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Abstract

Half-metallic Heusler alloys are among the most promising material platforms for spintronics, as
they uniquely combine an ideally fully spin-polarized electronic structure at the Fermi level with
high Curie temperatures. This combination enables pronounced spin-dependent phenomena and
makes these materials highly attractive for practical device applications. To date, vertical spin-
tronic devices such as magnetic tunnel junctions, current-perpendicular-to-plane giant magne-
toresistance and spin-torque oscillator devices have demonstrated outstanding performance that
clearly reflects the half-metallic nature of Heusler alloys. In addition, significant progress has been
achieved in efficient spin injection into semiconductors, a key requirement for next-generation
logic and information-processing devices. In this review, we focus on vertical-geometry spintronic
devices, which are of particular importance from the viewpoint of device scaling, integration den-
sity, and practical implementation. We provide an overview of the experimental and theoretical
advances achieved using half-metallic Heusler alloys in these device architectures, and discuss the
remaining challenges and future perspectives toward their realization in next-generation spintronic
technologies.

1. Introduction

A half-metal is a material in which an energy gap exists at the Fermi level for one spin channel (either
spin-up or spin-down), while the other spin channel remains metallic. Owing to this unique electronic
structure, half-metals ideally generate fully spin-polarized conduction electrons, thereby strongly enhanc-
ing a wide range of spin-dependent phenomena. For example, in magnetic tunnel junctions (MT]Js), as
described by the Julliere formula [1], a spin polarization P =1 of the magnetic electrodes leads, in prin-
ciple, to an infinite tunnel magnetoresistance (TMR) ratio:

2P, P,

TMR = ———.
1-PP,

Similarly, in current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices, the product of
the resistance change AR and the device area A, denoted as, is given within the two-current model [2]:

62 72

ARA x 1_szpt+ 1_72RF/NA'

Here, 3 and v represent the spin polarizations of the bulk resistivity of the ferromagnet (FM),
respectively. ¢ and Rg/nA represent the thickness of ferromagnetic electrode and the interfacial resistance
at the FM/nonmagnet interface, respectively. In an ideal half-metal, both parameters approach unity,
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Figure 1. Technology development of the vertical spintronic devices using half-metallic Heusler alloys and future prospects.

resulting in a maximized output signal. Beyond magnetoresistive effects, half-metals are also expected
to provide significant advantages for spintronic devices, including enhanced spin-transfer torque (STT)
efficiencies [3], highly efficient spin injection into semiconductors (SCs) [4], and reduced magnetic
damping [5] and so on. In this sense, half-metals can be regarded as ‘ultimate spintronic materials’
enabling enhancement of various spin-dependent phenomena and improvement in device performance.

The history of half-metal research dates back to 1983, when de Groot et al predicted half-metallicity
in the half-Heusler alloy NiMnSb based on first-principles calculations [6] (figure 1)—well before the
discovery of GMR [7, 8] and the subsequent rise of spintronics. In the 1990s, driven by rapid develop-
ments in spintronics, a variety of half-metallic materials were theoretically proposed, including oxide-
based systems such as CrO, [9], La;_,Sr,MnO; (LSMO) and La;_,Ca,MnO; [10] m Fe;O [11], and
Heusler alloys [12] which are the main focus of this review. Notable experimental demonstrations fol-
lowed these predictions. For instance, in CrO, spin polarization as high as 91% at 2 K was observed
using Andreev reflection measurements [13]. In LSMO-based MTJs, an extremely large TMR ratio of
1800% was reported at 2 K [14]. However, many oxide-based half metals suffer from relatively low Curie
temperatures, which poses a fundamental limitation for practical applications.

In contrast, Co-based full-Heusler alloys exhibit high Curie temperatures such as Co,YZ (Y = Cr,
Mn and Fe etc. Z = Al, Si, Ga, Ge, and Sn etc) and comparatively robust half-metallicity against atomic
disorder and off-stoichiometric compositions [15-17]. Owing to these favorable properties, The Co-
based full-Heusler alloys have become the central materials platform for half-metal research since the
early 2000s. In particular, MTJs and CPP-GMR devices employing Heusler alloys have yielded numerous
results that clearly reflect their half-metallic nature, raising strong expectations for applications in prac-
tical devices such as next-generation hard-disk-drive (HDD) read heads. Furthermore, spin transistors
that integrate SCs with magnetic materials are regarded as key components for future nonvolatile and
reconfigurable logic devices. Among various architectures, vertical devices incorporating a SC spacer layer
are especially well suited to exploit the highly efficient spin injection enabled by half-metallic electrodes
(figure 1).

Because comprehensive review articles covering the very wide fundamental aspects of half-metallicity
in Heusler alloys already exist [18], the present review does not revisit these foundational topics. Instead,
we focus on vertical spintronic devices that are of particular importance for next-generation applications,
and provide an overview of the advantages, challenges, and future prospects of devices based on half-
metallic Heusler-alloys.

2. MTJs with half-metallic electrode

As discussed in the previous chapter, the Julliere model provides the most straightforward guideline for
enhancing the TMR ratio. According to this model, the TMR ratio increases monotonically with the
spin-polarization P of the FM electrodes, and, in the ideal case of a half-metallic FM with P = 100%, an
infinite TMR ratio is predicted. Motivated by this expectation, extensive studies on TMR devices employ-
ing half-metallic materials have been actively pursued since the 1990s.

2



10P Publishing

J. Phys. D: Appl. Phys. 59 (2026) 253003 Y Sakuraba et al

In the early stage of their research, half-metallic electrodes were primarily combined with amorphous
tunnel barriers, typically Al-O-based barriers, which were dominant at that time. A major breakthrough
occurred in 2002 with the introduction of crystalline MgO tunnel barriers, where coherent tunneling
enables symmetry-selective transmission of the A; band [19, 20]. As a result, giant TMR ratios reflect-
ing the spin polarization of the A; band at the Fermi level were reported in epitaxial systems such as
Fe/MgO/Fe and CoFe/MgO/CoFe [21, 22]. Following these findings, considerable efforts were devoted
to fabricating devices that combine half-metallicity with coherent tunneling by integrating half-metallic
materials with MgO tunnel barriers.

As shown in figure 2, it was theoretically predicted that representative half-metallic Co-based full-
Heusler alloys, such as the Co,FeAl, Co,FeSi, Co,MnAl and Co,MnSi families, possess A; bands in the
majority-spin channel at the Fermi level. This unique band structure suggests that coherent tunneling
through the MgO barrier can enhance the TMR ratio. In such systems, the intrinsically high spin polar-
ization of Heusler alloys is further enhanced by the spin-filtering effect associated with coherent tunnel-
ing, leading to the expectation of even larger TMR ratios, which is advantageous to the conventional
Fe/MgO/Fe-MT]Js where the finite tunneling current appears even in anti-parallel state [19]. Despite
these promising characteristics, the most critical issue for TMR devices based on Heusler alloys, as dis-
cussed later, is their pronounced temperature dependence of the TMR ratio. In addition, from the view-
point of magnetic random-access memory (MRAM) applications, it remains challenging to realize per-
pendicular MTJs (pMT]Js) using conventional Heusler alloys. This difficulty originates from a funda-
mental limitation: the cubic crystal structure of Heusler alloys inherently makes it difficult to achieve
sufficiently large magnetocrystalline anisotropy. To overcome this limitation, significant attention has
been directed toward the compounds with the D0,, phase, so called ‘tetragonal Heusler alloys’ because
these compounds retain the same atomic arrangement as conventional Heusler alloys but exhibit a uni-
axial distortion from the cubic symmetry. For example, large magnetic anisotropy has been theoretically
predicted and experimentally confirmed in D0,,-Mn3;Ga [23]. At present, TMR devices employing such
tetragonal Heusler alloys represent a growing trend in this research field.

In this section, progress, issues and future outlook in the studies on the MTJ with half-metallic
Heusler alloys and tetragonal Heusler alloys are introduced.

2.1. MTJs with cubic half-metallic Heusler alloys

Table 1 summarizes the TMR ratios reported so far for MTJs using half-metallic Heusler alloy electrodes.
In the following chapters, we review the progress of MTJs with each Heusler alloy, discuss the remaining
challenges, and finally outline possible future directions and strategies for further improvement.

2.1.1. NiMnSb-based MT]

Research on MTJs employing half-metallic Heusler alloy as electrodes was initiated by the work of
Tanaka et al using polycrystalline NiMnSb half-Heusler alloy electrodes with the Cl;, structure com-
bined with an Al-O tunnel barrier in 1997 [24]. They reported TMR ratios of 2.4% at room tempera-
ture (RT) and 7.0% at 77 K, and estimated the spin polarization to be approximately 15%. The authors
attributed the reduced TMR ratio primarily to the formation of oxides at the interface. Liu et al fabri-
cated the MTJs with epitaxial NiMnSb made by molecular beam epitaxy (MBE) technique and found a
TMR ratio of 8.7% at RT and 14.7 at 4.2 K [25], which was still smaller than the expected value from
its predicted half-metallic electronic state. To date, studies on MT]Js utilizing Cl,-structured Heusler
alloys remain extremely limited, and no systematic experimental investigations have followed. However,
theoretical calculations have shown that in C1}, half-Heusler alloys, the presence of vacancy sites leads
to a larger minority-spin bandgap compared with L2;-type full-Heusler alloys [52]. Although control-
ling atomic ordering in C1,-NiMnSb containing vacancy sites is often challenging in the thin films, if
flat and highly atomic ordered single-crystalline electrodes can be realized, the combination with the
recent tunnel-barrier growth techniques may enable the achievement of larger TMR ratios that reflect
the intrinsic half-metallicity.

2.1.2. Co,CrAl-based MT]

Co:2CrAl was predicted to exhibit half-metallicity based on first-principles calculations [53]; however, it
was later demonstrated that this compound undergoes spinodal decomposition and consequently phase-
separates [54]. It was subsequently shown that substituting more than 40% of Cr with Fe effectively sup-
presses this phase separation [54], and theoretical studies further predicted that high spin polarization
exceeding 70% can be achieved not only in the L2:-ordered structure but also in the B2 structure, in
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Figure 2. Majority-spin electronic band dispersion to [001]-direction in Co,YZ (Y = Ti, V, Cr, Mn, Fe, Z = Al, Si) the coherent
tunneling can be expected in Co,MnAl, Co,FeAl, Co,MnSi, Co,FeSi because of the presence of A, band at the Fermi level.

which Fe, Cr, and Al atoms are disordered [17] (figure 3). Based on these findings, Inomata et al fab-
ricated MTJs using Co2CrgFep4Al electrodes combined with an Al-O tunnel barrier [26]. Even films
deposited at RT without post-annealing exhibited a B2 structure, and TMR ratios of 16.5% at RT and
26.5% at 5 K were observed. Although detailed evaluations of the degree of atomic ordering were not
conducted, the films deposited at RT are expected to retain a certain level of disorder among Co, Cr, and
Fe atoms, which is presumed to be one of the factors limiting the achievable TMR ratio.

2.1.3. Co,MnAl-based MT]

The electronic structure of Co,MnAl was first investigated by Kiibler et al in 1982 through band-
structure calculations [55]. Subsequently, Ishida et al explicitly stated that Co,MnAl possesses an elec-
tronic structure close to half-metallicity based on the first-principles calculations [12]. Subsequently,
Kubota et al fabricated MTJs using polycrystalline Co,MnAl electrodes combined with amorphous Al—
O tunnel barriers and reported a TMR ratio of 40% at RT [56]. A significant improvement was later
achieved by Sakuraba et al, who developed a method to form an atomically flat Cr buffer layer on MgO
substrates. By depositing Co,MnAl on this Cr buffer layer, they realized much smoother epitaxial B2-
ordered Co,MnAl bottom electrode compared with conventional polycrystalline films [57]. Using this
structure, MTJs with Al-O tunnel barriers were fabricated, resulting in a TMR ratio of 65% at RT [30]
(figure 4), which exceeded that of devices employing CoFe bottom electrodes that were widely used at
that time. The corresponding spin polarization was estimated to be 0.59, which is relatively high but still
smaller than the theoretically predicted value of 0.76. This discrepancy is likely attributable to oxidation
at the Co,MnAl electrode surface during the plasma oxidation process used for the Al-O barrier for-
mation. In particular, Mn and Al have a strong affinity for oxygen, making it difficult to fully suppress
interfacial oxidation under conventional oxidation conditions.

As a side note, although Co,MnAl was initially expected to be a half-metal, it was later experimen-
tally reported to exhibit a remarkably large anomalous Hall effect [58]. Subsequent theoretical studies
revealed that this behavior originates from the presence of Weyl points in the majority-spin electronic
bands of Co,MnAl [59]. Consequently, Co,MnAl has attracted strong interest as a material with uncon-
ventional topological properties rather than as a simple half-metal. Notably, Co,MnAl is currently rec-
ognized as the material exhibiting the largest experimentally observed anomalous Hall resistivity at RT
among all known materials [60].




Table 1. Summary of the MTJs with half-metallic Heusler electrodes. The units of the numbers in parentheses within the “Stacking structure” are in nm.

Atomic order

Heusler alloy in Heusler layer Substrate poly/epi Stacking structure TMR ratio (RT) TMR ratio (LT) TMR(RT)/ TMR(LT) Ref.
NiMnSb Cly, Si-Si0, poly NiMnSb/Al-O/Nig gFeg» 2.40% 7.0% (77 K) 0.34 Tanaka et al [24]
Cly InP epi NiMnSb/Al-O/CoFe 8.70% 14.7% (4.2 K) 0.59 Liu et al [25]
Co0,Crg¢Fep4Al B2 Si-Si02 poly CCFA(10)/ Al-O(3)/CoFe/IrMn 16% 26.5% (5 K) 0.60 Inomata et al [26]
B2 Si-Si02 poly CCFA/MgO (3)/CoFe/IrMn 30% 56% (20 K) Rata et al [27]
B2 MgO(001) epi MgO-buffer/CCFA/ 42% 74% (55 K) 0.57 Marukame et al [28]
MgO(2)/CoFe
Co,MnAl B2 Si-Si02 poly Cr/Co,MnAl (20)/A1-O 40% 65% (10 K) 0.62 Oogane et al [29]
(2)/CoFe/IrMn
B2 MgO(001) epi Cr/Co,MnAl (20)/A1-O 65% 83% (10 K) 0.78 Sakurabaet al [30].
(2)/CoFe/IrMn
Co,MnSi Si-SiO, poly V/Co,MnSi(100)/Al-O/CoFe/IrMn 33% 86% (10 K) 0.38 Schmalhorst et al 2004, [31]
L2, MgO(001) epi Cr/Co,MnSi(30)/Al- 70% 159% (2 K) 0.44 Sakurabaet al [32]
0O(1.3)/CoFe/IrMn
L2, MgO(001) epi Cr/Co,MnSi (30)/A1-O 67% 570% (2 K) 0.12 Sakurabaet al [33]
(1.3)/Co,MnSi(10)/IrMn
L2, Al, O3 substrate epi Ta/W/Cr/Co,MnSi(30)/Al(1.3)- 40% 120% (2 K) 0.33 Hattori et al [34]
O/CoFe/IrMn
L2, MgO(001) epi Cr/Co,MnSi(30)/MgO(2— 217% 753 K (2 K) 0.29 Tsunegi et al [35]
2.5)/CoFe/IrMn
L2, MgO(001) epi MgO/Co,MnSi(30)/CoFeB(0.5)/ 222% 510% (10 K) 0.44 Tsunegi et al [36]
MgO(2.3)/CoFe/IrMn
L2, MgO(001) epi MgO/Co,MnSi(30)/MgO (2.0- 236% 1135% (4.2 K) 0.21 Ishikawa et al [37]
3.0)/Co,MnSi(3-5)/Ru/CoFe/IrMn
12, MgO(001) epi MgO/CoFe/Co,MnSi(3)/MgO(1.4- 330% 1995% (4.2 K) 0.17 Liu et al [38]

3.2)/Co,MnSi(3)
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3uysiiand dol

€00€SZ (9202) 65 sAyd 19dv :q “sdyd [

1V 12 eqeINYES X



Table 1. (Continued.)

Co,(Mn,Fe)Si L2, MgO (001) epi Cr/CoyFep4Mng6Si(30)/Al1(1.3)- 75% Kubota et al [39]
O/CoFe/IrMn/
L2, MgO(001) epi MgO/CoFe/CMFS(3)/MgO(1.4— 429% 2610% (4.2 K) 0.16 Liu et al [40, 41]
3.2)/CMFS(3)/CoFe/IrMn
Co,MnGe L2, MgO(001) epi Co,MnGe/MgO/CosoFesy 14% 70% (7 K) 0.20 Marukame et al [42]
L2, Al, O3 substrate epi Co,MnGe/Al, O3 /Co 9% 27% (77 K) 0.33 Verdui [43]
L2, MgO (001) epi MgO/Co,MnGe(50)/MgO(2— 160% 376% (4.2 K) 0.43 Taira et al [44]
3)/CoFe/Ru/CoFe/IrMn
L2, MgO (001) epi MgO/Co,MnGe(30)/MgO(2-3) 220% 650% (4.2 K) 0.34 Yamamoto et al [45]
/Co,MnGe(10)/Ru/CoFe/IrMn
Co,FeAl B2 MgO(001) epi MgO/Cr/CFA(30)/MgO(1.8)/ 360% 785% (10 K) 0.46 Wang et al [46]
CFA(5)/IrMn
B2 MgO (001) epi Cr/CoFe/Co,FeAl(5)/CoFe(0.5)/ 342% 616% (4 K) 0.56 Scheike et al [47]
Mg(0.45)Mg19AI81(0.75)-
O/Co,FeAl(5)/CoFe/IrMn
Co,FeSi 12, MgO (001) epi MgO/Cr/Co, FeSi/MgO(2)/ 117% 165% (15 K) 0.71 Sterwerf et al [48]
CoFe(5)/MnFe
L2, MgO (001) epi Cr/Co,FeSi/Al(1.3)-O/CoFe/IrMn 48% 80% (2 K) 0.60 Oogane et al [49]
Co,FeAly5Sio 5 L2, MgO(001) epi Cr/CFAS(30)/MgO/ 220% 390% (5 K) 0.56 Tezuka et al [50]
CFAS(5)/CoFe/IrMn
B2 MgO(001) epi Cr/CFAS(80)/(MgAl,)Ox/CoFe/IrMn 102% 162% (26 K) 0.63 Shan et al [51]
Fe,CoSi 12, MgO (001) epi MgO/Cr/Fe,CoSi/MgO(2)/ 159% 262% (15 K) 0.61 Sterwerf et al [48]

CoFe(5)/MnFe
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Figure 4. TMR curves for epitaxial Co,MnAl/Al-O/CoFe. Reprinted from [30], with the permission of AIP Publishing. Inset
shows the temperature dependence of TMR ratio.

2.1.4. Co,MnSi-based MTJ

Co,MnSi is widely regarded as the most representative half-metallic Heusler alloy to date, and its half-
metallicity was theoretically predicted by Ishida et al [12] This compound exhibits a high Curie temper-
ature of 985 K, and theoretical studies have shown that the half-metallic gap is preserved even in the
B2-type disordered structure, where Mn and Si atoms are partially randomized [16]. These characteris-
tics provide a significant advantage from practical application perspectives. Kimmerer et al were the first
to fabricate MTJs using polycrystalline Co,MnSi electrodes combined with amorphous Al-O tunnel bar-
riers, reporting TMR ratios of 33% at RT and as high as 86% at 10 K [61]. Considering the characteris-
tics of Co,MnSi confirmed by the following studies, i.e. large temperature dependence of TMR ratio, the
large TMR ratio observed at low temperature (LT) can be regarded as an early experimental indication
of the half-metallic nature of Co,MnSi. Subsequently, Sakuraba et al succeeded in fabricating Co,MnSi
electrodes with atomically flat surfaces and a high degree of L2, ordering by employing MgO substrates
and Cr buffer layers. In MTJs using CoFe as the top electrode, TMR ratios of 70% at RT and 159% at

2 K were achieved [32]. Furthermore, when Co,MnSi was used as both the bottom and top electrodes,
even larger TMR ratios of 67% at RT and 570% at 2 K were observed [33] (figure 5). When converted
into spin polarization values using the Julliere model, the TMR ratio at 2 K corresponds to an excep-
tionally high spin polarization of 0.89. As the TMR ratio was obtained through incoherent tunneling
with conventional AI-O amorphous tunnel barrier, these results provide clear experimental evidence that
Co,MnSi possesses half-metallic characteristics.

Subsequently, numerous studies reported MTJs combining single-crystalline Co,MnSi electrodes with
MgO tunnel barriers [38]. In fully epitaxial (001)-oriented Co,MnSi/MgO/Co,MnSi junctions, giant
TMR ratios as high as 330% at RT and 1995% at LTs were observed [38] (figure 6). Such extraordinar-
ily large TMR ratios were concluded to originate from the synergistic contribution of A, -band-selective

7
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Figure 5. Temperature dependence of TMR ratio for Co,MnSi/Al-O/Co,MnSi-MTJ. Reprinted from [33], with the permission of
AIP Publishing.

coherent tunneling through the MgO barrier and the half-metallic nature of Co,MnSi as indicated by
the theoretical calculation (figure 2). It is particularly important to note that these giant TMR ratios
were not achieved in stoichiometric Co,MnSi, but rather in intentionally Mn-rich compositions, such

as Co,Mn, 35Sig s (figure 6). In Co,MnSi, theoretical studies had predicted that Co-Mn disorder and
Co antisite defects severely degrade the half-metallic character [16]. In this context, Hiilsen et al pre-
dicted that increasing the Mn content beyond the stoichiometric composition can suppress Co anti-

site formation from a thermodynamic viewpoint while simultaneously preserving half-metallicity from
an electronic-structure perspective [62]. These findings convey an important general message: although
many materials are theoretically predicted to exhibit half-metallic electronic structures, the robustness of
half-metallicity against atomic disorder and off-stoichiometry is a crucial factor. The results for Co,MnSi
clearly demonstrate that, in practical materials design, achieving ideal stoichiometry is not necessarily
optimal, and deliberate deviation from stoichiometry can be essential for realizing the intrinsic half-
metallic properties.

First-principles calculations incorporating the on-site Coulomb interaction U demonstrated that par-
tial substitution of Mn with Fe in Co,MnSi shifts the Fermi level toward the center of the minority-spin
gap, while maintaining a high degree of L2, ordering over a wide range of Mn:Fe composition ratios
[63]. Motivated by these theoretical predictions, Kubota et al fabricated MTJs using single-crystalline
Co,(Mn,Fe)Si (CMES) electrodes combined with amorphous Al-O tunnel barriers and systematically
varied the Mn:Fe ratio. As a result, they achieved a maximum TMR ratio of 75% at RT for a com-
position with approximately 60% Fe, exceeding those of Co,MnSi (67%) and Co,FeSi (46%) [39]
(figure 7(a)). The enhancement of the TMR ratio at this composition was further supported by the com-
position dependence of the magnetic damping constant, which is considered to be proportional to the
total density of states at the Fermi level (figure 7(b)). This observation indicates that the spin polariza-
tion is maximized at this specific Mn:Fe ratio.

Furthermore, Liu et al reported MTJs employing CMEFS electrodes and MgO tunnel barriers, in
which all four elemental compositions were precisely tuned for optimization. They observed excep-
tionally large TMR ratios of 429% at RT and 2610% at LTs for a non-stoichiometric composition of
Co,Mn; p4Feg 16Sip 84 [40, 41] (figure 8). The enhancement of the TMR ratio in this case was attributed
to the suppression of Co antisite defects by adjusting the total Mn + Fe content to approximately 1.40.
The low-temperature TMR ratio of 2610% represents the highest value reported to date and far exceeds
those of conventional MgO-based MT]Js employing CoFeB or CoFe electrodes, which exhibit maximum
RT TMR ratios of 1144% [64] and 1143% [65], respectively. This remarkable enhancement can be rea-
sonably attributed to the half-metallic nature of CMFS.

Thus, MTJs based on Co,MnSi and Co,(Mn,Fe)Si with both Al-O amorphous barrier and MgO
crystalline barrier exhibit extraordinarily large TMR ratios at LTs, which clearly arises from half-metallic
nature. However, the TMR ratio decreases rapidly with increasing temperature, and to date, no RT-TMR
values surpassing those of CoFe/MgO-based systems have been reported. The origin of this pronounced
temperature dependence will be discussed in section 2.2.
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2.1.5. Co,MnGe-based MT]

Co,MnGe, in which Ge with the same valence electron number as Si occupies the Z site, is also a rep-
resentative Heusler alloy that has been theoretically predicted to exhibit half-metallicity. This com-
pound possesses a high Curie temperature of about 900 K. As summarized in Table 2, Co,MnGe has
a lower melting point than Co,MnSi, resulting in higher motive force to form L2, ordered struc-

ture. Consequently, a high degree of L2, ordering can be more readily achieved even in thin films
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through relatively low-temperature post-annealing, which constitutes a practical advantage for device
fabrication [66, 67]. Yamamoto et al fabricated Co,Mn;,Ge35/MgO/ Co,Mny,Geg 33 MTJs using Mn
off-stoichiometric electrodes and systematically investigated the composition dependence of the TMR
ratio. They successfully observed a maximum TMR ratio of 220% at RT and as high as 650% at 4.2 K
for the most Mn-rich composition with 8 = 1.40 [45] (figure 9). Similar to the case of Co,MnSi, the
enhancement of the TMR ratio with increasing Mn content was attributed to the suppression of Co
antisite defects. Although the TMR ratios of Co,MnGe/MgO MT]Js are smaller than those reported for
Co,MnSi/MgO MTJs, the underlying reason for this difference has not yet been fully clarified. It should
be noted, however, that in the experiments by Yamamoto et al [45], the Ge concentration was approxi-
mately 10 at.%, which is significantly lower than the stoichiometric value of 25 at.%. Therefore, further
optimization of the chemical composition, including the Ge content, may enable the realization of larger
TMR ratios in Co,MnGe -based MTTs.

2.1.6. CoyFeAl and Co,FeSi MTJ
Co,FeAl is a material that has been theoretically predicted to exhibit a pseudogap-like structure in the
minority-spin band, even when it crystallizes in either the L2; or B2 structure [17]. As summarized in
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Table 2 in section 3.2.1, Co,FeAl has a high melting point and a low order—disorder transition temper-
ature, which makes it extremely difficult to realize a fully L2,-ordered structure in thin films. Because
the minority-spin band does not possess a complete gap, the spin polarization does not reach 100%.
Nevertheless, as shown in figure 2, the electronic band structure reveals that along the I'-X direction
the A; band exists in the majority-spin channel at Fermi level. Consequently, when combined with an
MgO tunnel barrier, coherent tunneling mediated by A; symmetry filtering is expected to yield a large
TMR ratio. Wang et al reported giant TMR ratios of 360% at RT and 785% at 10 K in fully epitaxial
Co, FeAl/MgO/Co,FeAl MTJs employing single-crystalline Co,FeAl electrodes [46]. In addition, Scheike
et al successfully fabricated fully epitaxial MTJs using a MgAl,Oy4 spinel tunnel barrier, which exhibits
an extremely small lattice mismatch with Co,FeAl, and reported TMR ratios of 342% at RT and 616%
at LT [47] (figure 10). It has been reported that when the thickness of the Co,FeAl electrode is reduced
to approximately 1 nm, perpendicular magnetic anisotropy (PMA) emerges at the Co,FeAl/MgO tunnel-
barrier interface, resulting in the formation of pMTJs. Using such a structure, a TMR ratio of 91% at RT
under a perpendicular magnetic field was achieved [69]. However, subsequent microstructural analyses
revealed that Al atoms from the ultrathin Co,FeAl layer diffuse into the MgO barrier. This interdiffusion
was suggested to be the origin of the observed interfacial PMA rather than an intrinsic property of the
Co,FeAl/MgO interface [70].

Co,FeSi is a material whose half-metallic character has been extensively debated both theoretically
and experimentally. In first-principles calculations that do not include on-site Coulomb interactions
(U), the Fermi level of Co,FeSi lies close to or crosses the conduction band edge of the minority-spin
half-metallic gap [71]. Consequently, the calculated magnetic moment deviates from an integer value
in units of the Bohr magneton [52], leading to the conclusion that Co,FeSi is not a half-metal. In con-
trast, experimental measurements yield an integer magnetic moment of 6 ug per formula unit, which
motivated the introduction of on-site Coulomb interactions in theoretical calculations. When U is
included, Co,FeSi has been claimed to exhibit half-metallic behavior [71]. However, since U is treated
as an empirical free parameter, there is no clear consensus regarding either the appropriate magnitude of
U or the specific atomic sites to which U should be applied.

From an experimental perspective, analyses of the temperature dependence of electrical resistiv-
ity and magnetoresistance (MR) in bulk single-crystalline Co,FeSi indicated that the energy separation
between the Fermi level and the valence-band edge is extremely small, 8.9 meV [72]. Similarly, Sakuraba
et al analyzed the valence band electron number and temperature dependences of the anisotropic MR
(AMR) effect and concluded that the Fermi level in Co,FeSi is located very close to the conduction-
band edge, implying that half-metallicity, if present, is realized only at LTs [73] (figure 11(a)). More
recently, Sumida et al investigated the partial density of states of Fe using resonant photoemission spec-
troscopy (PES) and concluded that introducing U at the Fe site in first-principles calculations exagger-
ates discrepancies with experimentally observed spectra, suggesting that a U correction at the Fe site is
unnecessary [74]. In contrast, Zhou et al analyzed the temperature dependence of the anomalous Hall
and Nernst effects in single-crystalline Co,FeSi thin films and found that calculations without U are
entirely inconsistent with experimental results, leading them to conclude that a moderate U of approx-
imately 1-2 eV applied to the Co site is reasonable [75] (figure 11(b)). Taking these results together, it
was concluded that while a U correction is likely required to accurately describe the electronic density of
states in Co,FeSi, the Fermi level is situated very close to the conduction-band edge, rendering Co,FeSi
an unstable half-metal at RT.

Experimental reports on MTJs employing Co,FeSi electrodes remain limited. Sterwerf ef al reported
TMR ratios of 117% at RT and 165% at LT in MTJs using single-crystalline Co,FeSi electrodes

11



I0OP Publishing

J. Phys. D: Appl. Phys. 59 (2026) 253003 Y Sakuraba et al

Q<8
2g4
&0
3=
<-4
03
0.2
= 0
I
2
B 0.0
s
Z -0.1
-0.2
-0.3 2
Negative
275 280 285 200 295 300 305
(b) Valence electron number, N,
0.4 - . - v
2.0t g Y 4
rd o Exp.
0.311.0f PP S amm Ugo =08V
- o ; o === Ugp=1eV
':‘ 02 (1) el U LEL L s === Uge=28V
T “I o 100 200 300 . M i
S AL e el
< 0.1 -~ e i ]
~ . ,, ame
=~ PO ol
) (asanen==® IIII $ 5 $ .
Ok cee o= = B T O D SN
_0‘ 1 A " " " "
0 50 100 150 200 250 300
T(K)
Figure 11. (a) Valence electron number dependence of AMR at 10 K and 300 K in various Co-based Heusler alloy thin films.
Here CFS stands for Co,FeSi. Negative AMR, suggesting a half-metallic nature, appears only at 10 K for Co,FeSi. Reprinted from
[73], with the permission of AIP Publishing. (b) Temperature dependence of anomalous Nernst conductivity in Co,FeSi thin
film and the comparison with the theoretical calculations with adding U on Co-site [75].

combined with MgO tunnel barriers [48]. Compared with MTJs based on Co,MnSi or Co,MnGe, MTJs
employing Co,FeAl and Co,FeSi exhibit a weaker temperature dependence of the TMR ratio. However,
because their low TMR ratios at LT are comparable to those of MTJs using conventional CoFe elec-
trodes, it is reasonable to conclude that coherent tunneling through the MgO barrier, rather than intrin-
sic half-metallicity, plays the dominant role for large TMR ratios in these systems.

Quaternary Heusler alloys of the Co,Fe(Si,Al) system enable rigid-band-like tuning of the Fermi level
by mixing trivalent Al and tetravalent Si, shifting the Fermi level toward the center of the half-metallic
gap, as theoretically demonstrated [76]. As discussed above, although it is difficult to realize highly L2,-
ordered thin films of Co,FeAl, partial substitution of Al with Si facilitates L2, ordering, which repre-
sents a significant advantage for practical device applications [77]. Shan et al reported MTJs employing
single-crystalline Co,FeAlysSigs electrodes, achieving TMR ratios of 102% at RT and 162% at LT, which
were among the largest values reported at the time [51]. Based on analyses of the temperature depen-
dence of the tunnel conductance, they estimated the spin polarization of Co,FeAlysSigs to be as high
as 0.91 at 300 K and claimed that half-metallicity persists even at RT. However, because the (MgAl)O,
tunnel barrier employed in their study was clearly crystalline, the possibility that coherent tunneling
enhanced the effective spin polarization of the CoFe top electrode leading to the overestimation of the
spin-polarization of Co,FeAly5Sip5 cannot be entirely excluded. Actually, this study motivated subse-
quent reports by the same group, in which large TMR ratios were observed using spinel-type MgAl,O,4
tunnel barriers that promote coherent tunneling [47].
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2.2. Mechanism of large temperature dependence of TMR ratio in Heusler-based MTJ

As described above, MTJs employing half-metallic Heusler alloys, particularly those based on Co,MnSi
and Co,(Fe,Mn)Si, exhibit extremely large TMR ratios at cryogenic temperatures that directly reflect
their half-metallic nature. However, despite high Curie temperatures of about 1000 K, these devices show
a remarkably strong temperature dependence of the TMR ratio, which decreases to only 10%—-30% of its
low-temperature value at RT (see TMR(RT)/TMR(LT) in Table 1). Owing to this pronounced tempera-
ture dependence, the RT-TMR ratios of Heusler-alloy-based MTJs are inferior to those of conventional
CoFeB/MgO/CoFeB junctions [64]. This limitation has been one of the primary reasons why MTJs using
Heusler alloys have not become the mainstream approach for practical applications such as HDD read
heads and MRAM.

Two possible origins of this strong temperature dependence can be considered. One is an intrinsic
reduction of spin polarization in the bulk regions of Co,MnSi and Co,(Fe,Mn)Si with increasing tem-
perature. The other is the emergence of interfacial issues at the tunnel barrier interfaces, such as those
involving Al-O or MgO barriers, which may degrade the effective spin polarization contributing to tun-
neling. In this section, we review previous studies relevant to the origin of this temperature dependence
and discuss possible strategies for mitigating this issue.

2.2.1. Temperature dependence of bulk spin-polarization in half-metallic Heusler alloys

The temperature dependence of spin polarization in the bulk regions of half-metallic Heusler alloys has
been extensively investigated by first-principles calculations. Chioncel et al employed dynamical mean-
field theory (DMFT) to demonstrate that non-quasiparticle states originating from virtual magnons,
which arise from the coupling between minority-spin states and majority-spin electron bands, emerge
just above the half-metallic gap in NiMnSb [78] and Co,MnSi [79]. They predicted that these states
could significantly reduce the bulk spin polarization at finite temperatures. However, the DOS obtained
from these calculations differs substantially from the bulk DOS of Co,MnSi observed experimentally by
hard x-ray PES, (HAXPES) suggesting that further verification of this theoretical approach is required
[80] Kurniawan et al incorporated finite-temperature effects into first-principles calculations using the
disordered local-moment (DLM) method and evaluated the temperature dependence of bulk spin polar-
ization in Co,MnSi and Co,FeGa5Geys(CFGG) [81]. As shown in figure 12, their results indicate that
the temperature dependence of the bulk spin polarization is much weaker than that inferred from the
temperature dependence of the TMR ratio, and is predominantly governed by factors such as the Curie
temperature and the position of the Fermi level within the half-metallic gap.

PES is one of the most widely used techniques for evaluating the spin polarization of magnetic mate-
rials. However, the escape depth of photoelectrons strongly depends on the photon energy [82]. In the
vacuum ultraviolet (VUV) and UV regimes, PES is extremely surface sensitive, whereas soft x-ray exci-
tation provides bulk sensitivity on the order of a few nanometers, and HAXPES enables probing depths
exceeding several tens of nanometers. Jourdan et al reported a spin polarization of approximately 0.93
at RT using surface-sensitive spin-resolved (SR) UV PES [83]. To overcome the intrinsic difficulty of SR

13



10P Publishing

J. Phys. D: Appl. Phys. 59 (2026) 253003 Y Sakuraba et al

(a) NN RN RN RN EEEErERERE R
10 & exp.(21K) .
£ b calc. (0 K) ™ I ]
s —— calc. (0 K, shifted) 1
No5 l—
s l ]
[}

a i
p E
'%0‘0_ ||‘_
-0.5:1'|||||||1;||||||||||||||||||||ln|| |||||||'I:

3 2 1 0
Binding energy (eV)

{h] s T S

101 & exp. (300K)

§ [ oo calc. (300 K) F
b [ —— calc. (300 K, shifted) i
% 0.5 :[—++ / .
S €1 1
-\\+++§Q+\¢j/ E $
& i

&
| . a1

05 by Vi Tvere L e Les vo b sl sy potagd
3 2 1 0
Binding energy (eV)

Figure 13. Binding energy dependence of spin-polarization at 21 K and 300 K for Co,MnSi epitaxial thin film measured by SR-
HAXPES. Reproduced from [85]. CC BY 4.0.

measurements in HAXPES due to the small photoionization cross section, Ueda et al developed a dedi-
cated sample holder that integrates an Au thin film serving as a Mott detector together with the sample,
and realized SR-HAXPES using a two-dimensional photoelectron detector [84]. Using this technique,
they measured the temperature dependence of the bulk spin polarization in single-crystalline Co,MnSi
thin films and observed a spin polarization of approximately 0.9 at 21 K. Moreover, they demonstrated
that the half-metallic character remains nearly unchanged up to 300 K (figure 13) [85].

In addition, Ikhtiar et al analyzed the temperature dependence of the bulk spin polarization of CFGG
in nonlocal spin-valve (SV) devices using CFGG spin-injector and detector and a Cu channel. By apply-
ing a one-dimensional spin-diffusion model for the transparent interface condition, they determined that
the bulk spin polarization remains high, with values of 0.93 at 10 K and 0.83 at RT, indicating only a
weak temperature dependence and confirming that robust half-metallic behavior persists even at RT [86]
(figure 14).

Although indirect, AMR measurements can also provide valuable information about the temperature
dependence of half-metallic nature in the bulk region. Kushwaha et al demonstrated that the temper-
ature dependence of the AMR-induced resistance change is strongly governed by the electronic struc-
ture near the Fermi level, and that when the Fermi energy E is located close to the center of the half-
metallic gap, the temperature dependence of the resistance change becomes extremely small [87]. From
these results, it is suggested that half-metallicity is preserved up to RT in CFGG thin films with a high
degree of atomic ordering and without Co antisite defects.

Based on these theoretical and experimental findings, it is reasonable to conclude that the pro-
nounced temperature dependence of the TMR ratio observed in MTJs using Heusler alloys is unlikely to
be dominantly caused by a degradation of the spin polarization in the bulk region of the electrode mate-
rial although there should be a certain level of the contribution from the bulk region due to the position
of Fermi level in half-metallic gap.

2.2.2. Temperature dependence of interface spin-polarization in half-metallic Heusler alloys

In MTJs employing Heusler alloys, the TMR ratio exhibits not only a strong temperature dependence
but also a pronounced bias-voltage dependence. In Co2MnSi/Al-O/Co-MnSi MTJs, where an exception-
ally large TMR ratio of 570% was first observed at LT, the TMR ratio is reduced by half at a bias voltage
as small as 60 mV [33]. This characteristic voltage scale is nearly one order of magnitude smaller than
that typically observed in MTJs using conventional electrodes such as CoFe. Initially, this strong bias
dependence was attributed to the position of the Fermi level in Co.MnSi, which was presumed to lie
close to the valence-band edge of the half-metallic gap [88]. However, subsequent studies demonstrated
that even in Co:MnALSi;_, (CMAS)/Al-O/CoFe MT]Js—where the Fermi level is shifted downward by
substituting Si with Al—the bias dependence of the TMR ratio remains essentially unchanged, regardless
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(b) Temperature dependence of bulk spin-polarization of CFGG evaluated from the spin-accumulation signal in NLSV.
Reprinted from [86], with the permission of AIP Publishing.

of the Al concentration [89]. As shown in figure 15(a), when the bias polarity is the direction of that
tunneling electrons flow from the CMAS electrode to the CoFe electrode, a clear shift of the valence-
band edge of the half-metallic gap is experimentally observed. In contrast, when electrons tunnel from
the CoFe electrode into the CMAS electrode, the tunneling conductance always increases at low bias,
and the conduction band appears to be effectively pinned just above the Fermi level. As illustrated in
figure 15(b), these observations have been explained in terms of tunneling via interface states formed
within the half-metallic gap, combined with inelastic tunneling processes involving spin-flip scattering
mediated by interface magnon excitations [90]. Sakuma et al predicted from first-principles calculations
that, in Co-MnAl/MgO and CoMnSi/MgO junctions, the magnetic moment and exchange energy of

Co atoms at the interface termination layer are significantly reduced compared with those in the bulk
[91]. (figure 16) This implies a substantial lowering of the magnon excitation energy at the interface,
which naturally enhances inelastic tunneling processes accompanied by spin flips, in good agreement
with experimental interpretations. Furthermore, a local reduction of the Curie temperature near the bar-
rier interface is also expected, providing a consistent explanation for the strong temperature dependence
of the TMR ratio. Miura et al further calculated the reduction in the TMR ratio caused by noncollinear
tilting of magnetic moments in the interfacial termination layer of Co.MnSi/MgO and predicted a signif-
icant impact of such interfacial magnetic disorder [92].

These interfacial magnetic effects have also been experimentally verified. Tsunegi et al employed
depth-resolved XMCD to element-selectively measure the Co magnetic moments in the bulk and interfa-
cial regions of Co-MnSi [93]. In the reference CoFe/MgO system, the Co magnetic moments at the bulk
and in the interface were 2.30 up and 1.90 pp, respectively, indicating that approximately 80% of the
bulk moment is retained at the interface. In contrast, for Co-MnSi/MgO, the corresponding moments
were much smaller—1.06 pp at the interface and 0.60 pp in the bulk—revealing that the interfacial
magnetic moment is reduced to about 60% of the bulk value. Because the exchange stiffness energy is
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proportional to the square of the magnetic moment, such a pronounced reduction in the interfacial
magnetic moment provides a natural explanation for the experimentally observed strong temperature
and bias-voltage dependences of the TMR ratio in Heusler-alloy-based MTJs.

2.2.3. Potential solutions to obtain larger TMR ratio in half-metallic Heusler alloy-based MT]s at RT

Based on the mechanisms discussed above for the pronounced temperature dependence of the TMR
ratio, we now outline possible guidelines for realizing a large TMR ratio originating from half-metallicity
even at RT—ideally exceeding that of conventional CoFeB/MgO-based MTJs. First, regarding the bulk
electronic structure of half-metallic Heusler alloys, it has been demonstrated that Co.MnSi can retain a
high spin polarization even at RT [83, 85]. In contrast, Co2FeSi exhibits a significant degradation of half-
metallicity from LT to RT, even in the bulk state [73]. This comparison indicates that tuning the Fermi
level as close as possible to the center of the half-metallic gap is a necessary condition. However, since
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Figure 17. (a) Inserted CoFeB thickness dependence of TMR ratios at 310 K and 10 K and (b) the ratio of TMR at 310 K to that
at 10 K in Co,MnSi/CoFeB/MgO/CoFe-MTJ. Reprinted from [36], with the permission of AIP Publishing.

interfacial effects at the tunnel barrier are dominant, this condition alone is clearly insufficient to achieve
a giant RT TMR ratio.

The key to realizing large TMR ratios at RT lies, therefore, in two interfacial factors: (i) enhancement
of the magnetic stiffness at the tunnel barrier interface and (ii) suppression of in-gap states within the
half-metallic gap. To enhance the interfacial magnetic stiffness, atomic-scale control of the termination
layers at the tunnel barrier interface is expected to be effective. Tsunegi et al demonstrated that insert-
ing a 0.5-nm-thick CoFeB layer at the Co-MnSi/MgO interface increases the RT TMR ratio by approx-
imately a factor of two, while simultaneously reducing its temperature dependence [36] (figure 17). As
high magnetic stiffness of the FeCo/MgO interface has also been confirmed by XMCD [93] and related
measurements, these results strongly suggest that inserting one or two atomic layers of Fe—Co-based
materials at the interface is an effective strategy for enhancing magnetic stiffness. Nevertheless, whether
such an approach is fully compatible with maintaining the half-metallic gap at the interface remains an
open question and requires careful verification, including first-principles calculations.

A second, and equally important, strategy for improving the temperature dependence of the TMR
ratio is the suppression of interfacial states within the half-metallic gap. As illustrated in figure 15, the
formation of such interfacial states constitutes the first step toward spin-independent, inelastic tunneling
processes accompanied by magnon excitation. If these interfacial states are eliminated, electron tunnel-
ing in the antiparallel configuration could be strongly suppressed in the first place. Miura et al theoreti-
cally showed that inserting an ultrathin layer of Co2CrAl or Co.MnAl at the Co-MnSi/MgO interface can
suppress the reduction of interfacial spin polarization [94, 95] (figure 18). In particular, Co-MnAl was
predicted to be highly promising because it possesses a Ai band in the majority-spin channel (figure 2)
[95]. Experimentally, Ozawa ef al demonstrated that inserting a 0.5-nm-thick Co-MnAl layer at the
Co2MnSi/MgO interface in Co-MnSi/MgO/CoFe MTJs leads to an approximately twofold enhancement
of the RT TMR ratio [96].

Although such interfacial engineering approaches remain relatively limited so far, these results clearly
indicate that there is substantial room for further improvement. Through meticulous control of Heusler
electrodes and their interfaces, even larger TMR ratios may be achievable. MTJs are extremely sensitive
to interface quality: even in conventional CoFe/MgO/CoFe junctions, the TMR ratio remains below 10%
without careful optimization, whereas it can exceed 600% when the interfaces are precisely controlled
[65]. Similar persistence and systematic optimization will undoubtedly be required for Heusler-based
half-metallic MTJs.

Finally, it should be noted that the strong temperature dependence of the TMR ratio has so far been
observed mainly in systems combining Co-MnSi or Coz(Fe,Mn)Si electrodes with AI-O or MgO barriers
[33, 36, 38, 41, 45]. For Heusler alloys with different compositions or for alternative barrier materi-
als, a variety of experimental studies [97-99] and theoretical predictions [100-105] have recently been
reported. Since interfacial state formation and magnetic stiffness are expected to be highly sensitive to
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specific material combinations, continued exploration of new Heusler compounds and barrier materials
represents a promising direction for overcoming the remaining limitations and achieving robust giant
TMR effects at RT.

Data-driven material exploration and optimization can be one of the potential solutions to real-
ize a breakthrough. Heusler alloys constitute a highly versatile class of multicomponent materials, as
they can incorporate a wide variety of elements from the periodic table. When extended to quaternary,
quinary, or even higher-order compositions, the number of possible combinations becomes extraordinar-
ily large, opening up vast unexplored compositional spaces. Within such uncharted regions, there may
exist materials that simultaneously exhibit high bulk spin polarization and improved interfacial proper-
ties, potentially overcoming current limitations in TMR performance. Although the exploration of these
complex multicomponent systems has long been hindered by the huge size of the materials search space,
recent advances in high-throughput computational and experimental techniques, together with machine-
learning-based materials discovery, have enabled much more efficient and systematic exploration. For
example, Iwasaki et al have developed an autonomous first-principles-based materials exploration frame-
work that optimizes multiple target properties, such as a large half-metallic gap, a high majority-spin
d-state density of states, and a high Curie temperature, and successfully identified novel half-metallic
compounds [106]. Extending such approaches to more complex parameter spaces, including interfacial
composition, local magnetic structure, and atomic-scale structural variations, is expected to provide a
promising route toward future breakthroughs.

2.3. MTJs with tetragonal Heusler alloy electrodes

One of the most important applications for MT]Js is spin-transfer-torque MRAM (STT-MRAM).
Achieving high-density integration, sufficient thermal stability, and low switching current simultaneously
requires MTJs that exhibit strong PMA, so called pMT]. Conventional half-metallic Heusler alloys men-
tioned in the earlier section, however, tend to suffer from intrinsically low magnetocrystalline anisotropy
due to their cubic structure, making their direct use in pMT]Js challenging. Hiratsuka ef al demonstrated
that ultrathin Co-MnSi films deposited on L1y-CoPt can exhibit PMA below 3 nm, but controlling
Co:MnSi film quality at such small thicknesses remains difficult [107], and no large TMR ratios have
been reported for such hybrid structures.

Meanwhile, the currently mainstream CoFeB/MgO-based pMTJs rely on interface-induced anisotropy
[108] and therefore lose thermal stability as device dimensions shrink below 10 nm. Although shape-
anisotropy-driven PMA has recently shown promising performance [109], fabricating sufficiently thick
magnetic layers at such small dimensions presents a significant processing challenge.
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Figure 19. (a) Schematic view of the crystal structures of L1o-MnGa(left) and D0,,-Mn3Ga. (b) M-H curve of Mng,Gasg epi-
taxial film grown on Cr-buffered MgO(001) substrate. Reprinted (figure) with permission from [113], Copyright (2012) by the
American Physical Society.

In contrast, PMA derived from the intrinsic bulk crystalline magneto-anisotropy of the magnetic
layer is highly attractive for future high-density STT-MRAM, as it can maintain thermal stability even in
ultrathin films. L1j-ordered alloys such as FePt, FePd and CoPt are one of the most promising materi-
als for obtaining large PMA. It was theoretically predicted that FePt/MgO/FePt MT]Js could show TMR
ratios up to 380% for Fe-terminated interfaces [110]. Kim et al reported the TMR at RT in the MT]
with L1,-CoPt alloy and MgO barrier for the first time in 2008 [111]. Afterwards TMR ratios exceed-
ing 100% were observed by inserting Fe or CoFe at the FePt/MgO interface [112]. Nevertheless, practical
implementation is hindered by the necessity of high annealing temperatures (~500 °C) to achieve strong
anisotropy and by the inherently large magnetization and damping of FePt, which impede low-current
STT switching.

Mn;Ga an Mn3;Ge and related compounds that crystallize in the D05, structure (figure 19) [113]
Owing to the symmetry lowering induced by the tetragonal distortion from cubic full-Heusler phase
(L2, space group F,3,,), they adopt the space group I4/mmm and are therefore often referred to as
tetragonal Heusler compounds. In terms of crystal system, D05, shares the tetragonal setting with the
L1 structure (P4/mmm), which is also known for strong uniaxial magnetocrystalline anisotropy along
the ¢ axis. However, because the lattice centering and the detailed atomic arrangement differ, D05, is
treated as a distinct ordered phase rather than a simple variant of L1y (compare figure 19(a)) These DO0,,
Heusler-type materials have attracted substantial interest as MTJ electrode candidates for STT-MRAM.
Beyond the large PMA inherent to the tetragonal lattice, theory predicts a high spin polarization [23].
Experimentally, their ferrimagnetic nature can yield small net magnetization, and low damping has also
been reported [114], both of which are favorable for reducing the STT switching current. First-principles
studies further suggest that combining DO0,, electrodes with an MgO tunnel barrier can produce large
TMR ratios; in particular, Mn;Ge has been predicted to exhibit TMR exceeding 4000% due to its half-
metal-like character of A;-band [115].

Experimentally, Kubota et al fabricated epitaxial Mn;_s Ga/MgO/CoFe MT]Js in 2011 and reported
a RT TMR of 9.8% [116]. Introducing an Fe interlayer at the interface improved the TMR to 24% (or
57% if a fully antiparallel configuration is assumed) [117]. Sugihara et al subsequently demonstrated
MT]Js employing D0,,-Mn3;Ge/MgO and observed a RT TMR of 11.3% [118]. In these early demonstra
tions, however, Mn;Ga and Mn;3;Ge layers were typically thick (~30 nm) and required relatively high
growth temperatures (=300 °C), while MgO interface control remained insufficient; consequently, the
observed TMR values were still far below what would be required for practical STT-MRAM.

A major step forward was reported in 2016 by Suzuki et al, who realized an extremely flat template
by optimizing a Cr/B2-CoGa underlayer on MgO(001) [119]. Using this template, atomic ordered Mn—
Ga (Mng5Gasgs) films could be sputter-deposited at RT while retaining clear PMA even at a thickness
of only 1 nm. Furthermore, by inserting Mn [119], a metastable bcc-CoMn binary alloy [120], or an
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Figure 20. (a) The cross-sectional HAADF-STEM image and (b)MR curve of p-MTJ (MgO(001) substrate/Cr(40)/Coss
Gays(30)/Mng1 Gaso(3)/Mg (0.4)/CogoMnyo(1.0)/Mg(0.4)/ MgO(2)/FesoCo20B2o(1.4)/Ta(3)/Ru(5). Reproduced from [121].
CCBY 4.0.

ultrathin Mg/CogoMny, interlayer [121] at the interface between ultrathin Mn—Ga and the MgO barrier,
maximum TMR ratios of 18%, 85%, and 118% at RT (figure 20) were achieved, respectively. The benefi-
cial role of such underlayers in promoting ordering and interfacial quality—even for RT deposition—
was systematically investigated by Filippou et al and described as a chemical templating layer (CTL)
effect [122] which was shown to be extendable to a broad range of tetragonal Heusler-related materials,
including Mn3Sn, Mn3Sb, and Mn,CoSn.

More recently, by employing CoAl as a CTL on Si/SiO, substrates, which is compatible with CMOS
technology, has also been explored. Mn;Ge films were grown with a high TMR of 87%, and STT switch-
ing was demonstrated at a low current density of 10 MA/cm? even under short 0.5 ns write pulses [123].
Collectively, these advances highlight tetragonal Heusler alloys with PMA as promising material plat-
forms for next-generation STT-MRAM. In parallel, first-principles screening is expanding the candi-
date space up to ternary compositions [124], motivating further experimental exploration and materials
development.

3. CPP-GMR devices with half-metallic Heusler alloys

As discussed in the last chapter, MT]s employing half-metallic Heusler alloys suffer from a serious prac-
tical limitation: a pronounced temperature dependence of the TMR ratio, which originates mainly from
magnetic and electronic reconstruction at the tunnel-barrier interfaces. In contrast, CPP-GMR devices,
with a nonmagnetic metallic spacer, provide a more suitable platform for exploiting the intrinsic advan-
tages of half-metallicity for the following reasons.

(i) In CPP-GMR devices the MR is governed not only by spin-dependent scattering at FM/nonmagnet
interfaces but also by spin-dependent scattering within the FM bulk layers [2]. As a result,
interface-specific problems tend to have a much weaker impact on the overall MR ratio.
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(ii) The transport in CPP-GMR occurs via spin-dependent diffusive conduction, rather than ballistic
transport like tunneling. Consequently, inelastic processes associated with high-energy electrons—
such as magnon and phonon excitations that strongly degrade MR—are largely suppressed.

(iii) In MTTs, the MgO tunnel barrier plays a unique and somewhat ‘magical’ role in MTJs: coherent
tunneling through evanescent states leads to strong band-selective transport, enabling conventional
FMs such as Fe into materials exhibiting nearly half-metallic transport characteristics. In CPP-GMR
devices, however, metallic diffusive transport does not preserve electron momentum or orbital sym-
metry. Therefore, such band-selective enhancement of spin polarization does not occur, and conven-
tional FMs cannot easily generate exceptionally large spin-dependent scattering.

For these reasons, in CPP-GMR systems the intrinsic half-metallicity of the FM material itself
becomes critically important, making Heusler alloy-based half-metals particularly attractive for achiev-
ing large and thermally robust MR. In addition, CPP-GMR devices inherently exhibit lower resistance—
area products (RA) than TMR devices as they do not contain an insulating tunnel barrier. This low
resistance is advantageous for important applications like HDD read head, as explained in detail later
in section 3.2. In this chapter, the advancement of the single crystalline and polycrystalline CPP-GMR
devices will be reviewed.

3.1. Single-crystalline CPP-GMR

Magnetic Heusler alloys, extensively studied as promising spintronics materials, typically possess lat-
tice constants in the range of 5.6-5.9 A. Epitaxial growth of single-crystalline Heusler alloy thin films
has been successfully demonstrated on various substrates with matching lattice constants, such as GaAs,
MgO. Among them, MgO (001) substrates are the most widely used for CPP-GMR studies owing to its
chemical stability and lattice constant of = 5.957 A, close to the lattice constants of Heusler alloys, which
enables (001)-oriented epitaxial growth with the relationship of Heusler(001) [113]//MgO(001) [122].
MgO substrates are usually cleaned by ultrasonication with acetone, ethanol, and de-ionized water, fol-
lowed by in-situ ion milling or annealing at around 600 °C. Buffer layers consisting of materials like Cr,
Ag, CoFe, W as well as MgO itself are often deposited on MgO substrates, which can improve surface
flatness and crystallinity and suppress secondary phase formation. These effects of buffer layers orig-
inate from the modified interfacial lattice misfit and interfacial energy. The metallic buffer layers also
serve as bottom electrode in CPP-GMR devices. While polycrystalline GMR films reviewed in the later
section are compatible with the fabrication process for important practical applications such as read
head elements in HDDs, single-crystalline GMR films are indispensable for fundamental research aimed
at exploring the intrinsic potential of Heusler alloys, for the following reasons.

First, compared with polycrystalline films, single-crystalline GMR films exhibit superior stability
during high-temperature annealing. Such annealing process is essential for promoting atomic ordering
in Heusler alloy films. However, in polycrystalline films, annealing typically above 450 °C disturbs the
nanometer-sized layered structure, which is related to the grain boundary of polycrystalline films, affect-
ing recrystallization and atomic diffusion. In this respect, single-crystalline films with no grain bound-
ary can withstand high temperature annealing, allowing the intrinsic properties of the material to be
accessed.

Second, single-crystalline films enable detailed structural analysis using XRD and transmission elec-
tron microscope (TEM). The degree of atomic ordering in Heusler layers can be quantitatively evalu-
ated using established methods based on the XRD intensity ratios between fundamental and superlattice.
In particular, for Heusler alloys containing Co, Fe, and Mn with close atomic numbers, synchrotron-
based anomalous XRD (AXRD) [87, 125] has proven to be a powerful tool for precise analysis of atomic
ordering. In TEM observation, accurate alignment of zone axis is possible with single-crystalline films,
allowing atomic resolution imaging.

Third, single-crystalline films grown with (001) texture allow for well-defined interfaces between
Heusler alloy and spacer layers. These sharp and coherent interfaces contrast with those in polycrys-
talline films, where Heusler generally form (110) texture creating unmatching interface with widely used
spacer materials such as fcc-based Cu and Ag, and such unmatched interfaces can hinder spin-dependent
transport due to increased electron scattering. In this respect, matched interfaces in single-crystalline
GMR films allow investigating the intrinsic spin-dependent transport.

3.1.1. Epitaxial CPP-GMR device with Heusler alloys with positive spin polarization
Co-based Heusler alloys such as Co-MnSi are prototypical half-metallic materials and have been widely
used as electrodes in CPP-GMR devices. After it became clear that the strong temperature dependence
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Figure 21. Cross-sectional TEM image and nanobeam diffraction patterns obtained from CMS/Cu/CMS structure for electron
beam parallel to the (a) [122] and (b) [113] directions. Reprinted from [128], with the permission of AIP Publishing.

of the TMR ratio in MTJs originates primarily from interfacial effects, research efforts aimed at extend-
ing these materials to CPP-GMR systems intensified. In this section, we review studies on nonmagnetic
spacer materials, interfacial modification, and related approaches that have been carried out to achieve
larger MR ratios in epitaxial CPP-GMR structures.

3.1.1.1. Cr spacer

In 2006, GMR devices employing Co,MnSi (CMS) Heusler alloy first demonstrated an MR

ratio of 2.4% in CPP configuration [126]. The pseudo-SV (PSV) structure was MgO(001)sub.

/Cr(10 nm)/CMS(40 nm)/Cr(3 nm)/CMS(10 nm)/Cr(3 nm), where the bottom CMS layer was deposited
at 300 °C while the layers above the bottom CMS layer were deposited at RT, leaving the top CMS layer
unannealed. The devices were fabricated by patterning the film into pillar structures with lateral dimen-
sions of 0.50 x 0.23 ym?. The RA value was calculated to be 0.794 -um? from device resistance and
area, which was relatively high compared to values reported in subsequent studies. This large calculated
RA is likely due to non-uniform current distribution. The thin bottom Cr layer, in relation to the lateral
size of the pillar, may have caused current concentration near the pillar edges, leading to the high RA
value.

3.1.1.2. Cu spacer

Cu was also explored for a spacer material as Cu has large spin-diffusion length and is the standard
spacer material for GMR devices using conventional CoFe-based material. In 2009, MR ratio

of 8.6% at RT (30.7% at 6 K) was demonstrated for the SV structure consisting of MgO(001)
sub./Cr(10 nm)/Ag(200 nm)/Cr(10 nm)/CMS(20 nm)/Cu(4 nm)/CMS(5 nm)/CoFe(2 nm)/IrMn(10 nm)
/Ru(5 nm), annealed twice at 400 °C after the deposition of the bottom CFAS layer and at 300 °C after
the device fabrication [127]. The Cu spacer layer was grown epitaxially with relationship of CMS(100)
[122]//Cu(001) [001], but a small lattice rotation of about 5° between CMS and Cu and defects were
observed, which is likely due to the large lattice mismatch of —9.7% between CMS and Cu. The defects
of the Cu spacer were identified as multitwins on the (111) planes (figure 21) [128]. Such dense disorder
in Cu spacer might hinder a spin transport as well as deteriorate a structural thermal stability.

3.1.1.3. Ag spacer

In 2008, a higher MR ratio of 6.9% at RT (14% at 6 K) was reported for CPP-GMR devices with
Co,FeAlysSips (CFAS) and an Ag spacer [129]. The use of the Ag spacer was motivated by better lat-
tice matching with CFAS and its long spin-diffusion length. The SV structure was MgO(001)sub./Cr(10
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Figure 22. (a) MR curve showing 28.8% MR ratio at RT. (b) Device size dependence of device resistance and (c) ARA for Ag and
Cr spacers. Reproduced from [130]. ©2009 The Japan Society of Applied Physics.

nm)/Ag(200 nm)/CFAS(20 nm)/Ag(5 nm)/CFAS (5 nm)/CoFe(2 nm)/IrMn(10 nm)/Ru(8 nm). The bot-
tom CFAS layer was deposited RT and post-annealed at 400 °C, followed by annealing at 250 °C in an
in-plane field after the device fabrication to induce exchange bias via the IrMn layer.

In 2009, a significantly large MR ratio of 28.8% at RT was reported for a device consisting of
MgO(001)subs./Cr(20 nm)/Ag(40 nm)/Cr(10 nm)/CMS(8.8 nm)/Ag(5 nm)/CMS(8.8 nm)/Ag(2 nm)/
Au(5 nm), as shown in figure 22(a) [130]. The observed MR ratio was nearly an order of magnitude
larger than MR ratio reported in conventional polycrystalline CoFe/Cu/CoFe device [131], suggesting
a contribution of half-metallic nature of CMS on the enhancement of MR ratio even at RT. Both bot-
tom and top CMS layers were post-annealed at 500 and 450 °C, respectively, after deposition of each
layer to induce L2;-ordering. The use of a thick, low-resistivity Ag buffer layer contributed to improved
current uniformity inside the pillar, enabling accurate estimation of RA. The accuracy of RA was con-
firmed by the linear relation of the device resistance on the inverse of the device area for devices with
various sizes (figure 22(b). Here, the slope represents RA, which is estimated to be 51.4 m{2-um?, and
the intercept represents the parasitic resistance due to the current crowding in the bottom and top elec-
trodes. This study compared Ag and Cr spacers, and the devices with a Cr spacer showed higher RA.
This increased RA cannot be explained by the different bulk resistivity between Ag and Cr, indicating
higher interface resistance. Moreover, the Ag spacer sample exhibited higher ARA (figure 22(c), demon-
strating its advantages.

A report in 2010 investigated the mechanism behind the large MR achieved with Ag spacers by
combining experiments with first-principles calculation on the CMS/Ag/CMS system [132]. The
devices consisting of MgO(001)subs./Cr(20 nm)/Ag(40 nm)/CMS(tcms nm)/Ag(5 nm)/CMS(tcms
nm)/Ag(2 nm)/Au(5 nm) with various fcps from 3 to 11. By measuring the dependence of MR prop-
erty on tcys (figure 23(a), bulk and interfacial spin-asymmetry contributions are separated using Valet—
Fert model, which indicated a large interfacial spin asymmetry at CMS/Ag. First-principles calculations
indicated the high majority-spin conductance at the CMS/Ag interface owing to good Fermi-energy
matching, supporting the experimental findings. This study also reported the post-annealing temperature
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Figure 23. (a) CMS thickness dependence of ARA for the samples annealed at 350 and 500 °C with fitting based on the Valet—
Fert model. (b) Annealing temperature dependence of MR ratio for CMS/Cr/CMS and CMS/Ag/CMS. Reprinted (figure) with
permission from [132], Copyright (2010) by the American Physical Society.

dependence of MR ratio (figure 23(b), In which increased monotonically up to 550 °C, reaching 36.4%
at RT, and decreased at 600 °C. In contrast, CMS/Cr/CMS devices showed degradation at 500 °C due
to interdiffusion between CMS and Cr, indicating the superior thermal tolerance of Ag spacers. Higher
temperature tolerance of Ag spacer is advantageous as annealing at higher temperatures can improve
half-metallicity of the Heusler layers through promoted atomic ordering.

The analysis on bulk and interfacial spin asymmetry was advanced in 2011 by a study on
CFAS/Ag/CFAS [133, 134]. The resistance of the [CFAS/Ag(5)]n/CFAS multilayers (N = 1, 3, and 5)
was measured to estimate the interfacial resistance between CFAS and Ag (figure 24(a)). Further, MR
properties were measured from the devices with MgO subs./Cr(10 nm)/Ag(100 nm)/CFAS(tr)/Ag(5
nm)/CFAS(tg)/Ag(5 nm)/Ru (8 nm) with #z = 2.5-22 nm annealed at 500 °C (figure 24(b)). Based on
these results, interfacial contribution was decomposed into interfacial resistance for parallel configuration
and spin-asymmetry coefficients, yielding their values of 0.25 m{2-um? and 0.77 at RT, respectively.

In 2011, pseudo-spin valve structure consisting of MgO(001)subs./Cr(20 nm)/Ag(50 nm)/CFMS
(20 nm)/Ag(5 nm)/CFMS(10 nm)/Ag(3 nm)/Ru(3 nm), annealed twice at 500 °C and 450 °C after
deposition of each CFMS layers, demonstrated an MR ratio of 74.8%, which belongs to the highest
reported values [135]. Regarding the high MR values, Co,FeGesGags(CFGG) has been playing a central
role since its first report in 2011 [136] Co:Fe-based Heusler alloys generally exhibit higher thermal toler-
ance than CoMn-based due to the lower solubility of Fe in Ag than Mn, enabling high annealing tem-
peratures for improved atomic ordering. The advantage of CFGG was supported by the first-principles
calculation, which indicated high majority-spin conductance and high exchange stiffness at CFGG/Ag
interface [137]. In 2013, MR ratio of 57% at RT (183% at 10 K) was reported for CFGG/Ag/CFGG PSV
structure annealed at very high temperature of 600 °C [138]. This study also reported that in-situ post-
annealing after the deposition of top CFGG layer and before the deposition of capping Ag/Ru layers can
suppress diffusion at this high temperature annealing.

3.1.1.4. Ultrathin insertion layer effect at Ag spacer interface

Several studies reported the effect of thin insertion layer at the interface between the magnetic layer and
spacer layer. The NiAl thickness dependence on the MR properties for CFGG(10 nm)/NiAl(#yia1)/Ag(5
nm)/NiAl(#xia1)/CFGG showed maximum at tyja = 0.2 nm (figure 25), where MR ratio reached 82%
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Figure 24. (a) Dependence of RA on N for [CFAS/Ag(5)]n/CFAS multilayer in the parallel configuration. (b) CFAS thickness
dependence of ARA at RT and 14 K with fitting based on the Valet—Fert model. Reprinted from [133], with the permission of
AIP Publishing. Reprinted from [134], with the permission of AIP Publishing. Reprinted from [123], with the permission of AIP
Publishing.

at RT (285% at 10 K) [139]. The NiAl thickness dependence on the MR properties for CFGG(10
nm)/NiAl(#nia)/Ag(5 nm)/NiAl(#nia1)/CFGG showed maximum at tyja = 0.2 nm (figure 25) TEM
observation revealed enrichment of Ni, Al and Ga at the Ag/CFGG interface, indicating the forma-

tion of B2-ordered Ni(Al,Ga). First-principles calculations showed that CFGG and NiAl exhibit bet-

ter band matching than CFGG and Ag and that NiGa have similar properties to NiAl, supporting the
experimental results. This high MR ratio was reproduced by using a similar structure using CFGG and
NiAl insertion in 2022, reporting 87.9% which is the highest value to date [140]. The study also found
a crucial role of Ge compositions in obtaining high MR ratio, demonstrating the advantage of Ge-

rich CFGG.(figure 26). It was also reported that, by inserting an ultrathin Ni layer with a thickness of
approximately 0.2 nm at the CFGG/Ag interface, the MR ratio was enhanced by nearly 1.5 times [141].
Atomic-resolution TEM revealed that Co atoms in the terminating layer of CFGG at the interface are
replaced by Ni. First-principles calculations based on this interfacial structural model demonstrated that
this substitution increases the interfacial transmission probability of majority-spin electrons, which was
identified as the microscopic origin of the MR enhancement. The fact that the MR ratio can be signifi-
cantly improved by modifying the interface structure at the single—atomic-layer level is particularly note-
worthy, even in a system governed by diffusive metallic transport.

3.1.1.5. Composition tuning of Heusler electrodes

Composition tuning is crucial for improving MR in Heusler alloy-based CPP-GMR devices as already
discussed regarding the Ge composition of CFGG [140] Other than that, there have been various study
on composition tuning. For example, the Fe/Mn ratio was focused in Co,Fe,Mn;_,Si (CMFS), and the
GMR devices with Co,Fe,Mn;_,Si(20 nm)/Ag(5 nm)/Co,FexMn;_,Si(7 nm) for x = 0, 0.2, 0.3, 0.4, 0.5,
1 annealed at 500 °C exhibited the maximum MR ratio at x = 0.4 reaching 48% (figure 27) [142]. The
effect of composition tuning is understood by various mechanisms, such as adjusting the Fermi energy
near the center of the band gap, improved exchange stiffness at interfaces by substitution of Mn with
Fe, exclusion of abundant atoms to promote atomic ordering. Recently, high-throughput experimental
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method for composition optimization was developed and applied to the Fe/Mn ratio in Co,Mn,Fe;_,Ge
[143]. In this method, composition gradient layers were fabricated by the combinatorial sputtering sys-
tem. This system enables an alternating deposition of wedge-shaped CFG and CMG layers with each
having gradual thickness change from 0 to 0.5 nm. Repeating the set of deposition of CFG and CMG
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for 14 times fabricated 7 nm thick Co,Mn,Fe;_,Ge layer (0 < x < 1), which was used in the library
sample consisting of Co,Mn,Fe;_,Ge(7 nm)/AgSn(5 nm) Co,Mn,Fe;_,Ge(7 nm). CPP-GMR devices
fabricated densely across the sample enabled examination of the composition at fine intervals, achieving
significantly higher throughput than the conventional approach of preparing samples for each studied
composition. (figure 28) The MR ratio showed clear composition dependence, peaking at x = 0.85 for
post-annealing at 250 °C, successfully identifying the optimal composition. This study reported 38% and
45% MR ratio at annealing temperatures of 250 °C and 350 °C, respectively, which is highest for the
devices processed in this relatively low annealing temperature range, demonstrating the advantage of this
materials system for the use with temperature limitation.

3.1.1.6. Spin-dependent scattering at half-metallic FM/normal FM interface

In the studies presented above, magnetic layers in GMR devices were composed of a single Heusler alloy.
In 2021, a new approach using bilayer consisting of two FM layers CoFe/CFMS was presented

for enhanced MR properties [144]. The PSV structure was MgO(001)subs./Cr

(20 nm)/Ag(80 nm)/CosoFeso(7 — t nm)/CFMS(t nm)/Ag(5 nm)/CFMS(t nm)/CosoFeso(7 — ¢t nm)/Ag(5
nm)/Ru(8 nm) with various t of 0 (pure CoFe), 0.75, 1.5, 3, 4, 5, and 7 nm(pure CEMS), which was
annealed twice at 450 °C after the deposition of bottom and top CFMS layers, respectively. The MR
ratio showed a maximum of 50% at x = 4 nm, which is significantly higher than 25% at x = 7 nm
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Figure 30. (a) Process temperature dependence of MR ratio for CMS/Ag/CMS obtained from devices fabricated with elevated
temperature deposition and post annealing. © (2013) IEEE. Reprinted, with permission, from [145].

(pure CMFS) (figure 29). First-principles calculation indicated that the principle behind this enhance-
ment of MR is spin-scattering asymmetry at FM CFMS/CoFe interface. The calculated majority- and
minority-spin conductance at this interface showed a large difference, providing additional contribution
to MR change in the device with a shorter CFMS thickness than its spin-diffusion length.

3.1.1.7. Elevated temperature deposition of Heusler electrode

Heusler layers in these studies have been treated mainly by two thermal processes: post-deposition
annealing and elevated temperature deposition. Post-annealing is more commonly employed as this
method can suppress interdiffusion and roughness increase. On the other hand, elevated temperature
deposition can generally achieve higher atomic ordering than post-annealing when compared at the
same process temperature. This advantage is attributed to the additional energy provided by incoming
sputtered particles, which assist atomic ordering beyond the solo effect of temperature. A study in 2013
compared these two methods for CMS(20 nm)/Ag(5 nm)/CMS(9 nm) devices [145]. The devices with
elevated-temperature deposition of two CMS layers yielded a maximum MR ratio of 35% at 250 °C,
with degradation occurring at 400 °C (figure 30). Note that the Ag spacer was deposited after cool-
ing down. Post-annealing achieved similarly high MR ratios at 550 °C, with degradation occurring at
600 °C. These results demonstrated the advantage of elevated-temperature deposition for devices with
strict thermal budgets.

3.1.1.8. Wafer bonding of single crystalline CPP-GMR

Utilizing the superior properties of single-crystalline devices in practical applications is ideal, but it
is hindered by the requirement for epitaxial growth on special single-crystalline substrates. In addi-
tion, incompatibility of heat treatment at high temperatures in device manufacturing processes is
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Figure 31. Process of transferring single-crystalline CFGG/Ag/CFGG device films by direct wafer bonding and substrate removal,
followed by device fabrication. Reproduced with permission from [146]. CC BY-NC-ND 4.0.

an issue. Namely, when Heusler alloys are implemented in MRAMs and HDD read heads, the pro-

cess temperatures are limited by the thermal stabilities (thermal budget) of the back-end-of-line Cu
interconnects typically at up to 400 C and NiFe magnetic shields at up to 300 C, respectively, and

these temperature limitation prevent Heusler alloys from fully exhibiting their potential. To over-

come this issue, transferring single-crystalline device films onto device structures by direct wafer
bonding and substrate removal has been explored (figure 31) [147] In this technique, epitaxial
Si(001)sub./NiAl/CoFe structure was developed to achieve single-crystalline (001)-oriented growth,

as MgO substrates are unpractical from the viewpoints of limited available wafer size and high costs.
The single-crystalline PSV film consisting of Si(001)sub./NiAl(50 nm)/CoFe(10 nm)/Ag(50 nm)/
CFGG(10 nm)/Ag(5 nm)/CFGG(10 nm)/Ag(5 nm)/Au(5 nm) annealed at 500 °C was transferred to a
polycrystalline electrode with an Au capping layer by means of in-situ Ar ion cleaning and bonding of
the two Au surface in vacuum. CPP-GMR devices fabricated after the film transfer exhibited MR proper-
ties identical to those fabricated from the original film prior to transfer, confirming the viability of this
integration method. This was the first demonstration of the wafer bonding of epitaxial spintronic device
on the polycrystalline electrode.

3.1.1.9. STT application

Other than the large MR effects discussed so far, efficient STT arising from high spin polarization is
another advantage of Heusler-based devices. In addition, half-metallic Heusler alloys exhibit very low
damping parameter, and thus use of Heusler alloys in free magnetic layers whose magnetization direc-
tion is manipulated by STT can reduce the operation current. The physics behind low damping is
explained as follows. Damping is considered to be proportional to DOS at Ep, and the presence of only
one type of (spin-up or down) DOS in half-metallic material can result in low «. Furthermore, spin-
flip scattering channels are suppressed by half-metallicity, contributing to a further reduction in the
damping. STT serves as the operation principle for magnetization switching in magnetoresistive memory
devices and magnetization oscillation in spin-torque oscillators (STOs). In particular, GMR-based STT
devices have been applied in STOs used in microwave-assisted magnetic recording, a next-generation
HDD technology [148]. In this application, an STO is integrated into the write gap of a write head with
typical gap distance of 20 nm, and high-frequency magnetic field in the GHz range generated from the
magnetization oscillation induces excitation of media magnetizations to assist magnetization switching.
Because the STOs for this purpose require strong STT to induce oscillation of a large magnetic volume
for enhanced assist effect, all-metallic GMR structures with high current-density durability, combined
with the enhanced spin polarization provided by Heusler alloys, are suitable.

In 2016, magnetization oscillation was demonstrated in a mag-flip type STO. The structure consist
of MgO(001)sub./Cr(10 nm)/Au(100 nm)/L1y-FePt(10 nm)/CFGG (3 nm)/Ag(5 nm)/CFGG(7 nm)/Ag(5
nm)/Ru(7 nm) fabricated with complex thermal treatments: annealing at 600 °C after the Au layer to
improve the surface flatness, followed by elevated-temperature deposition of FePt at 450 °C to induce
L1, atomic ordering, and annealing at 500 °C after the deposition of the top CFGG layer to promote
the atomic ordering of the CFGG layers [149]. In this type of STO, the FePt and bottom CFGG layer
constitute the spin-injection layer (SIL), where the FePt and CFGG layers provide perpendicular magne-
tization and high spin polarization, respectively. The top CFGG layer serves as the field-generating layer
(FGL), where magnetization oscillation is induced by STT via spin injection from SIL. By applying a bias
current with a current density on the order of 10®* A cm™2, resistance change indicating magnetization
oscillation of FGL and high-frequency signals at approximately 15 GHz were detected (figure 32). The
high-frequency signal originated from the resistance oscillation by MR effect due to the magnetization
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Figure 32. (a) Spectrum of high-frequency STO signal at bias current of —8 mA. (b) Corresponding field dependence of AR. (c)
Spectrum of high-frequency STO signal at bias current of —9 mA. Reprinted from [149], with the permission of AIP Publishing

oscillation and thus represents the oscillation frequency. This study also fabricated a comparative sam-
ple using CoFe in SIL instead of CFGG and demonstrated that the samples with CFGG can reduce the
operation current by 50%, providing evidence of superior spin-injection efficiency of CFGG due to its
high spin polarization. This study was further advanced in 2017 by employing CoFe in FGL [150]. As
the oscillation of a large magnetic volume is a key in this application, CoFe with high M is ideal for this
layer.

Subsequently, a different type of STO, referred to as all-in-plane STO, was proposed and studied.
Unlike mag-flip STOs, this design eliminates the need for materials with PMA, reducing the device
thickness, which is suitable for devices fabricated in a small write gap. Additionally, all-in-plane STOs
operate with complex dynamics, in which magnetizations in both field-generating and spin-injection
layers oscillate through the mutual spin injection. While this complex operation offers benefits such
as reduced operation current and short onset time of magnetization oscillation, it also complicates
the material design. Experimental and simulation study all-in-plane STOs with CoFe SIL(3 nm)/Ag
(5 nm)/CoFe FGL (7 nm) and CFAS SIL(3 nm)/Ag (5 nm)/CoFe FGL (7 nm) revealed that using CFAS
SIL increased operation current, which was explained as follows [151]. In this type of STO, reversal of
the SIL magnetization typically initiates the oscillation process, and high spin polarization in SIL can
decrease STT acting on SIL hindering its oscillation. These results demonstrated the importance of care-
fully designing spin polarization in devices with complex dynamics.

Recently, a simplified method for analyzing STT efficiency was proposed, using basic GMR struc-
tures with in-plane magnetic layers and resistance measurement in a perpendicular magnetic field [152].
In this STT measurement, the magnetization directions are first aligned to the perpendicular direc-
tion by a strong magnetic field to overcome the demagnetizing field, and then magnetization rever-
sal of one magnetic layer is induced by applying a bias current and detected through the resistance
change, from which STT efficiency can be estimated. This technique was applied to GMR devices with
CMFG(15 nm)/Ag(5 nm)/NiFe(7 nm) annealed at 350 °C after the deposition of CMFG layer, where
the NiFe magnetization was reversed against the perpendicular field via spin injection from the CMFG
layer [143]. The results demonstrated approximately two-fold increase in the STT efficiency of CMFG in
comparison with CoFe.

3.1.2. Epitaxial CPP-GMR device with Heusler alloys with negative spin polarization
In contrast to positive spin polarization materials discussed above, several types of Mn-based Heusler
alloys are predicted to have a gap in the majority-spin band, resulting in conduction of highly spin
polarized electrons with spin direction opposite to the magnetization direction (negative spin polariza-
tion) [153]. Consequently, negative spin polarization materials can reverse the sign of MR and STT, as
follows. Asymmetric GMR devices consisting of positive and negative spin polarization materials exhibit
high (low) resistance for a parallel (antiparallel) magnetic configuration, opposite to the standard MR
behavior. Spin injection from negative spin polarization materials can exert STT with opposite direc-
tion to that from positive spin polarization materials. In particular, STT application attracts attention
because negative spin polarization materials can increase freedom in device designs, enabling perfor-
mance improvements beyond the limitation of positive spin polarization materials. Despite its potential,
negative spin polarization materials have been far less explored than positive spin polarization materials.
In 2024, Mn, VAl (MVA) demonstrated negative MR, indicating negative spin polarization [154]. The
PSV structure consisting of MgO(001)sub./Cr(5 nm)/Ag(100 nm)/Cr(5 nm)/W(5 nm)/MVA(10 nm)/
Ag(5 nm)/CosgFeso(7 nm)/Ru(8 nm), where MVA layer was deposited at 500 °C, reported a negative
MR of —4.4% at RT (figure 33). This value is much higher than that reported in PSV CPP-GMR with

30



I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 253003 Y Sakuraba et al

-200 -100 0 100 200
Magnetic field, poH (mT)

Figure 33. MR curve showing —4.4% MR ratio for MVA/Ag/CoFe. Reproduced from [154]. CC BY 4.0.

conventional negative spin-polarized materials such as FeCr [155] and the highest value ever reported,
though its amplitude is much lower than those reported in positive spin polarization materials. The
small negative MR is partly due to the CoFe layer with lower spin polarization used in the positive
spin polarization side. In addition, first-principles calculation showed that minority-spin conductance
at Ag/MVG interface is much lower than majority-spin conductance of CFGG/Ag, suggesting that Ag
spacer is not suitable in this system. The STT measurement confirmed high STT efficiency with direc-
tion reflecting negative spin polarization of MVA, demonstrating its potential for controlling STT direc-
tion in advanced device architectures. Similarly, negative spin polarization was reported in Mn,VGa
[156].

3.1.3. Compound spacer materials

3.1.3.1. NiAl spacer

Ag has been found to be a suitable single-element spacer material for Heusler alloy-based CPP-

GMR devices, with advantages such as thermal stability and high majority-spin conductance.

To further improve the MR property from the viewpoint of spacer materials, compound mate-

rials have been explored. In 2012, B2 NiAl was studied for a spacer in CPP-GMR devices with
Co,MnGag5Sngs (CMGS) [157] -based B2 structure can form a matching interface for either (001)-

or (110)-textured Heusler alloy films. This is in contrast to fcc Ag, which does not form a match-

ing interface with (110)-textured Heusler alloys typically obtained in polycrystalline films, such
unmatching interfaces potentially lead to degraded spin transport. Additionally, NiAl exhibits good
band matching with Ag, as already discussed regarding NiAl insertion [139]. The SV structure was
MgO(001)sub./Cr(10 nm)/Ag(75 nm)/NiAl(10 nm)/CMGS(20 nm)/NiAl(5 nm)/CMGS(5 nm)/CoFe

(2 nm)/IrMn(10 nm)/Ru(8 nm). From the annealing temperature dependence of MR, NiAl was found
to achieve high temperature tolerance up to 550 °C in comparison with 400 °C for Ag spacer. However,
MR ratio of 7.0% for the NiAl spacer sample was smaller than that of the Ag spacer sample, presumably
due to the short spin diffusion length of NiAl, which was reported to be 8.1 nm.

3.1.3.2. CuZn spacer

B2 CuZn, which contains neither heavy nor magnetic elements, has longer spin diffusion length than
NiAl and was also employed as a spacer material. Experimental report in 2012 used the PSV structure of
MgO(001)sub./Cr(10 nm)/Ag(100 nm)/CFGG(10 nm)/CuZn(5 nm)/CFGG(10 nm)/Ag(5 nm)/Ru(8 nm)
annealed at several temperatures from 300 °C to 500 °C [158]. At 350 °C, MR ratio reached a high
value of 25.3%, which surpasses that of the reference sample with Ag spacer at around similar annealing
temperatures, demonstrating its advantage. TEM observation confirmed the formation of CuZn spacer
and revealed that the thin CuZn spacers formed A2 structure, despite that single-layer 50 nm CuZn
deposited on MgO(001) substrate showed B2 structure (figure 34(a)). At 400 °C, significant change of
the GMR stack occurred, as revealed by change in XRD and TEM analysis (figure 34(b)). A Ag spacer
was formed instead of CuZn as Cu and Zn diffuse to several places in the stack. Interestingly, the film
after the structural change at 400 °C still shows MR though the distribution in MR is large. These
results indicate that CuZn spacer is promising for applications with process temperature below 350 °C
due to the low thermal stability. Recent detailed theoretical study on Cu-based spacer materials with B2
structure reported higher majority spin conductance of CuZn/CFGG than Ag/CFGG originating from
better Fermi-energy matching, which supports the advantage of CuZn over Ag [159].
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Figure 34. HAADF-STEM images and EDS mappmgs of CFGG/CuZn/CFGG for annealing temperature of (a) 300 °C and (b)
400 °C. Reprinted from [158], with the permission of AIP Publishing.
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Figure 35. Mg composition dependence of ARA for CFMS/Ag100—xMgx/CEMS. Reproduced from [160]. © IOP Publishing Ltd
All rights reserved.

3.1.3.3. AgzsMg spacer

L1, AgzMg is another potential spacer material. Although AgsMg shares the fcc-based structure of

Ag and thus faces similar interface mismatching issues with (110)-textured films, first-principles cal-
culation indicated better majority-spin electronic band matching at Ag;Mg/CFMS than at Ag/CFMS
suggesting superior property. Experimental study in 2017 fabricated series of PSV samples having
MgO(001)sub./Cr(20 nm)/Ag(40 nm)/CEMS(20 nm)/Ag;o0—xMgy(5 nm)/CFMS(7 nm)/Ag(2 nm)/Au(5
nm) with x ranging from 0 (pure Ag) to 26% [160]. TEM observation confirmed fcc-based structure
in x range of 0%—22% and clear L1, atomic ordering at x= 22%. The ARA value showed maximum at
x = 22% with an MR ratio of 56% demonstrating the advantage of L1, AgsMg spacer (figure 35). At
x= 26%, epitaxial growth was disturbed, resulting in decreased MR. In addition to the predicted good
band matching, it was suggested that incorporating Mg into spacer can suppress interdiffusion between
CMFS/spacer. In relation to this study, there have been reports on the fabrication of (001)-textured
Heusler based CPP-GMR stacks in polycrystalline films, suggesting that fcc-based spacer materials can
be adapted for practical applications through such techniques [161].

3.1.3.4. Nonmagnetic Heusler spacer

Heusler alloy spacer materials offer structural compatibility with either (001)- or (110)-textured films
due to their shared crystal structure with the magnetic layers. In 2009, Nikolaev et al, reported achiev-
ing a CPP-GMR ratio of 6.7% and a RA of 4 Mw pum? using a SV structure with Co,MnGe FM Heusler
layers and Rh,CuSn (RCS) non-magnetic Heusler spacer [162]. In 2016, Cu,TiAl (CTA) Heusler alloy
was investigated as a spacer material for the use with Co,MnGagsGeps (CMGG) magnetic layers [163].
Among the vast variety of Heusler alloys, CTA was selected on the basis of first-principles transport
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Figure 36. Schematic structure of the CPP-GMR read head from the recording media side (air bearing surface).

calculation, which predicted the good properties both for (001) or (110) textures. The 001-textured

PSV structure was prepared with MgO(001)sub./Cr(10 nm)/Ag(100 nm)/CMGG(10 nm)CTA(ty
nm)/CMGG(10 nm)/Ag(5 nm)/Ru(8 nm), where the CMGG and CTA layers were deposited at 300 °C.
At ty = 2 nm, an MR ratio of 17% was obtained, comparable to that of a reference sample with an Ag
spacer, demonstrating the potential of CTA. However, the MR ratio decreases severely with increasing
tn, indicating short spin-diffusion length of CTA. This study also fabricated (110)-textured single crys-
talline films on sapphire(110)subs. /Ta(10 nm)/W(100 nm) and demonstrated an MR ratio of 12.5%.
These results indicated that CTA spacer could mitigate the orientation dependence of MR output, which
is usually observed in Ag-spacer CPP-PSV. The smaller MR for (110)-texture could be attributed to the
different atomic ordering of the CMGG layers due to the different underlayer.

3.2. Polycrystalline CPP-GMR device with Heusler alloys for read head application

As discussed in previous sections, several Co-based Heusler alloys exhibit half-metallic electronic band
structures and Curie temperatures well above RT. This makes them promising candidates for generating
highly spin-polarized currents and spin sources in spintronic devices. For this reason, Co-based Heusler
alloys have been implemented as the FM layers in CPP-GMR devices for the application to future read
heads of HDDs [162, 164-167]. CPP-GMR devices with metallic spacer layers typically exhibit a lower
RA of approximately 0.05 2 um?, compared to over 0.2 Q-um? for TMR devices. This lower RA helps
reduce thermal Johnson noise in read heads [168, 169].

Figure 36 shows the schematic structure of a read head from the air bearing surface facing the mag-
netic recording media. SV type magnetic sensors are surrounded by NiFe magnetic shields that absorb
magnetic flux from the adjacent recording bits, improving the spatial resolution of the read head. To
fabricate the read heads, the SV stack is deposited on a NiFe bottom shield fabricated by plating and
planarized by chemical-mechanical polishing. Therefore, CPP-GMR devices for read head applications
must be composed of polycrystalline films. In this section, we review the development of polycrystalline
CPP-GMR devices.

As shown in figure 36, the bottom-pinned SV structure is used for read heads due to the stronger
pinning field of the magnetic pinned layer (PL) compared to the case with top-pinned SV structure.

In the bottom-pinned structure, the (0001)-textured Ru underlayer achieves the high (111)-texture of
the IrMn anti FM layer, which is critical for strong exchange bias. The magnetic PL is usually a Co-rich
bce-CoFe alloy, e.g. CozoFes, from an exchange bias perspective [170]. The PL/Ru/reference layer (RL)
trilayer is often referred to as a synthetic anti FM (SAF) structure. The magnetizations of the PL and

RL are usually designed to be equal, though this is not necessarily required. They are strongly coupled
in an antiparallel direction by the anti FM interlayer exchange coupling of the typically 0.8-nm-thick

Ru layer. The usage of the SAF structure reduces the magnetic stray field from the PL to the free layer
(FL) and enhances the stability of the pinning. Co-based Heusler alloys can be used for both PL and FL.
Additionally, selecting the appropriate nonmagnetic spacer layer is important for high-performance CPP-
GMR devices.

There are two major requirements for Heusler alloy-based CPP-GMR read heads: First, the anneal-
ing temperature is typically limited to up to 300 °C. This is due to the degradation of the soft mag-
netic properties of the NiFe shields. Second, the total thickness of the sensor stack, corresponding to the
spacing between the top and bottom shields (shield-to-shield spacing, SSS), is limited to below 25 nm,
because SSS determines the spatial resolution of the read head in the bit length direction. Considering
the thickness of each layer in the SV structure, the RL and FL should be approximately 5 nm or thinner.
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3.2.1. Selection of Heusler alloy composition

Of the many variations of Co-based Heusler alloys with high spin polarizations, a consensus has
emerged regarding the composition of alloys suitable for polycrystalline CPP-GMR devices. These are
Co,MnGe [167] and Co,(Mn, Fe)Ge [171], based on experimental observations showing a high MR
ratio than other compositions under the restriction of annealing temperature. Although reports on sys-
tematic comparisons of different alloy systems are limited, Nakatani et al [68] compared three repre-
sentative quaternary Heusler alloys for CPP-GMR, Co,Fe(Gags5Gegs) (CEGG) [136], Co,(Mng¢Feq4)Si
(CMES) [142], and Co,(MngeFep4)Ge (CMFG) [171]. These alloys exhibit relatively high ARA values
and CPP-GMR ratios. Figure 37 shows the ARA values of the CPP-GMR devices with epitaxially grown
(001) single-crystalline and polycrystalline structures. The single-crystalline devices were annealed at var-
ious temperatures ranging from 300 °C to 600 °C; the polycrystalline devices were annealed at a fixed
temperature of 300 °C. Devices with CFGG and CMFS exhibited high ARA values above 11 m{) ym?
through high-temperature annealing at 600 °C and 500 °C, respectively. This was attributed to the L2,
ordering of these alloys. Conversely, the polycrystalline films annealed at 300 °C retained the B2 ordered
structure for all alloys, with CMFG showing the highest ARA. The reason for the higher ARA value of
CMFG compared to those with CFGG and CMFS has not been reported; however, the difference in the
degree of B2 order (Sg;) is likely to be the key factor.

The B2 ordering tendency of Heusler alloys can be qualitatively predicted based on the melting
point (T,) and the order-disorder transformation temperature (7T oder—disorder)- 1m indicates the mobil-
ity of atoms. Atoms are more mobile at a given temperature for a material with lower melting point.

T order—disorder indicates the phase stability of the L2, ordered structure. Sputtered films are quenched
from vapor to solid during deposition; therefore, as-sputtered Heusler alloy films are usually in a non-
equilibrium disordered state with either an A2 or B2 structure. Upon annealing, the degree of order in
the films improves. Considering the kinetics and driving force of atomic ordering, lower T}, and higher
T order—disorder are preferred, respectively.

Table 2 summarizes the Ty, and Torder—disorder Of various Co-based Heusler alloys in bulk samples.
No Torder—disorder has been observed for Co,MnSi, Co,MnGe, and Co,FeGe, indicating that their L2,-
ordered structures are stable up to Ty,. This indicates that these alloys have a high driving force for the
atomic ordering from a disordered state. The Ge-containing alloys, such as Co,MnGe and Co,FeGe,
have lower T}, than the other alloys. Therefore, Co,MnGe and Co,FeGe have higher atomic mobility
than the other alloys and are advantageous for achieving high degree of order. Page et al studied the
compositional dependence of ARA and Sg; in polycrystalline CPP-GMR SVs with Co,(Mn,_.Fe,)Ge
(x = 0.0-0.4) [171]. As shown in figure 38(a), ARA for x = 0.2 and 0.4 was significantly higher than
that for x = 0.0 and 0.1. Conversely, Sg,, as measured by a laboratory XRD system, was the highest for
x = 0.0 and decreased as x increased, as shown in figure 38(b). While these results appear contradictory,
the authors argue that s—d scattering may explain the higher ARA for x = 0.2 and 0.4.

3.2.2. Amorphous underlayer enhancing ordering

Choi et al [172] reported an enhancement in the ARA of SVs with Co,(Mng¢Fey4)Ge (CMFG) when

a thin CoFeBTa (CFBT) underlayer of less than 1 nm was inserted for the CMFG layer. CFBT con-
tains 7 at. % of Ta to stabilize its amorphous structure at elevated temperatures. Figure 39(a) shows

the saturation magnetization of a 5-nm-thick CFBT film during continuous heating from a RT to a
high temperature. At ~450 °C, the magnetization-temperature curve of the CFBT film exhibited a kink,
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Table 2. Melting point (Tr,) and order-disorder temperature (T order—disorder) Of
bulk Heusler alloys. Torder—disorder > T'm indicates that Torder—disorder 1S NOt
observed below T, namely, intermetallic compound. © (2018) IEEE. Reprinted,
with permission, from [68].

AHOY Tm (K) Torder—disorder (K)
Co,MnAl ~1400 950

Co,MnSi 1438 > T
Co,MnGa 1440 1200

Co,MnGe 1346 > T

Co,FeAl ~1700 990

Co,FeSi 1520 1400

Co,FeGa ~1550 1100

Co,FeGe 1420 > T
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Figure 38. (a) Temperature dependence of ARA of CPP-GMR spin-valves with Co,(Mn; _,Fe,)Ge ferromagnetic layers with
various Fe content x. (b) Sg, for various x and annealing temperatures. Reprinted from [171], with the permission of AIP
Publishing.
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films (c) in the as-deposited state and (d) after annealing at 270 °C for 12 h. Reproduced from [172]. © 2017 The Japan Society
of Applied Physics.

corresponding to the crystallization of the amorphous CFBT film. Figure 39(b) shows the magnetization-
temperature curves of CMFG films deposited on Ru and CFBT underlayers. At RT, the CMFG films on
a CFBT underlayer exhibited lower saturation magnetization than that on a crystalline Ru underlayer.
When the films were heated to ~220 °C, the magnetization of the CMFG film deposited on the CFBT
underlayer increased. This increase corresponds to the crystallization of the CMFG films from amor-
phous to (110)-text polycrystals, as shown in the XRD profiles (figures 38(c) and (d)).
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Copyright (2018), with permission from Elsevier.

Li et al [66] studied the effect of the amorphous CFBT underlayer on the Sg, of CMFG films. They
characterized the atomic ordering between Co and Y-elements (Mn and Fe) using AXRD with syn-
chrotron x-ray sources. Due to their similar atomic scattering factors, the atomic ordering between Mn,
Fe, and Co cannot be distinguished by laboratory x-ray sources, such as Cu-K,, line. The atomic scat-
tering number is modulated at the x-ray energy (E) of absorption edge of the elements (6537.7 eV,
7110.8 eV, and 7708.8 eV for the K absorption edge of Mn, Fe, and Co, respectively [173]), which is
called anomalous dispersion effect. Thus, the atomic ordering between these elements exhibits contrast
near the absorption edges of the constituent elements. As shown in figure 40(a), ARA increased when
a CFBT underlayer was inserted below the CMFG RL, consistent with the report by Choi et al [172].
Figure 40(b) shows the XRD intensity of the 200 B2 superlattice reflection (I5q) for different E. At
around the K-absorption edge of Co (E = 7708.8 eV), I shows contrast for different CFBT thickness
(tcpmr), reflecting different values of Sgy. Figure 40(c) shows the dependence of Sg, on tcppr, obtained by
comparing the experimental data (figure 40(b)) with simulations. Sg, significantly increases with increas-
ing tcppr. The enhancement of Sp, in the polycrystalline CMFG layers by inserting a CBFT underlayer is
considered to be due to B2 ordering that occurs simultaneously with crystallization from the amorphous
state of CMFG.

In a follow-up study, Nakatani et al [174] reported that the dependence of Sg; on the CMFG thick-
ness for both with and without a CFBT underlayer. With a CFBT underlayer, a 4-nm-thick CMFG film
maintained Sg; of 0.85, which was much higher than the S, value of 0.57 for a 4-nm-thick CMFG film

without a CFBT underlayer.

3.2.3. Spacer materials

3.2.3.1. AgSn alloy spacer
In the early development of Heusler alloy-based CPP-GMR read heads, Cu spacer layers were used [165—

167]. However, since an Ag spacer layer performs better than a Cu spacer layer in epitaxially grown
single-crystalline CPP-GMR devices (see section 3.1.1), Ag was considered for use as a spacer layer in
polycrystalline CPP-GMR devices. However, there are fundamental issues with using Ag as a spacer

36



10P Publishing

J. Phys. D: Appl. Phys. 59 (2026) 253003 Y Sakuraba et al

T T T T T T T
4 ]
é\ Y- i_ =
< -—_
3L S5 .
—_ X
~ =
E Sad
~ ™~
o 2f <~ J
g ~I--.
- =< ==
b ~I=e
e 1| ® |
< ® g
@® hrgsn Fit SDL values
@ roiAgsniig A= 70 IM
o @ Agsn/ag/agsn Ay 11-18 nm e
. L . R L L .
4 6 8 10 12 14 16

Spacer Thickness(nm)
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~70 nm and 11-15 nm, respectively. Reprinted from [176], with the permission of AIP Publishing.

layer in polycrystalline devices. For example, the surface of Ag films tends to be relatively rough, which
increases the FM orange-peel coupling between the FM layers separated by a Ag spacer. Additionally, Ag
has poor corrosion resistance during the rapping process of recording head manufacturing. Additionally,
polycrystalline Ag thin films tend to agglomerate due to recrystallization at elevated temperatures during
annealing of the Heusler alloy FM layers [175]. This increases the roughness of the Ag spacer layer and
further increases the orange-peel coupling.

To overcome the disadvantages of Ag spacer layer, Read et al developed a AgSn alloy spacer layer
containing Sn of up to 20 at. % [176]. Alloying Sn with Ag significantly improved corrosion resistance,
as demonstrated by submerging Ag and AgSn films in distilled water. The grain size of the AgSn films
was smaller than that of the Ag films, and the AgSn films exhibited a smaller tendency toward grain
growth (recrystallization) at elevated temperatures compared to the Ag films. Due to these properties
of AgSn, the thickness of AgSn spacers can be reduced to 2-3 nm while maintaining a relatively small
orange-peel coupling strength. This ensures magnetization rotation in response to an external magnetic
field. This is also advantageous for reducing the total thickness of CPP-GMR devices, which is crucial
for improving the spatial resolution of read heads. Alloying Sn with Ag increases its resistivity up to
~70 pf2-cm and reduces the spin diffusion length to 11-15 nm at RT (~70 nm for pure Ag), as shown
in figure 41. The spin diffusion length of AgSn with 4% Sn has been reported to be ~26 nm at 4.2 K
[177, 178]. However, the AgSn spacer layer thickness of 3 nm is much shorter than the spin diffusion
length of AgSn. Thus, the CPP-GMR ratios using AgSn spacer layers are comparable to those using pure
Ag spacer layers. Currently, AgSn is used as a standard spacer material for polycrystalline CPP-GMR
devices [68, 161, 171, 179].

3.2.3.2. Unconventional spacers

In addition to metal and alloy spacers, various other spacer materials have been developed. In the early
stages of CPP-GMR head development, as illustrated in figure 42, a current confinement path (CCP)
spacer layer was used for CoFe FM layers [180—182]. In the CCP spacer layer, metal channels, typically
made of Cu, are dispersed in an insulating matrix, such as amorphous AlO,. The electric current is con-
centrated through the metal channels, which enhances the MR ratio. Such a Cu:AlO, nanocomposite
CCP spacer layer is formed by oxidizing a CuAl film. CCP spacer layers have also been adopted for use
in Heusler alloy-based CPP-GMR devices [183].

Shimazawa et al reported a CPP-GMR ratio of 21.4% at RA = 0.2 © pm? using SVs with CoFe FM
layers and a Cu/ZnO/Zn spacer layer, as shown in figure 43(a) [184]. Based on the TEM observations
and the noise characteristics of the devices, they concluded that the electronic transport through the
Cu/ZnO/Zn spacer layer was metallic and not tunneling, and that formation of CCP was not confirmed.
Later, they reported a CPP-GMR ratio of 25% at RA = 0.2 Q um? using a Cu/GaO,/Zn spacer layer,
where the GaO, was amorphous [185].

Nakatani et al reported an MR ratio of 25% at RA = 0.1 2 um? with CPP-GMR SVs using
CFMG FM layers and a Ag/In-Zn-O (IZO)/Zn spacer layer [179, 186]. IZO is known to be a trans-
parent conductive oxide. Using a AgSn metallic spacer layer for SV yielded an MR ratio of 15% at
RA = 0.05 Q pm?. Obtaining a large MR ratio at RA = 0.1 Q pm? is significant because the required
MR ratio for 2 Tbit/in? is minimized at this RA value [168, 169]. However, this RA range had never
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Figure 42. Schematic structure of CPP-GMR spin-valve with CCP-spacer where Cu metallic paths are dispersed in insulating
Al O3 matrix. Reproduced from [182]. © IOP Publishing Ltd All rights reserved.
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Reprinted, with permission, from [184] and (b) pseudo spin-valves with CMFG ferromagnetic layers and Ag—In—-Zn—-O spacer
precursors, which resulted in Ag—In:Mn-Zn—O nanocomposite spacer layers. Reprinted from [188], with the permission of AIP
Publishing.

been achieved by either CPP-GMR devices with metallic spacers or TMR devices. Through TEM anal-
ysis, the MR enhancement mechanism using the Ag/IZO/Zn spacer layer was found to be similar to that
of CCP spacer layers, such as Cu:AlO, [187]. They found that the actual spacer structure in the nomi-
nally CMFG/CoFe/Ag/1Z0/Zn/CoFe/CMFG CPP-GMR device was a nanocomposite where Ag-In metal-
lic paths were dispersed in a Mn—Zn—O matrix (Ag-In:Mn-Zn—O nanocomposite). This nanostructure
is believed to result from a reduction-oxidation reaction between In,O; in IZO and Mn in CMEFG, i.e.
In;O3 + 3Mn — 2In + 3MnO. The reduced In atoms alloy with Ag, and the Ag-In paths are formed.
Using an Ag-In—Zn-O ‘precursor’ co-sputtered from Ag and IZO targets further improved the MR ratio
[188]. The Ag—In—Zn—O precursor also resulted in an Ag-In:Mn-Zn—-O nanocomposite spacer, and

an MR ratio of up to 54% at RA = 0.075 2 um? in pseudo SVs with CMFG FM layers, as shown in
figure 43(b). This large MR ratio is explained by the high spin polarization of the CMFG layers and the
good matching of the spin resistance between the CMFG layers and the Ag-In paths, as predicted by the
theoretical model developed for CCP spacers [189].

3.2.4. Summary and future outlook
In this chapter, we have reviewed the progress of CPP-GMR devices employing Heusler alloys, cov-
ering both single-crystalline and polycrystalline films. Single-crystalline CPP-GMR devices allow
investigation of the intrinsic potential of Heusler alloys and a microscopic understanding of spin-
dependent transport, owing to well-defined crystal structures, high thermal stability, and atomically
sharp matched interfaces. Large MR ratios and high STT efficiency are demonstrated, clearly highlight-
ing the advantage of half-metallic Heusler alloys. Through these extensive studies, the design principles
have been established, revealing the importance of precise composition tuning of Heusler alloys, spacer
materials with high majority-spin conductance at the interface, interfacial tailoring at the monolayer
level.

In contrast, polycrystalline CPP-GMR devices play a central role in practical applications, particularly
HDD read heads. This application imposes two major requirements: the annealing temperature and the
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thickness of the stack are limited to typically below 300 °C and 25 nm, respectively Accordingly, exten-
sive efforts have been made for optimization under these limitations, including the selection of Heusler
alloy compositions, underlayers, and spacer materials. In particular, a CCP spacer layer is unique and
has been proven effective in increasing MR ratio and tuning RA into an optimal range for application.
As a result, sizable performance has been achieved even under severe thermal and structural constraints.
Nonetheless, a performance gap remains between single- and polycrystalline devices, which primarily
originate from incomplete atomic ordering in thin polycrystalline Heusler alloys layers due to limited
annealing temperature, as well as from unmatched interface with the spacer. A key challenge is therefore
the development of fabrication technique to induce high atomic and interfacial order in polycrystalline
films within thermal budgets. Several promising directions have been reported from recent studies, as
introduced below.

Non-equilibrium annealing using nanosecond-pulsed laser offers one such approach, as it prevents
sustained exposure to high temperatures. Because laser absorption and heat generation occur predomi-
nantly near the film surface, steep temperature gradients along the thickness direction can provide suffi-
cient thermal energy to Heusler-based device layers at the surface while protecting underlying structures
with strict thermal limits [190].

Controlling the texture of the polycrystalline films has been considered. While Heusler alloys in poly-
crystalline films tend to form (110)-texture corresponding to the densest atomic plane, engineering the
growth direction toward (001)-texture can prevent the problem of unmatched interface with fcc-based
spacer materials such as Ag. Recent studies have reported fabrication of (001)-texture polycrystalline
Heusler-based films and its advantage over the conventional (110) texture, indicating the benefits of con-
trolled texture on interfacial spin transport [161].

In addition, the use of underlayers with atomic ordering can promote atomic ordering of Heusler
layers deposited on top, which is called chemical template layer. During the growth of Heusler alloys,
sputtered constituent atoms occupy a specific site on the template layer due to the preferential chemical
bonding, promoting the atomic ordering at the initial growth. Using this method, improved magnetic
properties have been reported for Mn-based Heusler alloys with thicknesses as small as approximately
2 nm [122].

Continued efforts to employ the above emerging techniques, as well as to explore other novel strate-
gies, will be essential for further improving the performance of Heusler-based CPP-GMR devices and
for narrowing the gap between single-crystalline and polycrystalline devices in future magnetic recording
and spintronic applications.

4. Ge-based vertical spintronic devices based on Heusler compounds

4.1. Issues in SC-based spintronic devices and proposal for vertical-type Ge-channel spin field-effect
transistors (FETs)
As emerging technologies for low-electric-power consumption SC devices, spin FETs [191, 192], which
combine the processing functionality of conventional transistors with nonvolatile memory functional-
ity due to the MR effect, have been extensively explored [193-202]. Until now, prototype operations
of back-gate-type spin metal-oxide-SC FETs (MOSFETs) [203] and vertical-type spin MOSFETs [204]
have been demonstrated. In [203], however, an insulator MgO tunnel barrier was used for achiev-
ing spin injection from a FM into silicon (Si), resulting in high resistance of the SC devices. In addi-
tion, the channel layer was made of a commercially available Si-on-insulator substrate with doping.
Because the gate electrode was a simple back-gate structure, a high voltage above 50 V was required to
achieve the switching operation and their prototype devices were not suitable for high device integration.
Furthermore, the magnitude of the MR ratio was ~0.04%, significantly lower than conventional TMR
and CPP-GMR devices and insufficient for actual applications. A vertical-type spin MOSFET, where a
current flows perpendicular to the film plane and is controlled by a gate electrode applied from the side
surface of the SC channel, has been expected to achieve both large MR ratio and large current modu-
lation at low voltages. A GaMnAs-based vertical spin MOSFET is one of the examples of experimental
demonstration [204]. While the large MR ratio up to ~7% was obtained and the operating gate volt-
ages were lower than Ref [203], the operation temperature was limited to LTs because of the low Curie
temperatures of the GaMnAs FM layers. From the viewpoint of practical applications and RT operation,
technological breakthroughs are required to overcome these limitations.

For the next-generation SC-based spintronic devices with ultra-low electric power consumption
and RT operation, a germanium (Ge)-based vertical-type spin transistor based on FM Heusler alloys
(figure 44(a)) has been proposed [194]. Ge has higher electron and hole mobility than Si, making it
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an ideal candidate for next-generation SC material. Although details will be given later, Ge has good
compatibility with Heusler alloys, as shown in figures 44(c) and (d). The basic device structure of the
Ge-based vertical-type spin transistors is similar to conventional FETs [205-208]. Source and drain

FM electrodes consist of highly spin-polarized FM Heusler alloys and an intermediate Ge layer is com-
posed of a SC Ge. Similar to the spin MOSFET proposed in [192] it is expected that spin transistors
show magnetoresistive effect depending on the magnetization configuration between top and bottom
FM electrodes in addition to the switching operation by a gate voltage, as shown in figure 44(b). To
achieve the vertical-type Ge spin transistor, it is necessary to develop growth techniques of a vertically
stacked FM/Ge/FM heterostructure and to observe magnetoresistive effect in Ge-based vertical SV (VSV)
devices. Then, after observing gate modulation of drain currents in a vertically stacked FM/Ge/FM
structure with a surrounding gate, magnetoresistive effect and the switching operation by a gate volt-
age must be simultaneously observed [205-208]. Because of the difficulty in fabricating all-epitaxial

FM metal/SC/FM metal heterostructures, there have been not many reports demonstrating the fabrica-
tion of such heterostructure [194, 209-214]. In particular, only a few research groups can fabricate all-
epitaxial FM metal/SC/FM metal heterostructures on a Si platform, which are very important for practi-
cal applications [194, 209].

In this section, recent progress in growth techniques of all-epitaxial Heusler alloy/Ge/Heusler alloy
heterostructures on a Si platform and in observations of magnetoresistive effect in all-epitaxial Ge-based
VSV devices is reviewed. First, crystal growth techniques of epitaxial Ge layers on a FM Heusler alloy
are presented. Then, representative results of RT nonvolatile memory effect in Ge-based VSV devices
with a Heusler alloy electrode are described. Finally, recent studies on all-epitaxial Co-based Heusler
alloy/Ge/Co-based Heusler alloy heterostructures are presented. Future outlook on a vertical-type Ge-
based spin transistor based on FM Heusler alloy electrodes is also presented.

4.2. Growth of single-crystalline Ge films on a FM Heusler compound

The concept of the formation of the vertically stacked Heusler alloy/Ge/Heusler alloy heterostructures

is explained as follows. The crystal structure of Heusler alloys, X,YZ, is different from that of Ge, as
shown in figures 44(c) and (d). When the X and Y are the same element, it is called as a D03-ordered
structure. The lattice mismatch between ideally ordered full-Heusler alloys such as Fe;Si, Co,MnSi,

and Co,Fe(ALSi) and Ge is less than 1% [193, 194]. Here it is found that there is a good atomic-
arrangement matching at the (111) plane, as shown in the triangles of figures 44(c) and (d). For exam-
ple, an L2;-ordered X,YZ has a periodic stacking structure consisting of two X, one Y, and one Z layers
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along the <111> direction, as shown in figure 44(e). In this special condition, low-temperature epitax-
ial growth of some FM Heusler alloys on Ge(111) or Si(111) substrates has been explored by MBE [193,
194]. Basically, Knudsen cells have been used even for the Si evaporation to perform finely controlled
supply of each element during the growth. In order to form highly ordered structures, atomic composi-
tions for the Heusler alloy films were precisely adjusted [196, 215-221].

To realize two-dimensional epitaxial growth of Ge layers on a FM Heusler alloy, one of the binary
Heusler alloys, FesSi [222-224], has been used. The reasons are as follows. First, high-quality single-
crystalline FesSi films were obtained on Ge(111) [215, 216] or Si(111) substrates, indicating good com-
patibility with the Si technologies. Second, the crystal growth mechanism of epitaxial Fes;Si films on
Ge(111) has been well understood [215, 216]. Since the formed Fe;Si/Ge(111) heterointerface is atom-
ically flat, the surface of the grown Fe;Si layer is also atomically smooth, leading to a favorable condi-
tions for the epitaxial growth of Ge films. Using the surface of the Fe;Si/Ge(111) heterostructure, epi-
taxial growth of Ge layers is explored by MBE [225, 226]. In-situ reflection high energy electron diffrac-
tion (RHEED) patterns of the Fe;Si layers clearly exhibited symmetrical streaks, indicating good two-
dimensional epitaxial growth (figure 45(g)). On top of the Fe;Si surface, Ge layers are grown on the
top of the Fe;Si with rising the growth temperature from 200 to 400 °C [225, 226]. The RHEED pat-
tern during the growth shows weakly spotty (see arrows in figure 45(d)), indicating that the precise
temperature control could not fully prevent the three-dimensional epitaxial growth of Ge layers. From
TEM observations, there were many stacking faults in the Ge layer and the surface of the Ge layer was
rough [226]. The rough Ge surface prevents good two-dimensional epitaxial growth of a top-Fe;Si layer
(figure 45(a)).

To realize two-dimensional epitaxial growth of Ge layers on Fe;Si, a new concept with an artificially
controlled arrangement of the surface atoms on Fe;Si was proposed [225]. Although the D0;3-ordered
structure should have an Fe or a Si atomic layer on top of Fe;Si(111), the actual top atomic layer of the
grown Fe;Si layer consists of the mixed layer with Fe and Si atoms as shown in the upper left figure of
figure 45(j) because of some structural disorder [215, 216]. Since there is a Si atomic layer in the DO03-
ordered structure FesSi at the (111) plane, a Si(111) atomic layer is artificially formed on the disor-
dered surface of the grown Fes;Si(111) by precisely controlling the evaporation of Si atoms, as shown
in the upper center figure in figure 45(j). Even though the surface of the Fe;Si layers is terminated with
a few Si atomic layers, the RHEED pattern can still show streaks (figure 45(h)). It is noted that there is
almost no difference in the RHEED patterns between disordered and Si-terminated surfaces. Using the
Si-terminated surface, Ge layers are grown on Fe;Si. Interestingly, two-dimensional epitaxial growth of
the Ge layer is demonstrated (figure 45(e)) even in the same growth temperature condition. To confirm
the effect of the Si termination, the growth for the Fe-terminated surface is also investigated, where the
surface of the FesSi layers is terminated with a few Fe atomic layers as shown in the upper right figure
in figure 45(j). Although the Fe-terminated surface is also atomically flat (figure 45(i)), two-dimensional
epitaxial growth of Ge layers cannot be demonstrated (see arrows in figure 45(f)). Therefore, it is con-
cluded that the Si termination of the disordered Fe;Si layers is very important to obtain the high-quality
Ge layers on Fe;Si(111) [225]. Reflecting the surface flatness of the Ge layers, two-dimensional growth of
top-Fe;Si layers is realized only for Si-terminated sample (figures 45(a)—(c)).

Figures 45(k) and (1) show cross-sectional TEM images of Fe;Si/Ge/Fe3Si/Ge(111) heterostructures
for the Si-terminated sample and Fe-terminated FesSi one, respectively. For the Si-terminated sample,
uniform heterostructure is obtained over the observed area and the lattice images of the Ge layer are
very clear. Also, the nanobeam electron diffraction (NED) patterns of the Ge layer were almost equiva-
lent to that of the Ge substrate. Furthermore, from the NED patterns of the top- and bottom-Fe;Si lay-
ers, the presence of D03-ordered structure was confirmed. For the Fe-terminated sample, in contrast,
there are lots of stacking faults in the Ge layer (see blue arrows). Observing the region near the Ge/Fe;Si
interface, the presence of amorphous phases in the Ge layer (see the areas marked by blue dashed lines)
can be seen. The stacking faults in the Ge layer occur at the position near the amorphous phases. Note
that even though the growth temperature of Ge is the same between the Si-terminated sample and Fe-
terminated one, there are clear differences in the crystal quality of the Ge layer. It is speculated that,
compared to the Fe-terminated surface, the Si-terminated one can reduce the crystallization tempera-
ture of Ge and/or enhances the surface migration of Ge on the Fe;Si(111), which is caused by the dif-
ference in the bonding energy between the Ge-Si bond and Ge-Fe bond. From these results, the Si-
terminated surface on the Fe;Si(111) is quite effective to realize the low-temperature two-dimensional
epitaxial growth of Ge. Because the surface of the Ge layer for the Fe-terminated sample is largely rough,
the surface of the top-Fe;Si layer was also largely rough. Reflecting the large surface roughness of the Ge
layer, the presence of D0s-ordered structure in the top-Fe;Si layer could not be confirmed. That is, it
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Figure 45. (a)—(j) Schematic diagrams of the atomic arrangements of as-grown FesSi layers on Ge(111) (lower) and RHEED
patterns for the top-FesSi layers, the grown Ge layers, and the bottom-Fe3Si layers for various surfaces of the bottom-Fe;Si layers,
observed along [221] azimuth. Cross-sectional TEM images of Fe3Si/Ge/FesSi heterostructures on Ge(111) substrates for the (k)
Si-terminated and (1) Fe-terminated samples.

was revealed the crystal quality and the surface flatness of the Ge layer also influence of the crystal qual-
ity of the top-Fe;Si layer. Since the Si-termination growth technique could also be used for the growth
of Ge on Fe;Si/Si(111) [227], all-epitaxial Fe;Si/Ge/Fe;Si trilayer structures, a basic structure of a Ge-
based vertical magnetoresistive device, could be obtained on Ge(111) and Si(111).

In subsequent studies, however, it was revealed that when all-epitaxial Fe;Si/Ge/FesSi trilayers were
formed only by MBE, the diffusion of Ge into the top-Fe;Si layer could not be sufficiently suppressed
[228]. To overcome this problem, CoFe has been used as a top FM layer [229-233]. As another factor
for the degradation of the magnetization reversal processes, the elevation of the growth temperature dur-
ing the initial growth of Ge from 200 to 400 “C could also induce the interfacial reaction and/or atomic
interdiffusion [225, 226]. Although surfactant-mediated epitaxy [213, 234] or solid phase epitaxy (SPE)
[211] was effective for demonstrating two-dimensional epitaxial growth of Ge even on FM materials, the
thickness of the Ge layer was limited to less than 10 nm [211, 213, 234], resulting in some limitations
for designing device structures. In [230], low-temperature growth technique of epitaxial Ge layers on
Fe;Si by combining SPE and MBE was developed. By introducing a few-nm-thick SPE-grown Ge layer
between MBE-grown Ge and Fe;Si, two-dimensional epitaxial growth of Ge layers was achieved by MBE
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Figure 46. (a) Schematic of a CoFe/undoped p-Ge/Co,FeSi/FesSi heterostructure grown on Ge/Si(111). (b) High-magnification
scanning electron micrograph image (top view) of the fabricated CoFe/undoped p-Ge/Co,FeSi/Fe;Si vertical spin-valve device.
(c) Magnetoresistance major hysteresis (gray) and minor (red and blue) loops at room temperature for a representative VSV
device. Reprinted from [233], with the permission of AIP Publishing.

even at a growth temperature of ~175 °C. Thanks to the development of the low-temperature growth
technique of Ge, all-epitaxial CoFe/undoped p-Ge/Fe;Si layers with a reasonable magnetization reversal
process was demonstrated. After that, low-temperature growth of antimony (Sb)-doped n-type Ge layer
on FesSi/Si(111) was also achieved [231]. Utilizing these studies [231], low-temperature growth of Ge-pn
junctions between FM alloys, CoFe and FesSi, on Si(111) was studied [232]. Current-voltage characteris-
tics of the vertical CoFe/undoped p-Ge/Sb-doped n-Ge/FesSi devices showed evident rectifying behavior,
indicating pn diode, even at RT. However, at the time of this study, spin transport in the CoFe/Ge-pn
junction/Fe;Si devices could not be observed because of the following two critical issues. First, the thick-
ness of the Ge-pn junction (p-Ge: ~50 nm, n-Ge: ~50 nm) had to be reduced because the spin diffu-
sion length of p-Ge is very small (~8.4 nm [235]). Second, the large impact of the spin-orbit interac-
tion from the dopant species should be considered. After it was experimentally revealed that the RT spin
diffusion length of P-doped n-Ge (440 nm [236]) is larger than that of Sb-doped n-Ge (150-290 nm
[231]), low-temperature growth of phosphorus (P)-doped n-Ge in Ge-based VSV device structures has
been explored [237].

4.3. VSV devices with a Co,FeSi electrode
According to the standard models [2, 202], the two-terminal MR ratio in FM/SC/FM structures depends
on the interface spin polarization at the FM/SC contacts, therefore, the performance of other highly
spin-polarized FM materials in all-epitaxial Ge-based VSV device structures should be explored.
Although all-epitaxial Co,FeSi/Ge/Co,FeSi structures on Ge have already been explored [234], and the
RT spin polarization of Co,FeSi (0.5-0.8) is higher than that of Fe;Si (0.2) [238], the MR effect and
its clear enhancement at RT have not yet been observed in VSV structures on Si. As a first step for all-
epitaxial Ge-based VSV devices based on Co-based Heusler alloy electrodes, a Co,FeSi layer was used as
a bottom FM electrode in Ge-based VSV devices (figure 46(a)) [233]. The detailed growth procedure of
the CoFe/Ge/Co,FeSi/Fe;Si structures on Ge/Si(111) was explained in [233]. Here the Fe;Si layer was uti-
lized as a buffer layer to obtain a smooth surface of the Co,FeSi layer and the Ge/Si(111) substrates were
used as a growth substrate because of the small lattice mismatch between Fe;Si and Ge. As a result, a 10
nm-thick Co,FeSi layer could be grown on Fe;Si with a smooth surface. From in situ RHEED observa-
tions, an all-epitaxial CoFe/Ge/Co,FeSi/Fe;Si structure was successfully formed on the Si platform.

To characterize the electrical properties, the grown CoFe/undoped p-Ge/Co,FeSi/FesSi layer was
patterned into VSV devices by conventional electron-beam lithography and Ar ion milling [233].
Figure 46(b) shows top-view scanning electron microscopy (SEM) images of a representative device. To
achieve an antiparallel magnetization state between the top CoFe and bottom Co,FeSi/Fe;Si under MR
measurements, a large shape anisotropy was intentionally applied to the top CoFe layer, where the CoFe
layer was designed with a pointed end (cyan), as depicted in figure 46(b). On the other hand, the bot-
tom Co,FeSi/FesSi bilayer was fabricated with a simple rectangular shape (green). The junction size of
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5 nm

Figure 47. Cross-sectional HAADF-STEM images and EDX elemental maps for (a) CoFe/CMS/Ge/CMS/FesSi on Ge/Si(111)
[239, 246]and (b) CoFe/CFAS/Sn-doped Ge/Co,FeSi/FesSi on Ge/Si(111) [246]. Reprinted from [239], Copyright (2024), with
permission from Elsevier. Reproduced from [246]. CC BY 4.0.

the CoFe/undoped p-Ge/Co,FeSi was roughly estimated to be less than 0.7 um? from the SEM observa-
tions. The Au/Ti bonding pad for the top CoFe layer was isolated from the bottom Co,FeSi/FesSi layer
and Si substrate by a 100-nm-thick SiO, layer. Thus, each Au/Ti bonding pad was connected only to the
top CoFe layer and the bottom Fe;Si buffer layer. As a result, the fabricated VSV devices are conven-
tional CPP-type devices.

For these VSV devices, the two-terminal MR effects are measured by applying in-plane external
magnetic fields (H) along the long axis of the wire-shaped FM electrode, as depicted in figure 46(b).
Figure 46(c) shows representative MR curves (gray) and minor loops (red and blue) at RT. Clear minor
loops with abrupt magnetization switching between parallel and antiparallel states can be seen. The aver-
age MR ratio at RT is ~1.4%, one order of magnitude larger than those observed for the CoFe/undoped
p-Ge/FesSi VSV devices reported in [229]. Although it is difficult to quantitatively estimate the spin
polarization of Co,FeSi because of lack of parameters in the VSV devices, it has been inferred that the
large enhancement of the MR ratio for the CoFe/undoped p-Ge/Co,FeSi VSV devices is due to the
increase in the interface spin polarization resulting from Co,FeSi, as previously discussed in [238].

4.4. All-epitaxial Co,YZ/Ge/Co,YZ VSV structure on a Si platform

To improve the performance of Ge-based VSV devices, vertically stacked FM/Ge/EM structures based
on half-metallic Co,YZ electrodes have been explored. In [234], the growth temperature of the inter-
mediate Ge layer can be reduced by utilizing the surfactant effect of Sn during Ge growth. However,
some issues were encountered including the interfacial reaction between the Co,FeSi and Ge layers. To
overcome these issues, some approaches have been currently explored. One is the use of another Heusler
alloy, Co,MnSi (CMS [237, 239] and Co,FeAlysSips (CFAS), instead of Co,FeSi [233, 240] where both
CMS and CFAS are well known as highly spin polarized materials [63] and can be utilized for MTJs
(33, 45, 51, 241], CPP-GMR [132, 133], SC-based LSV devices [242-244], and oxide-based structures
[245]. Another is the further reduction in the growth temperature of Ge less than 200 °C by adding Tin
(Sn) during the Ge growth [240]. In this subsection, recent studies for obtaining the vertically stacked
Co,YZ/Ge/Co,YZ heterostructures are presented [237, 239, 246].

The detailed procedures for the growth of all-epitaxial CMS/Ge/CMS heterostructures and
CFAS/Ge/Co,FeSi ones were described in [240] and [246], respectively. For each sample, the CoFe layer
was grown on the top Heusler alloy layer to make the difference in the magnetization switching fields
between the top and bottom Heusler alloy layers. Figure 47(a) shows a cross-sectional bright-field-STEM
image and EDX elemental mappings for the CoFe/CMS/Ge/CMS/FesSi structure on Ge/Si(111). From
the EDX elemental mappings, the CoFe, top-CMS, Ge, and bottom-CMS layers are clearly separated, and
Co, Mn and Si atoms are detected in the range of ~3 nm above the Ge intermediate layer as well as the
range of ~5 nm below the intermediate Ge layer. It is indicated that the atomic interdiffusion between
the top-CMS, the intermediate Ge and the bottom-CMS layers is nearly suppressed at the interface by
combining SPE, low-temperature MBE, and the Fe atomic layer termination technique [230, 242]. From
these results, it is concluded that an all-epitaxial CMS/Ge/CMS VSV structure is demonstrated.

Cross-sectional high-resolution HAADF-STEM images and EDX elemental maps of the
CoFe/CFAS/Ge/Co,FeSi/Fe;Si structure on Ge/Si(111) are displayed in figure 47(b). For this heterostruc-
ture, to reduce the growth temperature of Ge without surface segregation of Sn during the growth, Sn
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doping was performed only at the initial stage of Ge growth [246]. In the left HAADF-STEM image,
the Ge layer is epitaxially grown on CFS, and the top CoFe/CFAS layer is also epitaxially grown on Ge.
The EDX elemental maps show that CoFe, CFAS, Ge, Co,FeSi, and Fe;Si layers are separately grown.
Notably, the doped Sn was observed predominantly in the intermediate Ge layer. This indicates that the
method of Sn doping only at the initial stage of Ge growth is effective. At the bottom interface between
Co,FeSi and Ge, atomic interdiffusion between Co and Ge with several nanometer regions is observed.
However, at the top interface between CFAS and Ge, the presence of the Fe termination layer at the
CFAS/Ge interface can suppress the diffusion of Co into the Ge layer, and the diffusion of Ge into the
CFAS layer cannot be fully suppressed at present. Although the improvement in the quality of the bot-
tom interface between CFS and Ge and the suppression of the diffusion of Ge into the CFAS layer are
needed, all epitaxial CFAS/Sn-doped Ge/Co,FeSi VSV structure has been experimentally demonstrated.

CPP-type SV devices were fabricated to observe spin-dependent transport properties in the all-
epitaxial CoFe/CFAS/Ge/Co,FeSi/FesSi structure. The two-terminal MR ratio was defined as (ARg/Ry)
%100, where ARs and R, are the spin accumulation signal (AVs/I) and the resistance between the FM
electrodes through the Ge layer in the parallel magnetization state, respectively. R, ~ 6.02 € at 10 K and
R, ~ 6.29 Q at 300 K were close to the values obtained in [233]. Hysteresis spin signals depending on
the parallel and antiparallel magnetization states between the top CoFe/CFAS and bottom Co,FeSi/FesSi
electrodes are observed, clear evidence of the successful integration of the nonvolatile memory effect
into the SC device structures. The values of the spin signal were ~18 m(2 at 10 K and ~6.0 m{2 at 300
K, corresponding to the MR values of ~0.30% at 10 K and ~0.11% at 300 K, respectively. Although
Co-based Heusler alloy electrodes were utilized in the VSV devices, the value at 300 K was relatively
small compared to that in [233] (~1.4%, figure 46(c)). One possible cause is the atomic interdiffusion
between Co and Ge in the bottom electrode. The spin polarization of the interface region at the bottom
interface was probably lower than expected. In addition, it is considered that the formation of the disor-
dered CFAS(Ge) affects the degradation of the spin polarization of the top FM layer. To enhance the MR
ratio at RT, one should further develop methods for suppressing atomic interdiffusion at the top and
bottom Co-based Heusler alloy electrodes.

Finally, future outlook on this research field is presented. From the viewpoint of low electric power
switching characteristics, tunnel FETs (TFETs), where TFETs leverage a band-to-band tunneling (BTBT)
injection of carriers as the primary transport of carriers, have been studied [195, 205-208, 247-249].
Quite recently, RT spin transport through BTBT using Ge-based lateral SV devices based on CFAS/Ge-
pn junction electrodes was reported [250]. This implies the possibility of RT spin transport could also
be emerged even in vertical device structures. For future work, it is important to study spin transport
in both p-Ge and #n-Ge in VSV devices based on Co,YZ electrodes and develop low-temperature gate
fabrication technologies.
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