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Fig. 2. Requirement for Tb/in2 HDD read head and recent major results [9].

vicinity of the surface of the films. For the full-Heusler alloys
forming X2Y Z , where the X and Y atoms are transition
metals, while Z is either a semiconductor or an NM metal,
the unit cell of the ideal crystalline structure (L21 phase,
see Fig. 2) consists of four face-centered cubic sublattices.
When the Y and Z atoms exchange their sites (Y –Z disorder)
and eventually occupy their sites at random, the alloy
transforms into the B2 phase. In addition, the X–Y and the
X–Z disorder finally leads to the formation of the A2 phase.
By increasing the disorder, the magnetic properties depart
further from the half-metallicity.

Toward the RT half-metallicity, two milestones have been
identified as listed in the following:

1) (m1.1): demonstration of >100% giant magnetoresis-
tance (GMR) ratio at RT;

2) (m1.2): demonstration of >1000% TMR ratio at RT.
Here, we have regarded these criteria using the MR as an
indicator of the half-metallicity at RT.

Regarding (m1.1), in 2011, 74.8% GMR ratio was
reported by Sato et al. [8] using a junction consisting of
Co2Fe0.4Mn0.6Si/Ag/Co2Fe0.4Mn0.6Si. This is a significant
improvement from 41.7% reported in [26]. Using such a
GMR junction as a read head, the GMR ratio of ∼75%
with the resistance area product of ∼0.17 ! · µm2 satisfies
the requirement for 2 Tb/in2 areal density in a hard disk
drive (HDD). Fig. 2 shows the requirement and recent
major efforts toward the Tb/in2 areal density. It is clear that
the Heusler-alloy GMR junctions are the only candidates
satisfying the requirement to date. By reflecting on the
development over the last five years, one can expect that the
Heusler-alloy GMR junctions can achieve 100% GMR ratios
within three years. This will satisfy (m1.1) and will lead to
device applications as HDD read heads.

For (m1.2), Fig. 3 shows the development of the TMR ratios
using amorphous and MgO barriers with both the conventional
ferromagnets and the Heusler alloys as electrodes. As shown
here, the largest TMR reported to date is 604% at RT using a
magnetic tunnel junction (MTJ) of CoFeB/MgO/CoFeB [10].
In 2005, an MTJ with an epitaxial L21 Co2MnSi film has been
reported to show very high TMR ratios of 70% at RT [11].
These are the largest TMR ratios obtained in an MTJ with a
Heusler alloy film and an Al–O barrier. The TMR is purely
induced by the intrinsic spin polarization of the Heusler
electrodes, which is different from an MTJ with an oriented
MgO barrier, where a TMR ratio of 386% has been achieved
at RT (832% at 9 K) for Co2FeAl0.5Si0.5 [12]. The TMR

Fig. 3. Recent developments in the TMR ratios.

Fig. 4. Roadmap on the Heusler-alloy films.

ratio reported here is the highest ever in an MTJ with a
Heusler alloy film but with the assistance of coherent tunneling
through an oriented MgO barrier. By taking a moderate
extrapolation, one can estimate that 1000% TMR ratios (m1.2)
can be achieved within ten-year time period, i.e., the
RT half-metallicity by 2024.

The other device application expected is to fabricate
all Heusler junctions consisting of antiferromagnetic/
ferromagnetic/NM/ferromagnetic Heusler-alloy layers. Such
junctions can offer a template to avoid any crystalline disorder
at the interfaces as the lattice matching and symmetry can
precisely be controlled by atom substitution in these alloy
layers. As a first step, Nayak et al. [13] reported an
antiferromagnetic Heusler alloy of Mn2PtGa for the first time
but at low temperature (<160 K). One can anticipate that
RT antiferromagnetism can be demonstrated within 5 years,
leading to all Heusler-alloy junctions in 20 years.

By summarizing the above consideration, one can anticipate
a roadmap on the Heusler-alloy films, as shown in Fig. 4.
The Heusler-alloy films are expected to be used in GMR read
heads and sensors within 3 years. These films are also to
be combined with antiferromagnetic and/or NM Heusler-alloy
films to form all Heusler junctions. Such junctions may be
used in a magnetic random access memory subject to their
perpendicular magnetic anisotropy, which is still in the infant
stage in research.

II. OXIDES

Ferromagnetic oxide thin films have intensively been
studied for more than last two decades due to their large

Layer-by-layer crystallisation on (110) surface :
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Co2FeAl0.5Si0.5 (CFAS)/W/CFAS trilayers were sputtered at 
substrate temperatures TS :

• Low TS film has strong 
intergranular exchange 
coupling.
• This gives a highly square, 
low HC loop.
•Higher TS → 50% of the 
reversal is via domain 
rotation.
• The remainder is via 
nucleation and domain wall 
pinning.

CFAS/W/CFAS trilayers : *

CFAS/Ag/CFAS nanopillars fabricated :
•Due to the lack of individual 
layer switching in 
multilayers using a W 
spacer,  Ag was used.
• A 3 nm layer of Ag provided 
a loop with two distinct 
switches dependent on 
layer thickness.
• A small GMR of 0.025% was 
observed perpendicular-to-
plane for device of (1 x 0.5) 
µm2.
• Switching occurs at the 
same field as in the M-H
loop, confirming layer 
thickness dependent 
switching.

CFAS/Ag/CFAS nanopillars :
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• Resistance change after a series of pulse 
current applications of 500 µA up to 5 mA for 
100 µs up to 500 µs in a GMR device consisting 
of CFAS/Ag/CFAS.
• The initial GMR effect is extremely small at only 
0.04% and is very unstable, with no stable 
anti-parallel configuration.
•Using Ohm’s law, the application of a 100 µA 
current for 10 s introduces 6.24×10-14 J to a 
Heusler alloy nanopillar (10 nm thick and 100 
nm diameter).
• By assuming the resistivity is similar to that 
of Co (6.24 nW×m).

• For an ideal case, this increases the 
temperature of the Heusler layer by 51.5K.
• Since the heat capacity of Co is 24.81 
J/mol×K and the density of Co is 8.90 g/cm3.

→ The is similar to CoFe
and would be suitable for 
a GMR device.

High-resolution transmission electron micrographs :

• Cross-sectional TEM images of the GMR device with 300k and 800k magnification.
•Diffraction pattern confirms CFAS (220) crystallisation.
• Lattice constant is estimated to be 0.57 nm, which is 96.6% of that estimated by the corresponding XRD.

Current-Induced Crystallisation

Co2Fe(Al,Si) / Ag / Co2Fe(Al,Si) trilayers : *

• The current-induced crystallisation leads to the reduction 
in the corresponding resistivity.
• This acts as memory potentiation for an artificial GMR 
synapse.
• This offers more realistic neuromorphic computation with 
higher efficiency.

• The concept of the current-induced crystallisation has been successfully demonstrated in a Heusler-alloy GMR junction.
• Due to the nature of a simple electrical current introduction, a nanoelectronics device does not require annealing 

processes but stores the operation cycle permanently.
• The current-induced crystallisation minimises any atomic diffusion and interfacial mixing to degrade their performance.
• The current-induced crystallisation is expected to be used in a variety of nanoelectronics devices, including a 

neuromorphic node network.


