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Current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices are promising
candidates for next-generation hard disk drive (HDD) read heads due to their low resistance-area
product (RA) and high-speed operation. This study investigates Cu-based binary alloys (Cu-X) as
alternative spacers to conventional Ag spacer in CoFeGaosGeos (CFGG)-based CPP-GMR
devices using first-principles calculations. Majority-spin ballistic conductance, which is essential
in the large spin-asymmetry of the interface resistance, was evaluated for CFGG/Cu-X/CFGG(001)
trilayers in comparison with CFGG/Ag/CFGG(001) trilayer. The results show that several spacer
materials have possibilities to enhance the MR ratio compared to Ag. In particular, we found that
B2-CuZn will be the most suitable for CFGG electrode. The large majority-spin conductance of
CFGG/CuZn/CFGG(001) is attributed to p-d hybridization between CFGG and Cu s-states near
the I' point, which enhances electron transport efficiency, while the thermal stability of the
interface spin-moment at CFGG/CuZn(001) is slightly smaller than that of CFGG/Ag(001).
Finally, we proposed that the insertion of Ag layer between the CFGG and CuZn interfaces will
enhance not only the spin-asymmetry in the interface resistance but also the thermal stability of

the interface spin-moment.
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1. Introduction

Current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices are metallic
multilayer structures composed of alternating ferromagnetic (FM) and non-magnetic (NM) layers.
When an electric current flows perpendicular to the plane, the magnetoresistance (MR) effect
arises from spin-dependent scattering in the bulk FM layers and at FM/NM interfaces, depending
on the relative magnetization orientation in FM layers. CPP-GMR devices have emerged as
promising candidates for next-generation read heads in hard disk drives (HDDs) with areal
densities exceeding 2 Tbit/in?>. Their main advantage in applications over tunneling
magnetoresistance (TMR) devices lies in their lower resistance-area (RA) product[1-3], a result
of their fully metallic structure. Additionally, CPP-GMR sensors offer shorter read gaps and
improved electrode contacts[2,4], making them well-suited for scaling magnetic recording heads
to accommodate smaller media bit sizes[5—7]. However, a major challenge of CPP-GMR devices
is their relatively lower MR ratio, typically less than 100% at room temperature[8—10], which is
significantly lower than that of TMR devices[11,12]. To overcome this limitation, extensive
research has focused on the incorporation of half-metallic Heusler alloys as electrode
materials[13—16]. These alloys offer large spin polarization, high Curie temperature, and structural
stability, which significantly improve MR ratios, as demonstrated in various studies[17-23]. These
advances highlight the critical role of material innovation in optimizing CPP-GMR devices to meet

the performance requirements of future HDDs with ultra-high areal densities.

The resistance-area product difference (4RA) between antiparallel and parallel
magnetizations in CPP-GMR device, related to the magnetoresistance (MR) ratio, is described by
the two-current series resistor (2CSR) model[24]. This model includes spin-dependent scattering
and is characterized by two essential parameters: the bulk spin-asymmetry coefficient (f) and the

interfacial spin-asymmetry coefficient (y). The bulk spin-asymmetry coefficient, which pertains
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CPP-GMR effect, therefore, relies on optimizing both £ and y, necessitating the discovery of novel
FM and NM materials.

High spin polarization of FM materials has already been well-studied[25-27] in terms of
half-metallic FM with 100% spin polarization at the Fermi level especially for full Heusler alloys
XoYZ. In our previous works[28] using machine learning analysis and first-principles calculations
that include finite temperature effects, we found that among full Heusler alloys X>YZ, only those
with Co at the X-site and Mn and Fe at the Y-site can be identified as highly spin-polarized
ferromagnetic materials at room temperature. From an experimental perspective, half-metallic
Heusler alloys have attracted much attention in spintronics due to their MR ratios[29-31]. Among
these, Co-based full-Heusler alloys exhibit outstanding properties, which are supported by many
theoretical studies[32—-34]. CPP-GMR devices utilizing Co-based full-Heusler alloy electrodes,
such as Co,MnSi (CMS), CoxMng sFeo4Si (CMEFES), and CoFeGao sGeo.s (CFGG), combined with
Ag or Ag-based spacers, have achieved MR ratios exceeding 30% at room temperature[35-38]. In
particular, CFGG stands out with spin polarization values of up to 93% at 10 K and 84% at 290 K,
outperforming other Co-based Heusler compounds[39,40]. These advantages make CFGG a
promising FM electrode in this study.

Despite significant progress, there remains room to develop new suitable NM spacer
materials to achieve higher MR ratio. NM spacer plays a critical role in CPP-GMR device
performance and scalability directly through interfacial spin-dependent phenomena due to the
spin-asymmetric band matching with FM electrodes. An ideal NM spacer should exhibit low spin-
orbit coupling to ensure a long spin-diffusion length as well as electronic band matching, and
should possess structural and lattice compatibility with FM electrodes to prevent defect and
dislocation formation at the interfaces. Previous studies on CPP-GMR devices with Co-based
Heusler electrodes have demonstrated a high MR ratio when Ag or Ag-based alloys are used as
NM spacer materials[39,41-43]. This performance has been attributed to the strong spin-
asymmetric density of states and proper lattice matching between Ag and the Heusler electrodes,
combined with the long spin-diffusion length of Ag. However, Ag-based spacers face limitations
in achieving MR ratios sufficient for practical read-head applications[44—46]. To address these
challenges, the development of new spacer materials with improved interfacial band matching (y

parameter), high lattice compatibility, and long spin-diffusion lengths will be required.
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In this study, we theoretically investigate Cu-based binary alloy (Cu-X) spacers as potential
alternatives to Ag-based spacers. Cu-X spacers have several desirable properties, including high
conductivity, low spin-orbit coupling (facilitating extended spin diffusion length) and a small
lattice mismatch with the CFGG electrode. In addition, their cubic B2- or L1,-type structures are
highly compatible with the cubic L2 structure of CFGG, ensuring better symmetry and structural
matching at the interface. Several experimental studies have been carried out on Cu-X spacers,
such as CuZn[47], CuN[48], and Culn[49]. Based on these findings, we explore a wider range of
Cu-X spacer materials and evaluate their potential for spin-dependent transport, aiming to

outperform the spin transport properties of conventional Ag spacers and improve the MR ratio.

In selecting alloying elements for Cu-based spacers, we focused on 3d transition metals
with filled d-shells to ensure non-magnetic behavior, which is essential for preserving spin
polarization in CPP-GMR junctions. Elements such as Mn and Ni, although abundant, are less
suitable for this purpose. Mn tends to retain local magnetic moments even in alloyed states,
potentially introducing spin-flip scattering and unwanted magnetic interactions at the
interface[50]. Ni, being ferromagnetic, also contributes to significant spin-flip scattering due to its
short spin diffusion length, which can reduce spin asymmetry[51,52]. In contrast, elements like
Zn, with a fully filled 3d shell and no magnetic moment, enable the tuning of interfacial electronic
properties while maintaining high spin transport efficiency. Therefore, our choice of Cu—X alloy
systems is guided not only by cost and conductivity, but also by the requirement for structural

compatibility and non-magnetic character to optimize spin-dependent transport.”

Furthermore, we predict the temperature dependence of the MR ratio in Heusler-based
CPP-GMR devices through interface exchange stiffness, which is a key parameter in assessing
spin transport efficiency through the interface. Finally, we conclude that optimizing Cu-X spacer
to enhance y through spin-asymmetric interface matching is crucial for achieving higher MR ratio

in CPP-GMR devices.

2. Computational method
According to the 2CSR model[24], the spin-dependent interface scattering typically

dominates both the resistance and magnetoresistance when the layer thickness is not excessively
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thick[53,54]. Therefore, to understand CPP-GMR, underlying mechanisms of spin-dependent
interface resistance need to be clarified[55]. However, in practical devices, the current is a
combination of ballistic and diffusive mechanisms due to scattering at interfaces and material
imperfections. The Landauer theory is particularly useful for analyzing ballistic transport in
atomic-scale contacts, where interfacial resistance at FM/NM junctions plays a significant role in
determining transport properties. Therefore, we performed first-principles ballistic transport
calculations based on the Landauer formula[56] to investigate the majority-spin conductance in
conventional Ag spacers and Cu- spacer materials. To confirm the half-metallic nature of
Co2FeGao sGeo.s (CFGG), we provide the calculated band dispersion and spin-resolved density of
states in Figure S1 of the Supplementary Material. These results show a metallic majority-spin
channel and a pseudo-gap in the minority-spin channel, supporting the high spin polarization at

the Fermi level (~71%) used in our transport model.

The calculations were carried out using density functional theory (DFT) within the
generalized gradient approximation (GGA) for the exchange-correlation energy[57]. We
employed the plane-wave basis set and the ultrasoft pseudopotential method, implemented in the
QUANTUM ESPRESSO code[58] in order to facilitate the structure optimization of FM/NM
junctions. A 10 x 10 x 1 k-point grid was used for Brillouin zone integrations. The wave function
and charge density cutoff energies were set to 40 Ryd and 400 Ryd, respectively. To justify the
choice of a plane-wave cutoff energy of 40 Ry, we performed convergence tests on total energy
and conductance for the CFGG/CuZn/CFGG(001) junction with FeGa- and Cu-terminated
interfaces. The cutoff energy was varied from 30 to 50 Ry, with the charge density cutoff set to 10
times the wavefunction cutoff. The total energy variation fell below 0.0005 Ry/atom beyond 40
Ry, and conductance changes were less than 0.0015 [e*h], confirming that 40 Ry provides
sufficient accuracy for both energy and transport calculations, as shown in Figure S2. The ballistic
transport calculations with semi-infinite boundary conditions were performed by the method
proposed by Choi and Thm[59,60]. The total conductance G is obtained by summing the

transmission probability 7" (k) of electrons at the Fermi level (Er) for each in-plane wave vector

ky across the two-dimensional (2D) Brillouin zone (BZ) as follows:

G =S5, Ty, (1)
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where e is the elementary charge and /4 is Planck’s constant. The transmission probability
was calculated using a 50x50 k-point grids in the 2D BZ integrations. Then, the interface
resistance-area product (Rin.4) value was calculated as A/G to evaluate the y parameter, where 4
represents the cross-sectional area. We constructed tetragonal supercells for
CFGG/Ag/CFGG(001) and CFGG/Cu-X/CFGG(001) junctions. The in-plane lattice parameters
for all junctions were fixed at 4.06 A, corresponding to a,/v2 where a, is the lattice constant of
bulk CFGG (5.740 A). The lattice mismatch between the Ag spacer and the CFGG electrode was
1.691%, and various Cu-X spacers for B2-type and L1>-type structures are listed in Table I and

Table II, respectively.

To further understand the impact of interface terminations on the stability of interface spin-
moment at finite temperatures, we calculated the exchange stiffness constant at the interface. At 0
K, spin moments are perfectly aligned, resulting in a maximum MR ratio due to the collinear spin
alignment. However, as temperature increases, thermal fluctuations disrupt spin alignment,
inducing spin-flip scatterings of electrons through the junctions. These disturbances weaken spin-
asymmetry of interface resistance, leading to reduction in the MR ratio at finite temperatures.
Interface regions are particularly susceptible to spin fluctuations because of reduction of the
exchange interactions between the ferromagnetic layer and the nonmagnetic spacer. To clarify
this effect, we estimated exchange stiffness constants of interface spin moments for the most stable
termination of CFGG/Cu-X(001) and CFGG/Ag(001)[61]. Using the Vienna A4b initio Simulation
Package (VASP)[62,63], we calculated the total energy variation, £(8), as a function of the tilting
angle (0) of local spin moment via constrained magnetization method[64]. The results were fitted
to the expression £(8) = B(1 — cos ), where B represents the inter-atomic-layer exchange stiffness

constant. Note that VASP was used to evaluate interfacial exchange stiffness due to its more robust
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and efficient handling of constrained magnetization with non-collinear magnetism, which is not as

practical or stable in Quantum ESPRESSO.

For the initial screening of Cu-X materials as a NM spacer layer, we used the Open
Quantum Materials Database (OQMD)[65,66] to identify candidates based on their stability,
characterized by a negative formation energy and a lattice mismatch with the CFGG electrode of
less than ~10%. It is worth noting that bulk materials with positive formation energies are not
necessarily unstable when forming thin-film junctions. In such cases, the stability of interfaces
(i.e., interface formation energy) is an important factor in determining their suitability. Therefore,
bulk materials with positive formation energies below 0.45 eV/atom were also considered in this
study. While there are many B2- and L1>-type Cu-X materials, evaluating all possible candidates
of Cu-X would be computationally intensive and time-consuming, potentially limiting the depth
of analysis for each candidate. To ensure a rigorous and detailed investigation, a systematic
research approach was maintained in this study, prioritising materials with promising stability,

interfacial compatibility, and technological potential, as indicated by their transport properties.

Table I In-plane lattice mismatch (%) between Cu-X spacers with B2-type structure and the

CozFeGagsGeo s electrode.

B2-type structure In-plane lattice mismatch (%)
CuAl 4.178
CuAs 9.678
CuAu 8.531
CuGa 6.320
CuGe 8.700
CuMg 10.152
CuPd 4.982
CuPt 5.813
CuRu 3.408
CuSi 4.872
CuZn 3.405
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Table II In-plane lattice mismatch (%) between Cu-X spacers with L1,-type structure and

CozFeGagsGeo s electrode.

L1»-type structure In-plane lattice mismatch (%)
CuzAg 6.919
CuzAl 9.201
CusAu 6.635
CusGa 8.799
CusGe 8.235
CusPd 8.348
CusPt 7.951
CuzZn 9.268

Figure. 1 shows the supercell structure of CFGG/Ag/CFGG(001) and CFGG/Cu-
X/CFGG(001), respectively, with possible interfacial terminations for the electrode and spacer
noted. The figure illustrates an example with the FeGe termination of CFGG/Ag(001) and
CFGG/Cu-X(001). The interfacial termination of the CFGG/Ag(001) interface varies depending
on the electrode materials (Figure. 1(a)), resulting in three types of terminations: FeGa, Co, and
FeGe terminations. For the CFGG/Cu-X(001), the interfacial termination depends on the specific
structure of the spacer (Figure. 1(b)). Cu and X terminations are observed in the B2-type Cu-X
spacer, while Cu and CuX terminations are found in the L1,-type Cu-X spacer. The supercell
consists of 7 atomic layers of the spacer, 21 atomic layers of CFGG for the FeGa termination, and

17 atomic layers of CFGG for the Co and FeGe terminations (See details in Ref.[61]).
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Figure. 1 Supercell of the (a) CFGG/Ag/CFGG(001) trilayers and (b) CFGG/Cu-X/CFGG(001)
trilayers for B2-type and L1»-type structure, respectively, visualized by VESTA [67] with various

interfacial terminations.

3. Results and discussion

3.1 Structural  stability ~ comparison  between  CFGG/Cu-X/CFGG(001)  and
CFGG/Ag/CFGG(001)

To determine the stable interfacial configuration for each termination in CFGG/Cu-
X/CFGG(001) and CFGG/Ag/CFGG(001) junctions, we minimized the total energy by relaxing
atomic positions with changing the longitudinal supercell size. We then assessed the relative
stability of each interface termination in CFGG-based magnetic multilayers with different Cu-X
spacers based on the formation energies of various interface terminations, which were obtained

the following equation:

Eftgrrm = Ettgtr — XiNil;. (2)
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ELET is the total energy of the supercell for given junction termination, n; is the number of atoms
of species i (Co, Fe, Ga, Ge, Ag, Cu, Al, As, etc.), and y; represents their respective chemical
potentials. The chemical potential of each constituent atom is assumed to be derived from the bulk
total energy per atom of the pure element. Note that although not included in the present work,
defect formation energies and site preferences in Cu-based binary alloy spacers will be explored
in future studies to assess their thermodynamic stability and provide further insight beyond the

transport-based analysis.

Figure. 2 shows the variation of formation energy for FeGe, Co, and FeGa terminated
interfaces with each spacer termination in B2-type (Figure. 2(a-b)) and L1,-type (Figure. 2(c-d))
structures. Among these terminations, the FeGa-terminated interface exhibits the lowest formation
energy, indicating the highest interfacial stability. In contrast, the FeGe- and Co-terminated
interfaces show comparable stability, although the difference in formation energy was smaller.
These trends are consistent with previous calculations for the Ag spacer[61]. This enhanced
stability in the FeGa-terminated interface arises from the better match in covalent bond radii
between Fe (1.32 A) and Ga (1.22 A), which reduces interfacial strain and promotes stronger Fe—
Ga bonding. In contrast, the slightly smaller covalent radius of Ge (1.20 A) leads to bonding
mismatches and greater local distortion in the FeGe interface. Additionally, Ga’s lower
electronegativity (1.81 vs. Ge’s 2.01) favors more delocalized metallic bonding, further stabilizing
the FeGa interface. The relatively higher formation energy of the Co-terminated interface is due
to the equivalent positioning of Co atoms, which restricts their movement perpendicular to the
interface. Conversely, in the FeGa(Ge)-terminated configuration, Fe and Ga(Ge) atoms are not
equivalent, resulting in greater atomic relaxation along the perpendicular direction, which
enhances the stability. For the B2-type structure, formation energies range from —0.155 J/m? to
—0.025 J/m? for Cu termination and from —0.176 J/m? to —0.024 J/m? for X termination, suggesting
that Cu interfacial termination is generally more stable than X termination. In contrast, the opposite
trend is observed for the L1>-type structure. The formation energy ranges from —0.147 J/m? to
—0.061 J/m? for Cu termination and from —0.163 J/m? to —0.054 J/m? for CuX termination,

indicating that CuX termination is more stable than Cu termination.
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Figure. 2 Formation energies as a function of each spacer material and different interfacial
terminations, including FeGe, Co, and FeGa terminations, for CFGG/Cu-X/CFGG(001) trilayers.
Panels (a) and (b) depict Cu and X terminations for the B2-type structure, while panels (c) and (d)

show Cu and CuX terminations for the L 1,-type structure.

To evaluate the structural stability of CFGG/Cu-X/CFGG(001) trilayers relative to the
conventional Ag spacer, we compared the formation energy differences between Cu-X and Ag

spacers, as shown in Figure. 3. The formation energy difference is defined as:

AEform = Eform(Cu-X) —Eform(Ag) 3)

where Efom (Cu-X) and Eform (Ag) are the formation energies of the Cu-X and Ag systems,
respectively. Both Cu-X and Ag spacers in CFGG-based junctions exhibit negative formation

energies, indicating that all these supercell structures are theoretically stable.

In Figure. 3, a positive difference in formation energy indicates that the Ag spacer is more
stable, while a negative difference means that the Cu-X spacer is more stable than the Ag spacer.

Based on these results, the thermodynamic stability of B2-type Cu-X spacers relative to the Ag

spacer can be classified into two main groups:
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(1) No improvement in stability: Cu-X spacers CuAs, CuGe, CuRu, and CuSi show a small
difference in formation energy and comparable structural stability to the Ag spacer.

(2) Enhanced stability: Cu-X spacers CuAl, CuAu, CuGa, CuMg, CuPd, CuPt, and CuZn
exhibit larger negative formation energy differences, indicating improved structural

stability over Ag spacers.

Furthermore, all L1>-type Cu-X spacers show negative formation energy differences, suggesting
that they are more thermodynamically stable than the Ag spacer across all terminations. These
findings indicate that Cu-X spacers generally exhibit better structural stability than Ag spacers,
and that stability is influenced by interface terminations, spacer materials, and crystal structures.
Overall, the observed zigzag trend in formation energy as a function of X arises from variations in
interfacial bonding strength, driven by differences in atomic size, electronegativity, and chemical

bonding between the Cu—X spacers and the terminating atoms of the CFGG electrode.
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Figure. 3 Formation energy differences of various spacers compared to the Ag spacer, indicating
the relative thermodynamical stability of CFGG/Cu-X/CFGG(001) trilayers with FeGe, Co, and
FeGa terminations. Panels (a) and (b) depict Cu and X terminations for the B2-type structure, while
panels (c) and (d) show Cu and CuX terminations for the L1>-type structure. The black dashed
line represents the equivalent thermodynamical stability with the Ag spacer (Eform (Cu-X)-Eform

(Ag) =0).
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3.2 Transport  properties  comparison  between  CFGG/Cu-X/CFGG(001) and
CFGG/Ag/CFGG(001)

To investigate the physical factors influencing spin-dependent transport through CFGG
electrode and Cu-X alloy spacers, we evaluate the majority-spin conductance at the Fermi level in
the parallel magnetization configuration. Both B2-type and L1»-type Cu-X structures with various
interfacial terminations are considered in this study. To quantify conductance variation relative to
the Ag spacer, we calculate the ratio of the conductance variation relative to the Ag spacer using:

G(Cu—-X)—-G(Ag)

o ] x 100, (4)

Conductance variation = [

where G(Cu-X) and G(Ag) denote the conductance with Cu-X and Ag spacers, respectively.
Positive values indicate an enhancement in the parallel conductance, i.e., the interface spin
asymmetry (y), compared to the Ag spacer, while negative values signify a reduction in
conductance and y. Figure. 4 presents the normalized majority-spin conductance variation between
Cu-X and Ag spacers. The conductance variation is strongly influenced by the interface
termination, highlighting the critical role of interface electronic structures in spin-dependent

transport.

For the B2-type structure (Figure. 4(a-b)), the Co termination consistently exhibits a larger
conductance compared to the other terminations, particularly by considering Cu termination. In
the Cu termination (Figure. 4(a)), CuAu, CuGa, CuMg, CuPt, CuSi, and CuZn show enhancements
of conductance, whereas CuAl, CuAs, CuGe, CuPd, and CuRu result in reductions of conductance
across all electrode terminations. In the Cu (B2-type) termination, CuZn achieves significant
conductance enhancements of 22.17% for FeGe termination, 36.29% for Co termination, and
44.78% for FeGa termination. In the X termination (Figure. 4(b)), CuAu, CuPt, and CuZn exhibit
conductance enhancements, while the remaining spacers lead to either comparable or reduced
conductance across all electrode terminations. The significant conductance enhancements in X
(B2-type) termination are observed for CuPt (11.65%) with FeGe termination, CuZn (31.63%)
with Co termination, and CuZn (32.37%) with FeGa termination. These results indicate that CuZn
consistently enhances the majority-spin conductance in the parallel magnetization, particularly for

FeGa and Co terminations, making it a promising spacer candidate.
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For the L1>-type structure (Figure. 4(c-d)), we can find the similar trend on the conductance
variation. The Co and FeGa terminations show a significant increase in the conductance compared
to the FeGe termination. Most spacer materials exhibit either comparable or improved conductance
compared to the Ag spacer. Significant conductance enhancements in Cu (L1>-type) termination
are observed for CuzGe (24.66%) with FeGe termination, CusGa (29.45%) with Co termination,
and CuszGa (33.81%) with FeGa termination, while those in CuX (L1:-type) termination are
observed for CusZn (7.71%) with FeGe termination, CusGa (37.02%) with Co termination, and
CuzGa (21.29%) with FeGa termination. However, CuzPd and CusPt significantly exhibit negative
conductance variations, with consistently lower conductance at all terminations, including both
Cu-terminated (Figure. 4(c)) and CuX-terminated (Figure. 4(d)) interfaces. This suggests that
CusPd and CusPt are less favorable spacer candidates due to their lower interface spin asymmetry

(y) compared to Ag spacer.
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Figure. 4 Majority-spin conductance variation between Cu-X and Ag spacers as a percentage
relative to Ag, including FeGe, Co, and FeGa terminations, for CFGG/Cu-X/CFGG(001) trilayers.
Panels (a) and (b) depict Cu and X terminations for the B2-type structure, while panels (c) and (d)
show Cu and CuX terminations for the L1,-type structure. Positive and negative values indicate

improvements and reductions in conductance compared to the Ag spacer, respectively.
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As a result, the B2-type CuX spacers achieved conductance enhancements ranging from
12% to 45%, while the L1>-type CusX spacers exhibited improvement between 8% to 37%. This
indicates that the B2-type CuX spacers are more effective than L1»-type CusX spacers in enhancing
conductance. It should be noted that in our study, for spacers containing Ag, Au, or Pt—which
exhibit relatively strong spin—orbit coupling (SOC)—the effect of SOC on total conductance in
the CPP direction is expected to be negligible. This is consistent with the approach adopted in
previous studies on similar systems [68]. This negligible effect is attributed to the high spin
polarization of the CFGG electrode and the ballistic nature of transport in our model. In such
systems, spin-flip scattering is strongly suppressed, and the influence of SOC on spin-dependent
transport becomes minimal, particularly in the ballistic regime where elastic scattering dominates.
Similar conclusions have been reported for other Co-based Heusler junctions, where SOC was

found to have minimal influence on electronic transmission [69] or was not considered [70].

These findings suggest that Cu-X spacers outperform the Ag spacer in CPP-GMR devices
with CFGG by improving Fermi surface matching and enhancing interface spin asymmetry. This

effect will be further examined in the next section.

3.3. Cu-X spacer potential candidates compared to traditional Ag spacer

To investigate and clarify the physical origin of better Fermi surface matching of Cu-X
alloy spacers compared to conventional Ag spacer in CFGG-based magnetic multilayer systems,
we study the interface resistance-area product (Rint4) and its orbital contributions to conductance.
Furthermore, we estimated the exchange stiffness constant for each interfacial termination of
CFGG/Cu-X(001) and compared it with that of CFGG/Ag(001) junctions. This parameter is critical
for suppressing the reduction of MR ratio at room temperature, ensuring the stability of spin

transport in CPP-GMR devices.

3.3.1 Interface resistance area product and its orbital contributions

Figure. 5 shows the relationship between Rint.4 and majority-spin conductance for Cu-X
spacers with various terminations. For comparison, the Rin.4 and majority-spin conductance of the
Ag spacer with each termination are also presented. The results are consistent for B2- and L1,-
type structures with comparable terminations. In Ag spacer, the Rin.A4 values at each electrode
termination are 3.616 mQ pum? for FeGe termination, 4.281 mQ pm? for Co termination, and

3.691 mQ um? for FeGa termination. These values identify potential Cu-X spacer candidates with
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a lower R+ A than Ag. As discussed earlier, the B2-type structure demonstrates a wider range of
conductance enhancements compared to the L1:-type structure. Among all candidates, CuZn
spacer (B2-type structure) emerges as the most optimal Cu-X spacer, with the lowest Rin.4 value
0f 2.550 mQ um? at the FeGa- and Cu-terminated interface, which was identified as the most stable

termination.

The promising spacer materials (CuZn, CuPt, Cu3Ge, Cu3Ga) were further analyzed by
evaluating the majority-spin conductance at the Fermi energy as a function of the in-plane wave
vector k) = (kx, ky) across the 2D Brillouin zone (BZ) for each of the six interface terminations, as
shown in Figure. 6(a-f). The results highlight the lowest Rin.A4 value for each termination, which
are consistent with the data in Figure. 5(a-f). A lower RinnA value corresponds to higher
conductance in the k£ region. For the Cu-terminated interface (Figure. 6(a-c)), the CuZn spacer at
FeGa termination has the lowest Rin.4 value, with a high conducting area along the diagonal region
and near the center of the BZ. For the X/CuX-terminated interface (Figure. 6(d-f)), the CuZn at
FeGa termination shows similar characteristics to the Cu-terminated interface, reinforcing its role
as the most promising candidate to enhance conductance. Note that to verify that the spikes
observed in the 2D conductance maps in Figures 6(a) and 6(c) are not numerical artifacts, we
recalculated the conductance using a denser k-mesh (from 50x50 to 100x100). The results show
that the spikes persist, indicating that they are intrinsic features of the electronic structure at the

Fermi level, as shown in Figure S3.
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Figure. 5 Majority-spin resistance area product (Rix.4) as a function of majority-spin conductance
for various Cu-X spacers and Ag spacers, using the CFGG electrode material. (a) Represents Cu
termination for the Cu-X spacer with B2-type and L1>-type structure, along with each electrode
termination: FeGe, Co, and FeGa, respectively. (b) Represents X and CuwX terminations for the Cu-
X with B2-type and L1»-type structure, respectively, along with each electrode termination: FeGe,

Co, and FeGa, respectively.

The difference in Rin.A values can be attributed to variations in interface distance between
FeGa-Cu and FeGa-Zn. Since the atomic radius of Cu (1.45 A) is slightly larger than that of Zn
(1.42 A), the interface distance of FeGa-Cu (1.54 A) is significantly smaller than that of FeGa-Zn
(1.83 A) and is closer to Cu’s atomic radius. As a result, the overlap of the wave function of the
FeGa-Cu interface is greater than that of the FeGa-Zn interface, leading to better band matching,

and, consequently, lower interface resistance.
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Figure. 6 In-plane wave vector k; = (kx, ky) dependence of majority-spin conductance at the Fermi
level in the parallel magnetization for CFGG/Cu-X/CFGG(001) at the lowest Rin.A4 value for each
interfacial termination, as related to Figure. 5. (a) CFGG/Cu3sGe/CFGG(001) at Cu termination,
(b) and (c) CFGG/CuZn/CFGG(001) at Cu termination for FeGe, Co, and FeGa terminations,
respectively. (d) CFGG/CuPt/CFGG(001) at Pt termination, (¢) CFGG/CusGa/CFGG(001) at
CuGa termination, and (f) CFGG/CuZn/CFGG(001) at Zn termination for FeGe, Co, and FeGa

terminations, respectively.

The optimal CuZn spacer for the CFGG electrode was compared to the conventional Ag
spacer. To further investigate their differences in the FeGa termination, the 2D k; dependence of
conductance in the BZ was analyzed for CFGG/Ag/CFGG(001) and CFGG/CuZn/CFGG(001) at
the Fermi level, as shown in Figure. 7(a) and (b), respectively. It is found that there are significant
differences in highly conductive regions and conductance distributions. For the Ag spacer,
conductance is relatively small and the highly conductive region is confined near the BZ edge. In
contrast, for the CuZn spacer, the conductance is more widely distributed, especially around the I
point, which is a feature absent in the Ag spacer. Notably, the primary contribution of the

conductance originates from the highly conductive region around the I point.
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Figure. 7 In-plane wave vector k; = (kx, ky) dependence of majority-spin conductance at the Fermi

level in the parallel magnetization for (a) CFGG/Ag/CFGG(001) junction with FeGa termination
and (b) CFGG/CuZn/CFGG(001) junction with FeGa and Cu terminations.

To better understand the orbital contribution to the lower RinA value and higher
conductance, we analyzed the Fermi surfaces of CFGG electrode and Ag and CuZn spacers, which
were decomposed into s, p, and d orbital components to determine their orbital contributions to
the conductance as shown in Figure. 8. In the Ag spacer, hybridization occurs between the d-states
of the CFGG electrode and the p-states of Ag at the BZ boundary. On the other hand, in the CuZn
spacer, hybridization occurs between the d-states of CFGG and the p-states of CuZn in the diagonal
region around the I -point of the BZ. This diagonal orbital hybridization in k, opens the
conductive channels across a wider BZ region, effectively reducing Rind compared to the Ag

spacer.

In addition, hybridization between the p- and d-states of the CFGG electrode and the s-
states of CuZn occurs around the I" point. The spherical s-orbitals of CuZn effectively hybridize
with the p- and d-orbitals of CFGG, creating highly delocalized states perpendicular to the plane.
This hybridization at I' further enhances conductance across the BZ, reducing the Rin.4 in CuZn
compared to Ag. Furthermore, there is the primary contribution of s-states around I" originates
from the Cu atom of CuZn, as shown in the left panel of Figure. 8. This suggests that Cu-based
alloys will play a significant role in enhancing conductance in the parallel magnetization.

Therefore, the improved Fermi surface matching and enhanced spin-dependent conductance
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observed with Cu—X alloy spacers originate from their favorable electronic structure and atomic
arrangement. Cu—X alloys exhibit d—sp hybridized states at the Fermi level that align more
effectively with the spin-polarized states of CFGG, promoting stronger k-resolved conductance.
This results in enhanced majority-spin conductance and interface spin asymmetry compared to the

Ag spacer.

s orbital p orbital d orbital
—— CuZn — P = > - -
Cu (s orbital)

Zn (s orbital)

Figure. 8 Fermi surface separated into s, p, and d orbital compositions, where values of zero and
one represent the ratio of each orbital contribution, for the tetragonal unit cell of L2;-
CoxFeGao.sGeo s, fcc-Ag, and B2-CuZn, visualized by FermiSurfer[71]. The s orbital of CuZn was
further analyzed, separating the Cu-s orbital and Zn-s orbital. Around the I point (ky =k, = k, =

0), the dominant s orbital contribution originates from the Cu-s orbital.

In addition, to understand the interfacial bonding between the CuZn spacer and the CFGG
electrode, we analyzed the projected density of states (PDOS) for atoms in the bulk and interfacial
regions of the CFGG/CuZn/CFGG(001) junction with FeGa- and Cu-terminated interfaces as
shown in Figure S4 of the Supplementary Material. The PDOS confirms the preservation of
CFGG’s half-metallicity and reveals orbital hybridization between Fe d/Ga p states and Cu sp
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states at the interface, indicating the formation of interfacial chemical bonds that enhance the

system’s electronic and structural stability.

3.3.2 Thermal fluctuation effects on interfacial spin moment stability

To evaluate the thermal stabilities of the spin moment at CFGG/CuZn interfaces, we
analyzed the stiffness of the inter-atomic layer exchange interaction. The interface exchange
stiffness constant (B) is determined from the increase in total energy when the interfacial spin
moment is tilted with respect to the adjacent spin moment. A higher B value indicates stronger
exchange interactions, suggesting that interfacial spin moments are more stable and less sensitive
to thermal fluctuations. The estimated inter-atomic layer exchange stiffness constant for each
interfacial termination at CFGG/Ag(001) and CFGG/CuZn(001) interfaces are summarized in
Table III. As depicted in Figure. 9, the increase in total energy as a function of the tilting angle (6)
follows a quadratic trend (~ 6%) up to @ = 15". This consistency indicates that the error in estimating

B using E(0) = B(1 — cosf) is negligible for the present system[72].

Table III Exchange stiffness constant B [meV/uca] fitted to the increase in energies, E(6) = B(1 —
cos #), due to the noncollinearity of local spin moments for CFGG/Ag(001) and CFGG/CuZn(001)
interfaces. The unit-cell area (uca) is approximately 33 A2. The mspin is the interfacial spin moment

of Fe and Co for Fe(Ge/Ga) and Co termination, respectively.

Interfacial termination of CFGG electrodes

B (meV/uca)
FeGe (mspin (UB))  Co (mspin (UB))  FeGa (mspin (1B))
CFGG/Ag(001) (Ref.[61]) 134 (3.003) 115 (1.256) 129 (2.989)
CFGG/CuZn(001): Cu termination 115 (2.896) 124 (1.222) 106 (2.906)
CFGG/CuZn/(001): Zn termination 89 (2.778) 108 (1.034) 87 (2.756)

Overall, the CFGG/Ag(001) interface exhibits a larger exchange stiffness constant than the
CFGG/CuZn(001) interface, as shown in Table III. This difference results from larger local spin
moments for Fe and Co at the CFGG/Ag interface than at the CFGG/CuZn interface, as also listed
in Table III. The larger spin moments at the CFGG/Ag interface enhance exchange interactions,

thereby improving the stability of the magnetic configuration. However, an exception occurs with

Page 21 of 34



the Co-terminated electrode and Cu-terminated spacer, where the CFGG/CuZn(001) interface
exhibits a larger B value than its CFGG/Ag(001) interface, and the highest B value among all CuZn
spacer terminations, as shown in Figure. 9. This exception can be attributed to the favorable
interface bonding since the interface distance at the CFGG/CuZn interface (1.55 A) is closer to the
bulk CFGG interlayer distance (1.44 A) than the CFGG/Ag interface (1.91 A). This shorter
interface distance can enhance exchange stiffness in certain configurations, particularly at the Co
termination. For the most stable FeGa electrode termination with a Cu-terminated CuZn spacer,
the CFGG/Ag(001) interface achieves a B value of 129 meV/uca, which is significantly larger than
the 106 meV/uca observed for the CFGG/CuZn(001) interface. This higher B value suggests that
the spin moment at the CFGG/Ag(001) interface is more stable against thermal fluctuations. Note
that when comparing the exchange stiffness constant of CPP-GMR systems such as CFGG/Ag or
CFGG/CuZn with that of the CMFS/MgO interface (typical of magnetic tunnel junction (MTJ)
systems), where the electrode is half-metallic, the B value for CMFS/MgO is approximately two
to three times higher—626 meV/uca for FeSi termination, 209 meV/uca for Co termination, and
223 meV/uca for MnSi termination—than those for the CFGG/Ag or CFGG/CuZn interfaces. This
enhancement is attributed to the weaker hybridization between oxygen and Fe or Mn orbitals at
the MgO interface compared to the stronger hybridization in metallic interfaces, resulting in more

localized Fe and Mn spin densities and an increase in the exchange stiffness.

Consequently, the CFGG/Ag(001) interface is more optimal than the CFGG/CuZn(001)
for suppressing thermal fluctuation of interface spin-moments. This suppresses the spin-flip
scattering at the interface and reduces the MR ratio at finite temperatures. However, the majority-
spin interface resistance-area product (Rin.A4) is significantly lower for the CuZn spacer compared
to the Ag spacer (as discussed in Section 3.3.1). These results suggest that further improvements
in CPP-GMR device performance can be achieved by controlling the multilayer interface structure,

as explored in the next section.
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junctions.

3.4. Beyond CuZn spacer material

We propose a new multilayer structure for CPP-GMR CFGG/Ag/CuZn/Ag/CFGG(001)
with FeGa termination to maximize the advantages of the lattice matching, the thermal stability of
the interface structure and the exchange stiffness of the interface spin-moment, and the Fermi

surface matching.

(1) Ag spacer at the CFGG interface: Connecting the Ag spacer to the CFGG electrode
provides two important advantages. First, the lattice mismatch between the Ag spacer
and the CFGG electrode is only 1.691%, compared to 3.405% for the CuZn spacer.
This relaxes the lattice distortion in CuZn spacer, making the Ag/CuZn interface more
structurally compatible with the CFGG electrode. Second, the CFGG/Ag interface
exhibits larger exchange stiffness constant than the CFGG/CuZn interface, enhancing
the stability of the spin moment against thermal fluctuation.

(2) CuZn spacer at the Ag interface boundary: Making the Ag/CuZn/Ag multilayer spacer

also offers two advantages. First, the lattice mismatch between Ag and CuZn is just
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1.657%, which is significantly smaller than the lattice mismatch of 3.405% mismatch
at the CFGG/CuZn interface. Second, the CuZn spacer has a low Rint4 value, which is
about 31% lower than that of the Ag spacer. This will substantially enhance the

interface spin asymmetry and the MR ratio.

Consequently, the CFGG/Ag/CuZn/Ag/CFGG(001) junction would be able to bring out the
distinct advantages of each spacer material, achieving structural compatibility, spin stiffness, and
high MR. This multilayer design opens new avenues for engineering advanced spacer materials to

improve spintronic device performance.

To confirm the physical properties of CFGG/Ag/CuZn/Ag/CFGG(001) junction, we
performed the DFT calculations of the formation energy and conductance for the junction inserting
one monolayer of Ag spacer between CFGG and CuZn. Figure. 10(a) shows a comparison of
formation energy (upper panel) and interface distance (lower panel) for the
CFGG/spacer/CFGG(001) junction with FeGa termination. The CFGG/Ag/CuZn/Ag/CFGG(001)
junction has a higher structural stability than the CFGG/Ag/CFGG(001) junction. This is indicated
by the fact that both Ag-Cu (-0.113 J/m?) and Ag-Zn (-0.096 J/m?) terminations have lower
formation energies than those of single Ag spacer, which are slightly higher than
CFGG/CuZn/CFGG(001) junction (-0.144 J/m?). The CFGG/spacer interface distance is around
1.50 A to 1.75 A, while the single Ag spacer has a larger distance (~2.00 A). The majority-spin
conductance at the Fermi level for parallel magnetization is presented in Figure. 10(b). The top
panels show k; = (kx, ky) dependence (heatmaps A and B) for Ag-Cu and Ag-Zn terminations,
respectively. The bottom panel compares conductance values across different spacer
configurations. Overall, the proposed CFGG/Ag/CuZn/Ag/CFGG(001) junction exhibits higher
conductance than the CFGG/Ag/CFGG(001) junction, indicating improved Fermi surface
matching compared to a single Ag spacer. In the proposed configurations, the Ag-Zn termination
achieves higher conductance than the Ag-Cu termination (Figure. 10(b), lower panel), especially

around the I point, as evidenced by the 2D in-plane wave vector (k) dependence in Figure. 10(b)

(upper panel).
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Figure. 10 (a) Formation energy (top) and interfacial distance (bottom) for the
CFGG/spacer/CFGG(001) junction with FeGa electrode termination. Spacer materials include Ag,
CuZn (with Cu- and Zn-terminated configurations), and Ag/CuZn/Ag (with Ag-Cu and Ag-Zn
terminations). (b) Majority-spin conductance at the Fermi level for parallel magnetization: top

panels show k; = (kx, ky) dependence (heatmaps A and B) for Ag-Cu and Ag-Zn terminations,

respectively; the bottom plot compares conductance values across spacer configurations.

Furthermore, we estimated the exchange stiffness constant (B) for the
CFGG/Ag/CuZn(001) interfaces with Ag-Cu and Ag-Zn terminations, which are about 106
meV/uca for both terminations. These results indicate improved stiffness of interface spin moment
against the thermal fluctuation for the Ag-Zn termination compared to the CFGG/CuZn(001)
interface at Zn termination (87 meV/uca). However, for the Ag-Cu termination, the stiffness
constant hardly changes compared to the CFGG/CuZn(001) interface at Cu termination (106

meV/uca).

As a result, the proposed CFGG/Ag/CuZn/Ag/CFGG(001) junction with Ag-Zn
termination exhibits large conductance comparable to that of the CFGG/CuZn/CFGG(001)
junction with the Cu termination and increased interface exchange stiffness constant (from 87

meV/uca to 106 meV/uca). This finding suggests that the new multilayer design can improve
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effective transport properties while enhancing spin moment stability against thermal fluctuations.
Despite the structural complexity of the proposed junction, our design is inspired by
experimentally realized CPP-GMR multilayers that incorporate ultrathin alloy and spacer layers
to engineer interfacial properties. Similar strategies, such as the insertion of Ni layers[38] or NiAl
layers[42] to improve MR performance in CFGG-based junctions, have been experimentally
demonstrated. Therefore, the present findings offer valuable theoretical insights that can guide
future fabrication of optimized multilayer spintronic devices using quaternary Heusler alloys and

tailored alloy spacers.

4. Conclusions

This study evaluates Cu-X spacers as alternatives to Ag spacers for enhancing spin-
dependent transport properties in CFGG-based CPP-GMR devices. We found that Cu-X spacers
improve Fermi surface matching compared to Ag, for CuZn, CuMg, CuAu, CuGa, and CuPt in B2
structures, and for CuzGa, CuzAl, CuzZn, CuzGe, CusAu, and CuzAg in L1, structures. All these
spacer materials contribute to the enhancement of interface spin asymmetry (y). Among these, the
CuZn spacer is identified as the most optimal spacer for CFGG electrodes, achieving ~45% higher

conductance and ~31% lower Rind compared to the Ag spacer.

For the optimal CuZn spacer, we clarified the origin of improved Fermi surface matching
with CFGG, where hybridization between the p- and d-states of the CFGG electrode and the s-
states of the CuZn spacer produces highly delocalized states, enhancing conductance. This
coupling is mainly driven by the s-states of Cu, emphasizing the critical role of Cu-based alloys in

improving electron transport.

Furthermore, we estimated the exchange stiffness constant of CFGG/CuZn(001) and
CFGG/Ag(001), an important parameter for suppressing spin fluctuation and spin-flip scattering
at finite temperatures. The FeGa-Cu termination exhibits a smaller exchange stiffness constant
(106 meV/uca for CFGG/CuZn(001)) compared to 129 meV/uca for CFGG/Ag(001), indicating
that spin moments in CFGG/CuZn(001) are more susceptible to fluctuations than in

CFGG/Ag(001).
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To exploit the advantages of both CuZn and Ag materials, we proposed a multilayer
CFGG/Ag/CuZn/Ag/CFGG(001) junction, incorporating Ag spacers to enhance the exchange
stiffness constant and CuZn spacers to improve Fermi surface matching. Our findings confirm that
the CFGG/Ag/CuZn/Ag/CFGG(001) junction exhibits the highest conductance at the Ag-Zn
termination, comparable to that of CFGG/CuZn/CFGG(001) junctions with Cu termination. This
multilayer configuration addresses the concern of lattice mismatch by using thin Ag interlayers to
accommodate strain and maintain coherent interfaces, while preserving the high transmission
characteristics of CuZn. The Ag layers act as structural buffers, improving interface quality and
potentially reducing defect formation. Therefore, this design not only enhances spin-dependent
transport but also offers a practical route toward experimental realization with improved structural

and interfacial spin moment stability.

These findings highlight the potential of Cu-X spacers, particularly in B2 structures, for
advancing spin-dependent transport properties and optimizing the performance of spintronic
devices. These results also emphasize the critical role of interfacial atomic structure, termination,
and electronic band matching in determining spin polarization and conductance. By revealing how
subtle variations in alloy composition and interface symmetry affect the MR ratio and exchange
stiffness, this work contributes to a deeper understanding of structure—property relationships in
magnetic multilayers. These insights can guide future experimental efforts in selecting and
engineering spacer materials for high-efficiency, cost-effective CPP-GMR and other spintronic

applications.

Acknowledgments

This work was supported by JSPS KAKENHI Grant No.21H01608, MEXT Initiative to
Establish Next-generation Novel Integrated Circuits Centers (X-NICS) Grant No. JPJ011438,
MEXT Program: Data Creation and Utilization-Type Material Research and Development Project
(Digital Transformation Initiative Center for Magnetic Materials; Grant No. JPMXP1122715503),
and JST CREST (Grant No. JPMJCR2101). We gratefully acknowledge the high-performance
computing resources provided by the National Institute for Materials Science (NIMS) Numerical
Materials Simulator. We thank all members of the Spin Theory Group and Magnetic Functional
Device Group at NIMS, particularly Dr. Enda Xiao, for the fruitful discussion.

Page 27 of 34



Contflict of Interest

The authors have no conflicts to disclose.

ORCID iDs

Kodchakorn Simalaotao: https://orcid.org/0000-0002-6098-4422
Ivan Kurniawan: https://orcid.org/0000-0001-5419-0047

Yoshio Miura: https://orcid.org/0000-0002-5605-5452

Yuya Sakuraba: https://orcid.org/0000-0003-4618-9550

Page 28 of 34



References

[1] M. Takagishi, K. Koi, M. Yoshikawa, T. Funayama, H. Iwasaki, and M. Sahashi 2002 The
applicability of CPP-GMR heads for magnetic recording /[EEE Transactions on Magnetics
38 2277-82

[2] Nagasaka K 2009 CPP-GMR technology for magnetic read heads of future high-density
recording systems Journal of Magnetism and Magnetic Materials 321 508—11

[3] Diao Z, Chapline M, Zheng Y, Kaiser C, Ghosh Roy A, Chien C J, Shang C, Ding Y, Yang
C, Mauri D, Leng Q, Pakala M, Oogane M and Ando Y 2014 Half-metal CPP GMR sensor
for magnetic recording Journal of Magnetism and Magnetic Materials 356 73—81

[4] J. R. Childress, M. J. Carey, S. Maat, N. Smith, R. E. Fontana, D. Druist, K. Carey, J. A.
Katine, N. Robertson, T. D. Boone, M. Alex, J. Moore, and C. H. Tsang 2008 All-Metal
Current-Perpendicular-to-Plane  Giant Magnetoresistance Sensors for Narrow-Track
Magnetic Recording /IEEE Transactions on Magnetics 44 90—4

[5] M. Takagishi, K. Yamada, H. Iwasaki, H. N. Fuke, and S. Hashimoto 2010 Magnetoresistance
Ratio and Resistance Area Design of CPP-MR Film for 2-5 Tb/in?> Read Sensors IEEE
Transactions on Magnetics 46 20869

[6] K. S. Chan, Y. Kanai, R. Itagaki, and S. Rahardja 2019 Optimization of the Spin-Torque
Oscillator Response for Microwave-Assisted Magnetic Recording /EEE Access 7 140134—
41

[7] P. Khunkitti, A. Kruesubthaworn, A. Kaewrawang, and A. Siritaratiwat 2019 Unstable
Playback Response of CPP-GMR Read Head Induced by Electromagnetic Interference:
Structural Dependence IEEE Transactions on Magnetics 55 1-6

[8] ReadJ C, Nakatani T M, Smith N, Choi Y-S, York B R, Brinkman E and Childress J R 2015
Current-perpendicular-to-the-plane giant magnetoresistance in spin-valves with AgSn alloy
spacers Journal of Applied Physics 118 043907

[9] Page M R, Nakatani T M, Stewart D A, York B R, Read J C, Choi Y-S and Childress J R
2016 Temperature-dependence of current-perpendicular-to-the-plane giant
magnetoresistance spin-valves using Cox(Mni—Fex)Ge Heusler alloys Journal of Applied
Physics 119 153903

[10] Choi Y, Nakatani T, Read J C, Carey M J, Stewart D A and Childress J R 2016 Enhancement
of current-perpendicular-to-plane giant magnetoresistance by insertion of amorphous
ferromagnetic underlayer in Heusler alloy-based spin-valve structures Applied Physics
Express 10 013006

[11] Childress J R and Fontana R E 2005 Magnetic recording read head sensor technology
Comptes Rendus Physique 6 997—1012

Page 29 of 34



[12] E. E. Fullerton and J. R. Childress 2016 Spintronics, Magnetoresistive Heads, and the
Emergence of the Digital World Proceedings of the IEEE 104 1787-95

[13] T.M. Nakatani, N. Hase, H. S. Goripati, Y. K. Takahashi, T. Furubayashi, and K. Hono 2012
Co-Based Heusler Alloys for CPP-GMR Spin-Valves With Large Magnetoresistive Outputs
IEEE Transactions on Magnetics 48 1751-7

[14] Wen Z, Kubota T, Ina Y and Takanashi K 2017 Dual-spacer nanojunctions exhibiting large
current-perpendicular-to-plane giant magnetoresistance for ultrahigh density magnetic
recording Applied Physics Letters 110 102401

[15] Nakatani N, Imai S, Tanaka M A, Kubota T, Takanashi K and Mibu K 2018 Deposition
temperature dependence of interface magnetism of CooFeGe-Heusler-alloy/Ag films studied
with >’Fe Mossbauer spectroscopy Journal of Magnetism and Magnetic Materials 464 71-5

[16] Nakatani T, Gao Z and Hono K 2018 Read sensor technology for ultrahigh density magnetic
recording MRS Bulletin 43 106—11

[17] Du Y, Furubayashi T, Sasaki T T, Sakuraba Y, Takahashi Y K and Hono K 2015 Large
magnetoresistance  in  current-perpendicular-to-plane  pseudo  spin-valves  using
CoxFe(GaosGeo.s) Heusler alloy and AgZn spacer Applied Physics Letters 107 112405

[18] Li G, Liu S and Du Y 2016 Magnetic and Electrical Properties of Heusler Alloy Co2MnSi
Thin Films Grown on Ge(001) Substrates via an Al,O3 Tunnel Barrier Journal of
Nanomaterials 2016 2131940

[19] Sato T, Kokado S, Kosaka S, Ishikawa T, Ogawa T and Tsunoda M 2018 Large negative
anisotropic magnetoresistance in CooMnGa Heusler alloy epitaxial thin films Applied Physics
Letters 113 112407

[20] Pradines B, Calmels L and Arras R 2021 Robustness of the Half-Metallicity at the Interfaces
in CooMnSi-Based All-Full-Heusler-Alloy Spintronic Devices Phys. Rev. Appl. 15 034009

[21] Khunkitti P, Siritaratiwat A and Pituso K 2021 Free Layer Thickness Dependence of the
Stability in Co2(Mno sFeo.4)Ge Heusler Based CPP-GMR Read Sensor for Areal Density of 1
Tb/in? Micromachines 12

[22] Taparia D, Sasaki T, Nakatani T, Suto H, Miura Y, Li Z, Kushwaha V K, Inubushi K,
Ichikawa S, Nakada K, Sasaki T, Mitani S and Sakuraba Y 2024 Improvement in CPP-GMR
read head sensor performance using [001]-oriented polycrystalline half-metallic Heusler
alloy Co2FeGaosGeos and CoFe bilayer electrode Science and Technology of Advanced
Materials 25 2388503

[23] Barwal V, Suto H, Toyama R, Simalaotao K, Sasaki T, Miura Y and Sakuraba Y 2024 Large
magnetoresistance and high spin-transfer torque efficiency of Co.MnyFei—xGe (0 < x < 1)
Heusler alloy thin films obtained by high-throughput compositional optimization using
combinatorially sputtered composition-gradient film APL Materials 12 111114

Page 30 of 34



[24] Valet T and Fert A 1993 Theory of the perpendicular magnetoresistance in magnetic
multilayers Phys. Rev. B 48 7099—113

[25] Takahashi Y K, Srinivasan A, Varaprasad B, Rajanikanth A, Hase N, Nakatani T M, Kasai
S, Furubayashi T and Hono K 2011 Large magnetoresistance in current-perpendicular-to-
plane pseudospin valve using a CoFe(Geo.sGao.s) Heusler alloy Applied Physics Letters 98
152501

[26] Goripati H S, Furubayashi T, Takahashi Y K and Hono K 2013 Current-perpendicular-to-
plane giant magnetoresistance using CoxFe(Gai-xGex) Heusler alloy Journal of Applied
Physics 113 043901

[27] Kubota T, Wen Z and Takanashi K 2019 Current-perpendicular-to-plane giant
magnetoresistance effects using Heusler alloys Journal of Magnetism and Magnetic
Materials 492 165667

[28] Kurniawan I, Miura Y and Hono K 2022 Machine learning study of highly spin-polarized
Heusler alloys at finite temperature Phys. Rev. Mater. 6 L091402

[29] Fathoni K B, Sakuraba Y, Miura Y, Sasaki T, Nakatani T and Hono K 2021 Analysis of
current-in-plane giant magnetoresistance using Co2FeAlysSios half-metallic Heusler alloy
Journal of Physics D: Applied Physics 55 125001

[30] Chumak O M, Pacewicz A, Lynnyk A, Salski B, Yamamoto T, Seki T, Domagala J Z,
Glowinski H, Takanashi K, Baczewski L T, Szymczak H and Nabiatek A 2021
Magnetoelastic interactions and magnetic damping in CozFeo4Mno6Si and Co2FeGao.sGeo s
Heusler alloys thin films for spintronic applications Scientific Reports 11 7608

[31] Chen Z, Sakuraba Y, Miura Y, Li Z, Sasaki T, Suto H, Kushwaha V K, Nakatani T, Mitani
S and Hono K 2022 Phase stability and half-metallic character of off-stoichiometric
CoxFeGao.sGeo.s Heusler alloys Journal of Applied Physics 132 183902

[32] Nawa K and Miura Y 2019 Exploring half-metallic Co-based full Heusler alloys using a
DFT+U method combined with linear response approach RSC Adv. 9 30462—78

[33] Aravindan V, Rajarajan A K, Vijayanarayanan V and Mahendran M 2022 First-principles
calculations on novel Co-based Equiatomic Quaternary Heusler Alloys for Spintronics
Materials Science in Semiconductor Processing 150 106909

[34] Hu K, Xie R, Shen C, Peng H, Liu H and Zhang H 2023 High-throughput design of Co-
based magnetic Heusler compounds Acta Materialia 259 119255

[35] Sakuraba Y, Izumi K, Iwase T, Bosu S, Saito K, Takanashi K, Miura Y, Futatsukawa K, Abe
K and Shirai M 2010 Mechanism of large magnetoresistance in Co2MnSi/Ag/CoMnSi
devices with current perpendicular to the plane Phys. Rev. B 82 094444

Page 31 of 34



[36] Kubota T, Ina Y, Wen Z and Takanashi K 2019 Temperature dependence of current-
perpendicular-to-plane giant magnetoresistance in the junctions with interface tailored
Heusler alloy electrodes Journal of Magnetism and Magnetic Materials 474 3658

[37] Fujita Y, Miura Y, Sasaki T, Nakatani T, Hono K and Sakuraba Y 2021 Spin-scattering
asymmetry at half-metallic-ferromagnet|ferromagnet interface Phys. Rev. B 104 L140403

[38] Biiker B, Jung J, Sasaki T, Sakuraba Y, Miura Y, Nakatani T, Hiitten A and Hono K 2021
Elucidation of the strong effect of an interfacial monolayer on magnetoresistance in giant
magnetoresistive devices with current perpendicular to the plane Phys. Rev. B 103 L140405

[39] Li S, Takahashi Y K, Furubayashi T and Hono K 2013 Enhancement of giant
magnetoresistance by L2 ordering in Co2Fe(Geo.sGao.s) Heusler alloy current-perpendicular-
to-plane pseudo spin valves Applied Physics Letters 103 042405

[40] Ikhtiar, Kasai S, Takahashi Y K, Furubayashi T, Mitani S and Hono K 2016 Temperature
dependence of magneto-transport properties in CoFe(GaosGeos)/Cu lateral spin valves
Applied Physics Letters 108 062401

[41] Sakuraba Y, Ueda M, Miura Y, Sato K, Bosu S, Saito K, Shirai M, Konno T J and Takanashi
K 2012 Extensive study of giant magnetoresistance properties in half-metallic Co>(Fe,Mn)Si-
based devices Applied Physics Letters 101 252408

[42] Jung J W, Sakuraba Y, Sasaki T T, Miura Y and Hono K 2016 Enhancement of
magnetoresistance by  inserting thin NiAl layers at the interfaces in
CoxFeGao.sGeo s/Ag/CorFeGaosGeos current-perpendicular-to-plane pseudo spin valves
Applied Physics Letters 108 102408

[43] Kubota T, Ina'Y, Wen Z, Narisawa H and Takanashi K 2017 Current perpendicular-to-plane
giant magnetoresistance using an L1> AgiMg spacer and Co2Feo.sMnosSi Heusler alloy
electrodes: Spacer thickness and annealing temperature dependence Phys. Rev. Mater. 1
044402

[44] Sakuraba Y, Hattori M, Oogane M, Ando Y, Kato H, Sakuma A, Miyazaki T and Kubota H
2006 Giant tunneling magnetoresistance in Co:MnSVAI-O/Co0.MnSi magnetic tunnel
junctions Applied Physics Letters 88 192508

[45] Tsunegi S, Sakuraba Y, Oogane M, Takanashi K and Ando Y 2008 Large tunnel
magnetoresistance in magnetic tunnel junctions using a CooMnSi Heusler alloy electrode and
a MgO barrier Applied Physics Letters 93 112506

[46] Ichinose T, Ikeda J, Onodera Y, Tsuchiya T, Suzuki K Z and Mizukami S 2023 Large tunnel
magnetoresistance in magnetic tunnel junctions with magnetic electrodes of metastable body-
centered cubic CoMnFe alloys Journal of Alloys and Compounds 960 170750

[47] Furubayashi T, Takahashi Y K, Sasaki T T and Hono K 2015 Enhancement of current-
perpendicular-to-plane giant magnetoresistance in Heusler-alloy based pseudo spin valves by
using a CuZn spacer layer Journal of Applied Physics 118 163901

Page 32 of 34



[48] Wen Z, Kubota T and Takanashi K 2018 Epitaxial CuN Films with Highly Tunable Lattice
Constant for Lattice-Matched Magnetic Heterostructures with Enhanced Thermal Stability
Advanced Electronic Materials 4 1700367

[49] Milyaev M A, Naumova L I, Proglyado V V, Pavlova A Yu, Makarova M V, Patrakov E I,
Glazunov N P and Ustinov V V 2022 Advantages of using Cu.xInx alloys as spacers in GMR
multilayers Journal of Alloys and Compounds 917 165512

[50] Muduli P K, Higo T, Nishikawa T, Qu D, Isshiki H, Kondou K, Nishio-Hamane D, Nakatsuji
S and Otani Y 2019 Evaluation of spin diffusion length and spin Hall angle of the
antiferromagnetic Weyl semimetal Mn3Sn Phys. Rev. B 99 184425

[51] Moreau C E, Moraru I C, Birge N O and Pratt W P Jr 2007 Measurement of spin diffusion
length in sputtered Ni films using a special exchange-biased spin valve geometry Applied
Physics Letters 90 012101

[52] Ko K-H and Choi G-M 2020 Optical method of determining the spin diffusion length of
ferromagnetic metals Journal of Magnetism and Magnetic Materials 510 166945

[53] Yang Q, Holody P, Loloee R, Henry L L, Pratt W P, Schroeder P A and Bass J 1995
Prediction and measurement of perpendicular giant ~magnetoresistances of
Co/Cu/NigsFe16/Cu multilayers Phys. Rev. B 51 3226-9

[54] Lee S-F, Yang Q, Holody P, Loloee R, Hetherington J H, Mahmood S, Ikegami B, Vigen K,
Henry L L, Schroeder P A, Pratt W P and Bass J 1995 Current-perpendicular and current-
parallel giant magnetoresistances in Co/Ag multilayers Phys. Rev. B 52 1542641

[55] Schep K M, van Hoof J B A N, Kelly P J, Bauer G E W and Inglesfield J E 1997 Interface
resistances of magnetic multilayers Phys. Rev. B 56 108058

[56] Landauer R 1970 Electrical resistance of disordered one-dimensional lattices The
Philosophical Magazine: A Journal of Theoretical Experimental and Applied Physics 21
863-7

[57] Perdew J P, Burke K and Ernzerhof M 1996 Generalized Gradient Approximation Made
Simple Phys. Rev. Lett. 77 3865-8

[58] Baroni S, dal Corso A, de Gironcoli S and Giannozzi P 2008 URL http://www.pwscf.org/.
Google Scholar There is no corresponding record for this reference

[59] Joon Choi H and Thm J 1999 Ab initio pseudopotential method for the calculation of
conductance in quantum wires Phys. Rev. B 59 2267-75

[60] Smogunov A, Dal Corso A and Tosatti E 2004 Ballistic conductance of magnetic Co and Ni
nanowires with ultrasoft pseudopotentials Phys. Rev. B 70 045417

Page 33 of 34



[61] Simalaotao K, Miura Y and Sakuraba Y 2024 Origin of the difference in spin-dependent
transport properties between half-metallic CooFeGaosGeos and CooMno.sFeo sSi with the Ag
spacer Phys. Rev. Mater. 8 104409

[62] Kresse G and Furthmiiller J 1996 Efficiency of ab-initio total energy calculations for metals
and semiconductors using a plane-wave basis set Computational Materials Science 6 15-50

[63] Kresse G and Furthmiiller J 1996 Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set Phys. Rev. B 54 11169-86

[64] Dederichs P H, Bliigel S, Zeller R and Akai H 1984 Ground States of Constrained Systems:
Application to Cerium Impurities Phys. Rev. Lett. 53 25125

[65] Saal J E, Kirklin S, Aykol M, Meredig B and Wolverton C 2013 Materials Design and
Discovery with High-Throughput Density Functional Theory: The Open Quantum Materials
Database (OQMD) JOM 65 1501-9

[66] Kirklin S, Saal J E, Meredig B, Thompson A, Doak J W, Aykol M, Riihl S and Wolverton
C 2015 The Open Quantum Materials Database (OQMD): assessing the accuracy of DFT
formation energies npj Computational Materials 1 15010

[67] Momma K and Izumi F 2011 VESTA 3 for three-dimensional visualization of crystal,
volumetric and morphology data Journal of applied crystallography 44 1272—6

[68] Miura Y, Futatsukawa K, Nakajima S, Abe K and Shirai M 2011 First-principles study of
ballistic transport properties in CooMnSi/X/Co,MnSi(001) (X = Ag, Au, Al, V, Cr) trilayers
Phys. Rev. B 84 134432

[69] Mavropoulos Ph, Sato K, Zeller R, Dederichs P H, Popescu V and Ebert H 2004 Effect of
the spin-orbit interaction on the band gap of half metals Phys. Rev. B 69 054424

[70] Feng Y, Wu B, Yuan H and Chen H 2015 Structural, electronic and magnetic properties of
Co2MnSi/Ag(100) interface Journal of Alloys and Compounds 623 29-35

[71] Kawamura M 2019 FermiSurfer: Fermi-surface viewer providing multiple representation
schemes Computer Physics Communications 239 197-203

[72] Lounis S and Dederichs P H 2010 Mapping the magnetic exchange interactions from first
principles: Anisotropy anomaly and application to Fe, Ni, and Co Phys. Rev. B 82 180404

Page 34 of 34



