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The main achievements of this Broject include: (1) Realizing two types of
manganese and ruthenium-based alloys showing high tunability of properties by varying composition,
temperature, and strain. Unlike the usual magnetic materials, these alloys with very limited
magnetic response can however generate a large electrical signal from an electric field or a
temperature gradient. (2) Providing evidence that domain twinning control will closely influence
the spin-orbit torque in magnetic single layers. However, producing twinning-free samples remains to
be a challenge. (3) Revealing material design principles for realizing efficient charge-to-spin
conversion using the spin Hall effect. (4) Applying the knowledge from (3) to demonstrate large spin
Hall effect in various material systems.
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Current-induced spin torque is a key mechanism for realizing electrical control of a
nanomagnet, with potential applications in magnetic random-access memory (MRAM), logic
and sensor. However, due to the limited perpendicular magnetic anisotropy at the ubiquitous
CoFeB/MgO interface, it is challenging to continue the downscaling of the MRAM cell beyond
~20 nm node, while maintaining sufficient thermal stability. To keep the competitiveness of
MRAM technology and to further extend the Moore’s Law, a paradigm shift is urgently
required to overcome this limitation. One alternative is to go beyond the existing spin torque
contribution, which is essentially an interfacial effect and look instead for the “bulk” spin
torque term that stems from the lowering of the crystal symmetry in the magnetic layer, so
called the Néel-order spin-orbit torque. Meanwhile, it is essential to improve the charge-spin
conversion efficiency in the adjacent heavy metal layer to further reduce the power
consumption.

This project aims to explore various means that help to extend the scalability of the
existing spin-torque devices. Notably, the Néel-order spin-orbit torque (SOT) in magnetic
single layer can be exploited to allow efficient switching of devices with lateral diameter
below 10 nm, where the magnetic state of the free layer with high aspect ratio is stabilized
by the magnetic shape anisotropy. An important scientific question of this project is: How can
we control and engineer the spin-orbit torque in magnetic single layers?

Samples were grown by magnetron sputtering in ultrahigh vacuum. We focus on
highly-tunable compensated ferrimagnetic Mn-Ru-Ga and Mn-Ru-Al based inverse Heusler
compounds to study the single layer SOT and other electrical responses to the external
stimuli. The two inequivalent magnetic sublattices and the non-centrosymmetric crystal
structure are keys to induce Néel-order SOT in such compound. For certain atomic
composition and temperature, magnetic compensation can be achieved where the material
exhibits zero net magnetic moment. Yet, the compensated compound shows large anomalous
Hall effect and high spin polarization. The well-established SOT quantification method called
the harmonic Hall technique may be adapted for the characterization of SOT in such
compounds. A harmonic Hall measurement platform was built and attached to a PPMS
system with a horizontal sample rotator to perform the measurement at large magnetic field,
at varying temperatures and field angles. This setup is also used to quantify the SOT in other
magnetic heterostructures.

1. Anomalous Nernst effect in compensated ferrimagnetic Mn,Ru.Ga

MnzRuxGa (MRG) films of varying Ru concentrations were grown on single crystal
MgO(001) substrates by co-sputtering Mn2Ga and Ru targets. For the film with x ~ 0.6, we
achieved magnetic compensation at room temperature. Harmonic Hall technique shows a
response that can be partly attributed to the thermoelectric effect. We then systematically
study the anomalous Nernst effect (ANE), the Seebeck effect and the transverse
thermoelectric conductivity of MRG and found that all the thermoelectric signals switch sign
across the magnetic compensation. The anomalous Hall effect of MRG also shows very similar
behavior. These results suggest the orientation of one magnetic sublattice moment governs
the magnetoelectric and thermoelectric properties of MRG. In contrast, the total net moment
is less important. Finite anomalous Hall effect and ANE signals were found in MRG even
when the net moment is vanishingly small. This work gives rise to two oral presentations
(JSAP spring meeting 2021 and INTERMAG 2021).




2. Realizing new ternary inverse Heusler compound Mn-Ru-Al

Epitaxial Mn-Ru-Al (MRA) films crystallizing in the inverse Heusler structure were
grown on MgO(001) substrates by co-sputtering MnssAlss and Ru targets. The MRA exhibits
compensated ferrimagnetism similar to that observed in MRG. Replacing the Ga atoms of
MRG by Al reduces the lattice parameter of MRA to a level comparable with that of MgO
substrate. The negligible substrate-induced strain and the lack of uniaxial anisotropy of the
cubic inverse Heusler structure give rise to the weak perpendicular magnetic anisotropy of
MRA. Magnetic compensation is achieved in MRA by varying the Ru concentration as
demonstrated by the sign reversal of the measured Kerr rotation.

Next, we attempt to grow by sputtering the MRG and MRA films on zinc-blende-
structured substrates, e.g., the semi-insulating GaAs and Fe-doped InP. These
noncentrosymmetric substrates are expected to induce preferential domains in MRG and
MRA, if epitaxy can be established. However, we found severe interdiffusion at the
substrate/film interface that prevents the epitaxial growth. A seed layer suitable for
sputtering deposition should be developed.

3. Measuring SOT in a Ni-Fe single layer

In collaboration with Prof. Seki in IMR, the SOT of Ni-Fe single layers of varying
thicknesses and interfacial conditions were investigated using spin-torque ferromagnetic
resonance (ST-FMR) technique. We found appreciable damping-like SOT acting on the Ni-Fe
single layer when the layer thickness is thinner than a threshold of ~ 3nm and when the top
and bottom interfaces of the magnetic layer are asymmetric, i.e., when the Ni-Fe layer is
sandwiched by two different insulating materials (SiO2 and AlOx). A toy model is further
proposed to model the measured self-induced SOT. This work was published in Phys. Rev. B
104, 094430 (2021).

4. Material design principles and SOT guantification in various heterostructures

The harmonic Hall measurement setup attached to the PPMS allows quantification
of SOT in magnetic heterostructures using large magnetic field and at varying temperatures.
In Pt-Al alloy system, we found highly fcc-textured epitaxial PtsAl film grown on MgO(001)
possesses significantly higher spin Hall efficiency than the polycrystalline PtzAl of the same
composition, grown on SiOz. We highlight that maintaining the fcc structure is a prerequisite
for obtaining large spin Hall effect in Pt-based alloys (APL Materials 9 081113 (2021)).

We have also systematically measured the anomalous Hall effect and the spin Hall
effect in a series of cobalt shandite films. We found that the giant anomalous Hall effect of
the undoped ferromagnetic CosSn2S; and the giant spin Hall effect of the paramagnetic Ni-
doped Co2NiiSn2Sz share the common intrinsic origin. The two Hall effects are
intercorrelated. A preprint on this work is under reviewed and has been posted on arXiv
(arXiv:2203.02356).

In addition, we have investigated the spin Hall effect in another Weyl semimetal
Co2MnGa and demonstrated spin-orbit torque switching (Applied Physics Letters 118,
062402 (2021)). On the other hand, the exotic spin-1 chiral semimetallic CoSi shows very
small spin Hall effect (Physical Review Research 3, 033101 (2021)).

Overall, this project leads to 4 scientific publications and 8 oral presentations. In
addition, several works related to this project are under peer-review or in preparation.
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