method to
stabilize the MTJ’s layer structure and compare the diffusion processes to conventional structures.
We use co-refinement of polarized neutron (PNR) and x-ray reflectometry (XRR) to elucidate the
layer composition, magnetism and interface structure as a function of annealing temperature in
thin layers below nanometer length scales. The Ta capping layer is observed to show the largest
diffusion. In addition, our analysis shows a substantial Fe diffusion towards the capping layer.
The W-spacer layer acts as a barrier for Ta and Fe, leading to an improved magnetic profile up to
450℃ annealing. Our results enable a quantitative understanding of the MTJ performance upon
annealing with and without diffusion barriers.
Magnetically patterned domain landscapes function as platforms for various lab-on-a-chip appli-
cations, as magnetic sensors and logic elements [4,5]. The stray fields above the thin film surface,
emerging at domain boundaries, can be used for positioning and movement of magnetic micro- and
nano-objects [6]. We use He-ion bombardment of exchange biased thin films in external magnetic
fields to pattern micrometer-sized domains with structurally homogeneous surfaces. Polarized
neutron scattering is used to resolve correlation lengths, magnetization directions and disordered
moments of the domains. The magnetic evolution is monitored during field cycling, providing a
full picture of the magnetic configuration. The measurements reveal crucial details about the mag-
netic pattern and the ordering of domain walls.
REFERENCES
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Anisotropy in critical itinerant ferromagnets

Very general considerations suggest that critical itinerant ferromagnets display fluctuation-induced
helimagnetism near to their quantum critical points. Evidence of this behaviour has been found
in a number of materials, but often the experimental phase diagram is rather richer than that pre-
dicted by the minimal model. I will report calculations of the effects of adding spin and fermi
surface anisotropy to this minimal model. The possible phase diagram is considerably enriched.
Finally, I visit the curious experimental phenomenon of hard axis magnetic order, whereby itin-
erant ferromagnets with a hard axis susceptibility at high temperature ultimately form magnetic
order along this hard axis at low temperature. I report an update to our previous explanation for
this (the quantum Indian rope trick) that allows for the Kondo physics prevalent in these hard axis
ferromagnets (the Kondo Indian rope trick).
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Optical cooling of magnons

The magnetic insulator yttrium iron garnet (YIG) is used in microwave and optical technology. The
record quality of its magnetization dynamics makes it also a promising material for classical and
quantum information technology. Magnons, the elementary excitations of the magnetic order, can
be studied in great detail by inelastic (Brillouin) light scattering experiments. Here, we present a
study of the magnon-photon scattering in YIG spheres with long-lived optical whispering gallery
modes in the infrared. We find resonantly enhanced scattering cross section that causes a large
and controllable asymmetry between the Stokes (magnon generation) and anti-Stokes (magnon
annihilation) scattering. These findings imply that magnons can be manipulated by light by selec-
tively annihilating or creating a large number of magnons [PRL 121, 087205 (2018)]. We discuss
options to further enhance the efficiency of the laser-induced magnon control.
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d-zero magnetism in oxides revisited

In a paper published in 2006 [1], C.N.R. Rao and co-workers suggested that weak ferromagnetism
was a ‘universal feature of otherwise nonmagnetic oxide nanoparticles’. As there were no magnetic
impurities present, they assumed that the origin of the d-zero magnetism might be exchange inter-
actions between localized electron spin moments resulting from oxygen vacancies at the nanopar-
ticle surfaces. Subsequent work has confirmed their observations, although the details of the mag-
netic response vary widely for any given system [2]. The essential feature is a ‘ferromagnetic-like’
response that is anhysteretic and temperature independent — at least in the range 2 - 400 K— quite
unlike any other magnetic phenomenon. In order to make progress in understanding, it is impor-
tant to find a way to turn the effect on or off at will in a given sample. In CeO2 nanoparticles
this is achieved by agglomerating, or segregating the particles on a mesoscopic scale of order 100
nm [2]. In SrTiO3 it is achieved by reduction in vacuum, or treating the surface with tiron [3].
In nanoporous amorphous alumina membranes it is achieved by increasing the pore area, or crys-
tallizing the alumina or treating the surface with salicylic acid [4]. All this, and especially the
response to element-specific catechols (tiron for Ti; asprin for Al) confirms an origin at oxygen-
deficient surface defects. Nevertheless, the explanation of anhysteretic, temperature-independent
(Tc > 1000K) magnetism is deeply puzzling. How could free or bound electrons produce such a
response? Heisenberg exchange coupling of localized s = ½ electrons is much too weak, and has
the wrong sign. Two hypotheses are A) a Stoner-split defect-related impurity band and B) giant
orbital paramagnetism of large numbers of (essentially spinless) electrons responding coherently
to zero-point fluctuations of the vacuum electromagnetic field [5]. B) is the more plausible expla-
nation! The challenge is to obtain direct experimental evidence for the collective orbital electronic
excitations.

[1] A. Sundaresan et al, Phys. Rev B 74 161306 (2006)
K. Ackland and J. M. D. Coey, Physics Reports 746 1 (2018)
J. M. D. Coey et al J. Phys C. M. 28 485001 (2016)
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Thermal Hall effect by phonons in a rare-earth
garnet and a spin liquid system

A heat current perpendicularly flowing to a magnetic field induces a transverse temperature gradi-
ent. This is the thermal Hall effect (THE). It was reported in the paramagnetic insulator, terbium-
gallium-garnet (TGG) at low temperatures [1,2]. Since the TGG has a large band gap of several
eV and then only phonons can carry the heat, it is called “phonon Hall effect (PHE)”. However,
phonon does not have charge nor spin. Hence, an origin of the PHE is not trivial. The PHE is
reported in another non-magnetic insulator, Ba3CuSb2O9 (BCSO), which is in the quantum spin
liquid state with the spin gap of about 50 K [3,4]. Hence, the heat transport in temperatures lower
than 50 K must be dominated by phonons instead of spins. So that the THE in the BCSO is also
the PHE.
In the former half of my talk, I will discuss that the PHE in TGG originates from a resonant scatter-
ing of phonons by Tb3+ ions with total angular momentum J=6 [5]. The crystal electric field (CEF)
is expanded with respect to lattice strains. Thanks to the large J, a modulation of the CEF is a func-
tion of J and lattice strains. This is the origin of spin-phonon coupling in the TGG. On the other
hand, however, the origin of PHE in BCSO is still uncovered, since the BCSO does not contains
any ion with large J and is composed of only spin 1/2, which is isotropic in the charge degree of
freedom. In the latter half, I will discuss that an “orphan spin” is the key of the PHE in the BCSO.
The orphan spin is an additional Cu2+ spin located in the center of Cu2+ hexagonal. It is said that
there are about 5%–16% of the Cu2+ orphan spins in BCSO, and the thermal conductivity in low
temperatures is dominated by scattering at orphan spins [1]. We find that an elongation of Cu2+

hexagonal with an orphan spin leads to a charge redistribution with a quadrupole symmetry. The
quadrupole electric field can couple to lattice strains. This must be the origin of spin-phonon cou-
pling in the BCSO. Since the Cu2+ hexagonal is a spin-1/2 cluster, a spin-flip scattering of phonon
is also possible. In short, the extended cluster multipole of Cu2+ hexagonal with an orphan spin
must be the origin of PHE in the BCSO.

This work is done in collaboration with A. Spencer-Smith, O. P. Sushkov, and S. Maekawa, H.
Kusunose, M. Fujita, Y. Nambu, S. Kawamura, M. Kofu, and K. Nakajima.
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Single-Layer Spin-Orbit Torques in a
Fully-Compensated Half-Metallic Ferrimagnet

There exists a gap in the electromagnetic spectrum between 0.3 - 30 THz in which semiconductor
and optical technologies fail to generate and detect radiation using chip-sized elements. How-
ever, antiferromagnets (AFM) and compensated ferrimagnets (CFiM) have resonance frequencies
in this range, making them a viable solution. AFMs and CFiMs cannot easily be manipulated by
external fields due to their low net magnetization, but they can be excited via current-induced
spin-transfer- (STT) or spin-orbit torques (SOT). SOT has been used as an effective means of mag-
netization switching in ferromagnet/heavy-metal (FM/HM) bilayers for several years. In this case,
the spin Hall effect in the HM results in a diffusive spin current, perpendicular to the thin-film stack
surface, which exerts a torque on the magnetic moments in the FM. In magnetically-ordered, non-
centrosymmetric crystal structures, a single layer can perform the role of both the FM and the HM,
allowing current-induced magnetization excitation via SOT. One such material is the half-metallic,
fully compensated ferrimagnet Mn2RuxGa (MRG) [1]. As a result of its crystal symmetry, the
SOT-induced effective fields in an MRG single-layer can be described by the product of the current
vector (
boldsymbolj) and a 3× 3 matrix (
boldsymbolHeff ) with two parameters describing the field-like and damping-like parts (xfl and
xdl respectively) [2]. Harmonic Hall voltage measurements are an effective method of evaluat-
ing current-induced torques in bilayers [3]. This method can also be utilised for single-layers,
as is done here for an MRG thin-film to determine the anisotropy constants and the effective
SOT fields. These experimental values in conjunction with theoretical modelling [4] predict that
MRG will exhibit self-oscillations at a frequency of approximately 0.7 THz for a current density
j ≈ 1× 107 Acm−2, making it a promising candidate for filling the terahertz gap.
Kurt, H. et al., Phys. Rev. Lett. 112:027201 (2014)
Železný, J. et al Phys. Rev. B 95:014403 (2017)
Hayashi, M. et al., Phys. Rev. B 89:144425 (2014)

Troncoso, R. et al., https://arxiv.org/abs/1808.10182, (2018)
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Actinide spintronics

Spin-orbit coupling (SOC) profoundly affects the band structure of a material, and is at the heart
of magnetic anisotropy, the spin Hall effect, and the Dzyaloshinskii-Moriya interaction. Since in
the simplest picture the SOC of a material increases ∝ Z4, where Z is the atomic number, there
has recently been intense focus on systems containing relatively heavy non-magnetic metals such
as Pt, Au and Ir in spintronics research for use in spin-torque geometries, for example. However
these heavy metals in close proximity to magnetic materials are susceptible to proximity-induced
magnetism, which complicates the understanding of spin polarised current injection.
Here we study uranium thin film systems which in Bristol we can precisely control. I will introduce
how we can vary the crystallinity as well as crystal structure using precise growth techniques.
Then I will discuss experimental and theoretical studies of FM/U (FM=Fe,Ni,Co) bilayer systems,
where it may be possible to disentangle the role of the induced moment and that of the large spin-
orbit coupling. We focus on the effect of U on the magnetic anisotropy of the magnetic layer in the
context of previous X-ray circular dichroism measurements, which observed negligible induced
moment in U when grown on Ni and Co, but a large moment when grown on Fe.
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Magnetic order and single-ion anisotropy in
Tb3Ga5O12

Terbium gallium garnet (TGG), Tb3Ga5O12, is well known for its applications in laser optics, but
also for its puzzling low-temperature physics. Its low-temperature ordered structure consists of
anisotropic magnetic moments, originating from Tb3+ ions sitting on interpenetrating hyperk-
agome lattices. In this talk we revise these findings thanks to recent time-of-flight neutron pow-
der diffraction experiments, and we contrast them to the picture of the single-ion environment
measured via inelastic powder neutron scattering. From a theoretical perspective, we discuss the
projection over the effective quasi-doublet ground state of the crystal-field exploiting the general
relationship between the local anisotropy and the time-reversal properties of non-Kramers mag-
netic ions [1]. More specifically for TGG, the structure of the crystal-field states will be analysed
with respect to the role they can play in hyperfine-driven phenomena of magnetic ordering [2] as
well as in spin-phonon coupling for the thermal Hall effect [3,4].
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Domain wall based spin-Hall nano-oscillators

Magnons are the fundamental excitations in magnetic materials, and they can transport angular
momentum without actual charge currents. Therefore, they are attractive for applications in en-
ergy efficient information technology, offering high operating frequencies up to the THz range.
Here we present a novel scheme for magnon generation using spin currents and domain walls.
When a charge current is applied to a bilayer consisting of a heavy metal and a ferromagnetic
metal, the spin currents originating from the spin Hall effect in the heavy metal apply a spin
transfer torque on the magnetization of the ferromagnetic layer. This allows driving efficiently
auto-oscillations of magnetization [1]. We focused on domain walls as local nano magnon chan-
nels [2]. Since it is possible to move domain walls by electrical currents [3], domain walls are
attractive for nano-sized reprogrammable circuits.
A 370 nm wide boomerang structure was fabricated from a Pt/CoFeB bilayer. The sample was
magnetized by applying a large external magnetic field. After the saturation, the external mag-
netic field was set to 0 Oe, and a domain wall was introduced at the apex of the boomerang struc-
ture. The magnon intensity at the apex was measured by Brillouin light scattering microscopy [4]
with applying a dc current. The magnons were detected for the positive dc current, while there
was no magnon for the negative dc current. This current direction dependency indicates the spin
transfer torque drives magnons. We succeeded to excite magnons in the domain wall due to the
auto-oscillation of the magnetization by spin transfer torque.

[1] A. N. Slavin and V. Tiberkevich, IEEE Trans. Magn. 45, 1875 (2009).
K. Wagner et. al., Nat. Nanotech. 11, 432 (2016).
S. S. P. Parkin et. al., Science 320, 190 (2008).
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Determination of the magnetic structure pf
zero-moment half-metals in thin film form using

X-ray absorption and dichroism

Neutron diffraction and scattering based techniques play a substantial role in characterising and
understanding physical phenomena, including magnetism, in various types of materials. These
techniques are widely available to the scientific community, however bulk quantities of the ma-
terials are often required. The study of magnetism in thin films by neutron techniques is less
common. The properties of nano-structured materials differ significantly from those in bulk due
to their high surface-area to volume ratio, substrate induced strain and the interactions and cou-
plings that occur across interfaces. There is a need for alternative techniques that will allow the
study of the properties of thin films. In this work we demonstrate how soft X-ray techniques, such
as X-ray absorption and X-ray magnetic circular dichroism can be used to study magnetic phe-
nomena in thin film materials.
In this work the zero-moment half-metal Mn2RuxGa (MRG) is considered. The material was first
discovered in 2014 and opened a new field of spintronics with no net moment. Antiferromagnet-
ically coupled Mn atoms occupying two inequivalent sublattices give rise to the magnetism in
MRG. At the compensation temperature (Tcomp), the net moment of MRG vanishes, hence mag-
netically it is expected to behave like a uniaxial antiferromagnet. Since XMCD is site specific, it is
possible for the magnetic moments of the two sublattices to be decoupled and hence the spin-flop
phenomenon can be observed. The results of our XMCD measurements of moment with magnetic
field applied perpendicular to the sample at Tcomp and normal incidence are shown in Figure 1.
At 8 T the Mn4c moment switches from positive to negative and at 9 T the two sublattice moments
are almost equal and both positive which is a signature of a spin-flop. This confirms the similarity
of MRG at Tcomp to antiferromagnets.

From our previous magnetometry results, we have observed soft phases occurring in the hystere-
sis loops, in particular at low temperatures. Also from temperature dependent XMCD of MRG,
which probes the projection of sublattice moments normal to the sample, it was found that the
moments were lower in magnitude than expected. These findings suggest that the coupled sublat-
tice moments could be canted and this canting could be attributed to the Dzyaloshinskii-Moriya
interaction. The in-plane and the out-of-plane components of the magnetic moments of the two
sublattices have also been investigated by XMCD. Our analysis confirms the non-collinear nature
of the sublattice moments. Further understanding of the results is envisaged within the framework
of a torque model, treating the sublattice moments as two interacting microspins. The purpose of
the torque model is to provide a 3-D representation of the magnetic sublattice interactions, which
will complement our XMCD results in which we are limited to measuring the projection of the
3-D moments in 2-D.
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