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Cubic MFG extraordinary magnetic properties such as its large PMA and high spin polarization make it
a very suitable candidate for spintronic application such as MRAM. This will help us overcome
current limits on magnetic memory and MFG is likely to be a leading material in next-generation
memory .

I explored and developed a novel cubic phase of the ferrimagnetic Heusler
compound Mn2FeGa (MFG) with the ultimate aim of coupling this material with 2D materials such as
graphene for spin photonic applications. This newly developed material shows several favourable
properties for spintronic applications including: significant perpendicular magnetic anisotropy
(PMA), high chemical ordering, and high spin polarization. These properties demonstrate a material
suitable for spintronic applications such as magnetic random-access memory (MRAM). These results
have led to a publication which is currently under review, receiving positive feedback and is soon
to be published. Furthermore, these results have led to a patent for cubic MFG/Cr/MgO buffer layers
which is currently in press. Finally, these results have been presented at several national
conferences and have attracted significant attention among the spintronics community.
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With the emergence of the Internet of Things (10T), there has been a drastic increase in the demand
for increased speed and capacity of information transferred by networks. To compete with thisdemand,
different forms of memory are required such as magnetic random-access memory (MRAM), a non-
volatile, low-energy, and high-speed sources of memory will help in overcoming the challenges faced
with current volatile electronic sources of memory. However, MRAM requires magnetic materials
which show high spin polarization (SP) and large perpendicular magnetic anisotropy (PMA).

Over the past couple of decades Heuder alloys have attracted increasing attention for their use in
MRAM dueto observations of high spin-polarization (Y. Sakurabaet al., Appl. Phys. Lett., 88, (2006))
and low damping constants (C. Guillemard et al., Appl. Phys. Lett., 88, (2006)). However, whilst
ferromagnetic Heudler aloys such as CoxFeGapsGeps have been shown to be highly spin-polarized
(K. Hono et al., Acta Mater., 60, (2012)), Heusler alloys also often exhibit an in-plane magnetization
which significantly affects their performance in MRAM. Ferrimagnetic cubic Heudler aloys in
comparison to their ferromagnetic counterparts have shown weak PMA aswell high spin polarization
(H. Kurt et al., Phys. Rev. Lett., 112, (2014)). If high spin-polarization and large PMA can be achieved
in a cubic ferrimagnetic Heusler alloy, such a material would be suitable candidate for applications
such as MRAM.

The objectives of this project were to: (1) prepare high-quality thin films of the ferrimagnetic Heusler
aloy MnaFesGa (MFG) in the novel cubic phase, (2) analyse their electronic and magnetic properties
using a variety of both experimental and theoretical techniques, and (3) optimise the magnetic
properties of these thin films for their usein MRAM.

Thin films of MFG were prepared in an ultra-high vacuum (UHV) via magnetron co-sputtering with
the composition being controlled by varying the power applied to either the Mn,Ga or Fe target. These
MFG thin films were grown both directly on-top of MgO(001) substrates or a Cr buffer layer, with the
latter being the preferred method of growth. The properties of these thin films were analysed using a
variety of techniquesincluding X-ray diffraction (XRD), SQUID magnetometry, transmission electron
microscopy (TEM) as well as synchrotron radiation-based techniques such as synchrotron M 6ssbauer
spectroscopy performed at BL11XU beamline of the SPring-8 research facility. The electronic
structure of MFG was calculated by Keisuke Masuda at the National Institute for Materials Science
using density-functional theory (DFT) and second-order perturbation analysis.

(1) The structure and quality of the MFG thin films were analysed using reflection high-energy
electron diffraction (RHEED), TEM, and XRD. As seen viabright-field cross-sectional TEM, epitaxial
single-crystalline growth with no sign of interfacial mixing was observed in cubic MFG thin films
grown on a Cr buffer layer. The interface between each layer is found to be atomically sharp. Using
XRD it was found that, depending on the Fe concentration, either a mixed phase (x < 1.0) or a newly
developed single cubic phase (x> 1.0) was observed. In these cubic thin films, asignificant tetragonal
distortion of ¢/a = 1.04 — 1.06 was induced by the lattice matching between cubic MFG and Cr under

(a) Bright-field cross-sectional TEM for the stoichiometric MFG/Cr buffer layer sample, (b) high-
resolution image, (c) EDS mapping of the image shown in (a), (d) and (¢) RHEED of the Cr buffer
layer and the stoichiometric MFG thin film, respectively.



the epitaxial relationship. However, the cubic nature
of thisaloy is preserved under the tetragonal strain
as indicated by the presence of other XRD
reflections such as the (111) reflection. ¢-scans of
the samples further confirm the epitaxial growth of
cubic MFG. For thin films grown directly on top
of MgO(001) no tetragonal strain was observed and
the quality of growth was found to be much poorer
than when grown on a Cr buffer layer.

(2) The magnetic properties of these thin filmswere
evauated using SQUID magnetometry and
synchrotron Maossbauer spectroscopy. In  the
stochiometric MFG/Cr sample, SQUID revealed
that these thin films exhibited PMA which
exceeded 0.75 MJIm?® which is a result of the
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significant tetragonal strain induced by the Cr buffer layer. This PMA is the largest value reported to
date for any cubic ferrimagnetic Heusler alloy, far greater than that observed MnRuGa or Mn,CoGa
(P. D. Bentley et al., Phys. Rev. Mater., under review). In the stoichiometric cubic MFG/Cr, SQUID
results also show a material with alow saturation magnetization ideal for fast switchingin MRAM as
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well as good squareness of the magnetization curve.
Synchrotron Maossbauer spectroscopy showed the internal
hyperfine magnetic field of Fe to be small in cubic MFG with a
magnetic moment of ~0.25 u g being observed in the
stoichiometric MFG/Cr sample. This result closely matches the
theoretically predicted value of 0.22 ug estimated for the X,
cubic inverse full-Heudler crystal structure of MFG. Therefore,
these results suggest that cubic MFG grown on aCr buffer layer
possesses a high degree of chemical ordering close Xacrystal
structure and therefore is likely to be highly spin polarized.

(3) The density of states (DOS) of the unstrained and strained
case of cubic MFG were calculated showing that even with a
significant tetragonal strain of 4.1% (as measured for the
stoichiometric MFG/Cr sample) that the half-metallic nature of
MFG is preserved. First-principles calculations revealed that
the large PMA observed in cubic MFG originates from specific
features of Fe d orbitals around the Fermi level, which giverise
to a large uniaxial magnetocrystalline anisotropy under the
strain. Thisisaunique characteristic of cubic MFG as no other
Y element in a MnyYZ-type Heudler alloy possesses such
similar electronic features around the Fermi level.

(4) Thanksto the funding of this project, anew cubic crystal phase of MFG was successfully developed.
Cubic MFG with its small saturation magnetization, large PMA, and possibility of being highly spin-
polarized make it an ideal candidate for the development of MRAM and other spintronic devices.
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