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Current-perpendicular-to-plane  giant magneto-resistive (CPP-GMR) devices are
promising for next-generation magnetic read heads in hard disk drives due to their low resistance
area product compared to tunnel magneto-resistive devices. While Co2FeGao.sGeo.s (CFGG) and
Co2MngsFeosSi (CMFS) are representative half-metallic Co-based Heusler alloys with
experimentally observed high magnetoresistance (MR) in CPP-GMR with Ag spacer, there is no
understanding of the origin of the different band matching with the Ag spacer for the evaluation
of ferromagnetic electrodes. In this study, first-principles calculations of the ballistic conductance
in (001)-CFGG/Ag/CFGG and CMFS/Ag/CMFS were performed to clarify an origin of the
difference in the spin-dependent conductance. We found that the majority-spin conductance of the
CFGG/Ag(001) at its maximum was about 45% higher than that of the CMFS/Ag(001) over all
interfacial terminations, indicating the advantageous potential of CFGG for achieving a larger MR
ratio in CPP-GMR. The Fermi surface analysis revealed that a hybridization between the d-states
of the CFGG electrode and the p-states of the Ag spacer around the Brillouin Zone edge plays an
important role in the Fermi surface matching at the interface. In addition, the calculated exchange
stiffness constant revealed that CFGG/Ag(001) interfaces exhibit higher stability to thermal
fluctuations of the spin-moment than CMFS/Ag(001) interfaces, indicating suppression of the
decrease of the MR ratios at finite temperatures. All these findings provide important insights for

the selection of materials for high-performance spintronic devices.
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I. INTRODUCTION

A current perpendicular to plane giant magneto-resistive (CPP-GMR) devices have gained
much attention for the next generation read head in hard disk drives (HDD) over 2 Tbit/in? due to
their much smaller resistance area product (RA). A smaller RA of less than 0.2 Q pum? will be
required for making a small read head suitable for high-speed reading in HDD compared to
tunneling magnetoresistance (TMR) counterparts [1,2]. The CPP-GMR devices consist of two or
more ferromagnetic layers separated by a non-magnetic conductive spacer layer, which exhibits
the change in electrical resistance to the perpendicular to the film plane direction due to a relative
angle of magnetizations in the neighboring ferromagnetic layers. The resistance change area
product (ARA = RapA — RpA) between antiparallel and parallel magnetization can be described
using the two-current series resistor (2CSR) model of up- and down-spin electron channels [3,4].
This model considers two intrinsic factors associated with spin-dependent electron scattering: the

bulk spin-asymmetry coefficient (f) and the interfacial spin-asymmetry coefficient (y). The S is

T {
O — O, . . .
defined as B = M within the ferromagnetic layers, where oy, and o, represent the
%ulk T 9bulk

conductivity for the majority and minority spins of bulk, respectively. Similarly, y is defined as

R A-R!

A . ) ) )
= dnt""int” £ the interface, with the R, A and the R{ . A denoting the resistance area
1 7 int int g
Rint.A+Rint.A ' '

product for minority and majority spins at interface between ferromagnetic (FM) layers and
nonmagnetic (NM) spacer, respectively. Enhancing f and y parameters by selecting proper
materials for FM electrode and NM spacer increases the magnetoresistance (MR) ratio in CPP-
GMR devices. Practically, f can be maximized by utilizing half-metallic materials as a FM layer
due to its 100% spin polarized electronic structure at the Fermi level. On the other hand, y can be
enhanced by choosing the suitable combination of FM electrode and NM spacer which has a spin-
asymmetric electronic band matching that increases R, A and reducing R}, A. Since there are no
states around the Fermi level of half-metallic minority-spin states in the bulk resulting in a finite
value for R}, in the FM/NM junctions, achieving a high MR ratio depends on choosing a
ferromagnetic material with a suitable non-magnetic spacer material that enlarges R] A to

maximize y parameter.

In previous studies, the use of half-metallic Heusler alloy as an electrode, renowned for its

high magnetoresistance (MR) ratio [5—10], has garnered significant attention in the field of
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spintronics. Co-based full-Heusler alloys are emerging as highly promising materials for various
spintronic devices due to their exceptional properties. Remarkably high magnetoresistance (MR)
ratios, exceeding 30% at room temperature (RT), have been achieved in devices utilizing Co-based
full-Heusler alloy electrodes such as CooMnSi[11,12], Co>MnosFeosSi[5,13—15], and
Co2FeGao sGeo.s [5,16—18] in conjunction with Ag or Ag-based non-magnetic alloy spacers in the
CPP-GMR configurations. Such performance levels are unprecedented in devices using
conventional ferromagnets, underscoring the potential importance of Co-based full-Heusler alloys
in advancing spintronics technology. However, further improvement of the MR properties is still

required for next generation read head application.

Taking advantage of first-principles calculations, we can reveal the physical properties of
the designed CPP-GMR materials and evaluate their innovative functionalities [19,20]. For
example, a study aimed at understanding the origin of the difference in y between
CooMnSi/Ag/CooMnSi and CoxMnSi/Cr/CoMnSi was clarified through first-principles ballistic
conductance calculations [11]. The findings indicate that the majority-spin resistance area product
of CooMnSi/Ag/CooMnSi  (~3.21 mQ pm?) is significantly smaller than that of
CooMnSi/Cr/CooMnSi (~16.1 mQ pm?), which is in good agreement with experimental
observations. This agreement serves as evidence of a reduced interface resistance and an enhanced
v between CoxMnSi and Ag due to a good Fermi-surface matching, as predicted theoretically.
Consequently, the reported MR ratio of CooMnSi/Ag/Co>MnSi stands at 36.4% [11], significantly
higher than the 2.4% MR ratio [21] observed for CooMnSi/Cr/Co,MnSi at room temperature. In
addition, the experiment confirmed the larger y at the CooMnSi/Ag interfaces compared to that at

the CooMnSi/Cr interface, using the same stacking structure [12].

There are critical underlying factors regarding the physical origin of the differences
observed in Co-based full-Heusler alloy electrodes. These include a lack of understanding of the
underlying potential of electrode evaluation and the primary reasons for selecting suitable
electrode materials along with an appropriate spacer. Interestingly, researches on CPP-GMR
measurements have reported comparable high MR ratio in
CoxFeGao.sGeo s(CFGG)/Ag/CorFeGaopsGeos(001) [16]  system, reaching 57% and in
Co2Mng sFeosSi(CMFS)/Ag/CoaMng sFeosSi(001) [13] system, achieving 58% at room

temperature. Nevertheless, the reported theoretical R}, A values [22], which represent the spin-
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dependent transport properties, differ significantly between CFGG/Ag/CFGG (~4.42 mQ pm?)
and CMFS/Ag/CMFS (~5.75 mQ um?) systems, and remain unclear from a theoretical standpoint.
Although the CFGG and CFMS are two of the representative half-metallic Heusler alloys that
showed the experimental highest MR ratios in the CPP-GMR, there has been no experimental
comparative study on CFGG and CMFS so far to clarify which electrode is suitable for an Ag
spacer because of the unavoidable difficulty to experiment with the perfectly same conditions. This
discrepancy warrants further theoretical investigation to better understand the underlying factors
influencing the transport property using these electrodes and determine which CFGG or CFMS is

suitable for obtaining larger MR performance.

The purpose of this study is to investigate and clarify the physical origins of the spin-
dependent transport properties exhibited by the different electrodes of CFGG and CMFS, with
implications for the design of interface structures in CPP-GMR devices. Our study focuses on a
fully epitaxial multilayer configuration, where the crystal momentum parallel to the layer (ky)
remains conserved due to the two-dimensional periodicity of the system. Thus, we employ ballistic
transport calculations based on the Landauer formula to evaluate differences in majority-spin
interface resistance, while taking into account their interfacial structural stability. In addition, we
analyze the transmittance projected onto Ag atomic orbitals at the interface, revealing their specific
orbital contribution. To further understand the stability of spin moments against thermal agitation,
we study noncollinear magnetic structures in the local spin moments across different interfacial
terminations. These results will provide important insights for the selection of materials for high-
performance spintronic devices. Furthermore, we intend to focus future research efforts on using

first-principles calculations to design CPP-GMR materials with innovative functionalities.
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II. COMPUTATIONAL METHOD

According to the two-current series resistor (2CSR) model [4], the interface resistance is
strongly spin-dependent and typically dominates the resistance and magnetoresistance for layer
thicknesses that are not excessively large [23,24]. Thus, understanding CPP-GMR largely depends
on understanding the origin of the interface resistance [25]. Here, it should be noted that in real
devices, current flow involves both ballistic and diffusive transport due to scattering at interfaces
and material imperfections, which increases resistance and reduces efficiency. However, in the
theoretical analysis of CPP-GMR devices, we can minimize the effects of diffusive scattering,
because the thickness of the NM spacer layer is much shorter than the mean free path of electrons,
approaching ballistic transport, especially in nanoscale systems. Therefore, the Landauer-Biittiker
theory is useful for analyzing ballistic transport in atomic-sized contacts, especially in CPP-GMR
devices, where interfacial resistance at FM/NM junctions significantly affects the transport
properties. Therefore, we perform first-principles ballistic transport calculations based on the
Landauer formula [26] to investigate the difference in the interface resistance between CFGG and
CMEFS electrodes. Our calculations are based on density functional theory (DFT) within the
generalized- gradient approximation for the exchange-correlation energy [27]. To perform the
interfacial structure optimization, the plane-wave basis sets along with the ultrasoft
pseudopotential method are adopted by using the QUANTUM-ESPRESSO code [28]. A set of 10
x 10 x 1 grid of k-points is used for the Brillouin zone integrations. The cutoff energy for the wave
function and charge density is set to 40 (Ryd) and 400 (Ryd), respectively. A supercell of
CoxFeGao.sGeo.s/Ag/CorFeGao.sGeo.s(001) and Co2Mny sFeo 5S1/Ag/CoMng.sFeo sSi(001)
junctions, namely CFGG/Ag/CFGG(001) and CMFS/Ag/CMFS(001) junctions were constructed
in a tetragonal supercell with the in-plane lattice parameters of the supercell are fixed at 4.06 A
and 3.98 A, respectively. The lattice mismatches between the Ag spacer and each electrode are
1.69% for CFGG and 3.78% for CMFS, respectively. The CFGG/Ag(001) interface has three types
of termination, namely FeGa termination, Co termination, and FeGe termination, and of the
identical CMFS/Ag(001) interface, namely MnSi termination, Co termination, and FeSi
termination. The multilayer supercell consists of 7 atomic layers of the Ag spacer, 21 atomic layers
of CFGG/CMEFS for the FeGa/MnSi termination, and 17 atomic layers of CFGG/CMFS for the Co
and FeGe/FeSi termination. =5 —! BRILB A2 Y £® A, (a-c) shows the supercell of

the CFGG/Ag/CFGG(001) junction with FeGa termination, Co termination, and FeGe termination,
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respectively, visualized by XCRYDEN [29]. The ballistic conductance was calculated using the
Landauer formula with semi-infinite boundary conditions by the method of Choi and Ihm
method [30,31]. It should be noted that the spin-orbit scattering can be expected at the
CFGG/Ag(001) and CMFS/Ag(001) interfaces, such as the Rashba effect, which can significantly
influence magnetization reversal through spin-orbit torque in three-terminal devices with current
flow parallel to the FM/NM interface. However, in a CPP-GMR device, which is a two-terminal
system with current flowing perpendicular to the FM/NM interface, the Rashba effect is expected
to have minimal impact on the CPP-GMR effect. To estimate an exchange stiffness constant at
each interfacial termination of CFGG/Ag(001) and CMFS/Ag(001) junctions, we calculated the
increase in total energies of the system, denoted as E(8), with a dependence on the angle of local
spin moments, 0, using Vienna Ab initio Simulation Package (VASP) codes [32,33]. Based on the
magnetic force theorem method [34,35], the obtained results were fitted using the function E(0) =

B(1 — cosf), where B represents the inter-atomic-layer exchange stiffness constant.
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FIG. 1. Supercell of the Co:FeGaosGeos/Ag/Co2FeGaosGeos(001) junction with (a) FeGa
termination, (b) Co termination, and (d) FeGe termination visualized by XCRYDEN [29] and of
identical CooMny.sFeo 5sSi/Ag/CoxMng sFe sSi(001) junction with Fe atom replaced by Si atom, Ga

atom replaced by Mn atom, and Ge atom replaced by Fe atom.
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III. RESULTS AND DISCUSSION

A. Interfacial structure stabilities

We have optimized the interface structure for each termination of CFGG/Ag/CFGG(001)
and CMFS/Ag/CMFS(001) junctions by relaxing the atomic positions along the longitudinal
direction of the supercell. The optimal interfacial distances are 1.91 A (Co-termination), 2.01 A
(FeGa-termination) and 2.03 A (FeGe-termination) for CFGG/Ag/CFGG(001) and 1.95 A (Co-
termination), 1.99 A (FeSi-termination) and 2.24 A (MnSi-termination) for CMFS/Ag/CMFS(001),
respectively. The formation energy of the two electrodes with each termination was then calculated
to evaluate their relative stability. The formation energy for CFGG/Ag/CFGG(001) and
CMFS/Ag/CMFS(001) junctions with each termination was determined using the following

equation.
Efter = E{5t — Xinill; (1

Where E{" is the total energy of the supercell for each junction with each termination, n; is the
number of atoms of species i (Co, Fe, Ga, Ge, Mn, Si, or Ag), and y; are their chemical potentials.
We assume that the chemical potential of the constituent atoms can be derived from bulk total
energy of the single element per atom. =7 —! ZRILA ROV £/ A, illustrates the
difference in formation energy between the two junctions for each interfacial termination. It is
evident that the CMFS/Ag/CMFS(001) junction has lower formation energies across all interfacial
terminations, indicating superior structural stability compared to the CFGG/Ag/CFGG(001)
junction. Furthermore, Co terminations in both junctions show relatively higher formation energies
than those of other junctions, suggesting that Co termination would be a metastable configuration.
This introduces a potential uncertainty in experimental observations. However, theoretical
predictions indicate that the FeGa and MnSi terminations are structurally more stable than the Co

terminations at the CFGG/Ag and CMFS/Ag interfaces, respectively.
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FIG. 2. Formation energies as a function of each interfacial termination comparing between
CoxFeGao.sGeo.s/Ag/CorFeGao.sGeo.s(001) and Co2Mny sFeo 5S1/Ag/CoMng sFeo 5sSi(001)

junctions.

B. Ballistic transport properties with the in-plane wave vector (k) dependence

To investigate the underlying physical factors contributing to the variation in transport
properties between CFGG/Ag/CFGG(001) and CMFS/Ag/CMFS(001) junctions, we have
performed calculations of the majority-spin conductance at the Fermi level in the parallel
magnetization configuration. An average majority-spin conductance integrated over the two-
dimensional Brillouin zone (2D BZ) of the in-plane wave vector k| of each interfacial termination
for CFGG/Ag/CFGG(001) and CMFS/Ag/CMFS(001) junctions is depicted in =7 —! BT
BRDOHHY £/ A, (a)and (b), respectively. Overall, the calculated majority-spin conductance
using the CFGG electrode is larger than that using the CMFS electrode for all interfacial
terminations, indicating a better Fermi surface matching of CFGG/Ag(001) than that of
CMFS/Ag(001). Notably, the Co termination in both junctions exhibited the lowest conductance
value among the terminations. The FeGe termination within the CFGG electrode presented the
highest conductance value, while the Co termination within the CMFS electrode demonstrated the

lowest conductance value.
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FIG. 3. A comparison of an average majority-spin conductance in the parallel magnetization of
each interfacial termination for (a) Co2FeGaosGeos/Ag/CoFeGaosGeos(001) and (b)
Co2Mny sFeo 5S1/Ag/CoMng sFeo 5sSi(001) junctions.

The kj dependence of majority-spin conductance for each interfacial termination at the
Fermi energy is shown within the 2D BZ for CFGG/Ag/CFGG(001) and CMFS/Ag/CMFS(001)
junctions, in 7 —! BRBILAROPY EH¥A, (ac)and =T —! BRITB RO £H
o (d-f), respectively. Overall, the highly conductive regions (yellow-colored region) of (kj =
ky, ky) strongly depend on the interfacial termination of the different electrodes at the two
junctions. The CFGG/Ag/CFGG trilayers had a wider distribution of highly conductive regions
compared to the CMFS/Ag/CMFS in the 2D kj BZ. Around the I point (k= 0), both CFGG and
CMFS exhibited relatively very small conductance, with spreading occurring at kj less than |0.25].
However, away from the I" point (kj # 0), the highly conductive region of the CFGG electrode
expanded significantly, while that of the CMFS electrode remained confined to a smaller region.
These results indicate that the use of the CFGG electrode results in a lower majority-spin interface
resistance area product (R!,, A) and a larger v, leading to a higher magnetoresistance (MR) ratio

compared to the use of the CMFS electrode.
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FIG. 4. In-plane wave vector kj = (ky, ky ) dependence of majority-spin conductance at the Fermi
level in the parallel magnetization for CooFeGao sGeo.s/Ag/CorFeGao sGeo.s(001) junction with (a)
FeGa termination, (b) Co termination, (c) FeGe termination and Co2MngsFeosSi/Ag/

Co2Mny sFeo.5S1(001) junction with (d) MnSi termination, () Co termination, (f) FeSi termination.

In the ballistic regime, the conductance calculation is directly proportional to the number
of conducting channels facilitating transport along to the current direction. To derive the intrinsic
transport contributions, the normalization of the Rl . A by the number of conducting channels [25]

was considered by the following equation:

RA = A_h(l_l)' )

e2\Tr N

where 4 is the cross-sectional area, e is the elementary charge, 4 is the Planck's constant, 7 is the

average of the transmission probability, and N is the average of the number of conducting channels.
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FIG. 5. Transmission and number of conducting channel contribution as a function of majority-
spin resistance area product comparing between Co2FeGaosGeo.s/Ag/CorFeGagsGeo.s(001) and

Co2Mny sFeo 5S1/Ag/CoMng sFeo sSi(001) junctions.

T —I1BRITB RO £/ A, illustrates the plotted variable contributions, namely % and

% as a function of the interface resistance area product normalization (RA4). The primary

contribution to both the CFGG and CMFS electrodes appears to come from the transmission
probability of each channel. This suggests that the changing in the number of conducting channels
between these two electrodes does not significantly affect their transport properties. As a result,
the CFGG/Ag/CFGG(001) system consistently exhibits lower R4 values across all terminations
compared to the CMFS/Ag/CMFS(001) system, as shown in Table I. These theoretical R4 values
for the CFGG/Ag/CFGG(001) system agree well with previous research, confirming their lower
values compared to the CMFS/Ag/CMFS(001) system, as reported in a previous study [22].

However, it should be noted that real materials may contain impurities, defects, or lattice
imperfections that contribute to interface disorder. Consequently, interface disorder plays a critical
role in determining the transport properties of materials. Nevertheless, in extremely pure and
defect-free systems, where the mean free path of electrons is very long compared to the thickness

of the NM spacer layer in CPP-GMR devices, the ballistic mode of transport can serve as a
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reasonable approximation.

Interface disorder perturbs the electronic structure, often increasing the number of electronic bands
crossing the Fermi level, which in turn creates additional scattering states and reduces the
transmission of charge carriers compared to an ideal or pristine case. In our case study of ballistic
electron transport, despite the presence of some disorder, the electron mean free path remains
larger than the size of the structures, allowing conductance to remain ballistic and to arise from
the change of the local potential and electronic structures at the interface. The exact values of
conductance are material-dependent, highlighting the importance of understanding specific

material characteristics when evaluating transport properties.

Table I Majority-spin resistance area product (RA) for CoxFeGao sGeo.s/Ag/CorFeGao sGeo.s(001)

and Co2Mng sFeo.5S1/Ag/CooMno sFeo sSi(001) junctions of each interfacial termination.

Electrode Interfacial termination RA (mQ um?)
CoxFeGao.sGeos FeGa 1.77
Co 2.32
FeGe 1.69
Co2Mng sFeo.sSi MnSi 3.27
Co 5.28
FeSi 3.29

C. Majority-spin conductance variation and Fermi surface matching
To gain deeper insight into the majority-spin conductance between CFGG/Ag/CFGG(001)
and CMFS/Ag/CMFS(001), we examined the difference of the majority-spin conductance in the

ky space for identical interfacial terminations between the two electrodes, as shown in .= 7 —! &
FETLDIEDD>D F' A, (a-c). It was observed that there is a large difference in the highly

conductive region around the BZ edge due to the CFGG electrode. These results indicate that the
main causes of lower R4 values are due to the higher conductive region around the BZ edge of

CFGG/Ag/CFGG(001). In addition, Fermi surface analysis was performed for the tetragonal unit
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cells of L21-Co2FeGao.sGeo s, fcc-Ag, and L21- CooMng sFeo 5S1, as visualized by XCRYDEN [29]
in FIG. 6(d-f), respectively. Overall, the Fermi surface characteristics of CFGG and CMFS are
comparable, but differences were found around the BZ edge. In this region, CMFS bulk electronic
states lack energy levels for occupied or unoccupied electrons, indicating limited conductivity in
CMFS materials. As a result, the CFGG electrode has the potential advantage of a larger
conductive region around the BZ edge, leading to higher conductance compared to the CMFS

electrode.
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FIG. 6. Variation of majority-spin conductance in the parallel magnetization calculated between
CoxFeGao.sGeo.s/Ag/CorFeGao.sGeo.5(001) and CoxMngsFeo.sSi/Ag/CoxMno sFeosSi(001) for (a)
FeGa-MnSi termination, (b) Co-Co termination, and (c) FeGe-FeSi termination. Fermi surface in
the Brillouin zones corresponding to (d) the tetragonal unit cell of L2;-Co2FeGao.sGeo s, () fcc-

Ag, and (f) the tetragonal unit cell of L2;-Co2Mny.sFeo.sSi visualized by XCRYDEN [29].

To gain a better understanding of the orbital contributions, the Fermi surfaces were

separated into s, p, and d orbital compositions as visualized by FermiSurfer [36] in .= = —! =/
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TLIPE 20>V F# A, . The main contribution to the Fermi surface of the CFGG and CMFS

bulk materials result from d orbital, followed by p and s orbitals. In contrast, the Ag bulk material
shows a high contribution from the p orbital, followed by d and s orbitals, respectively. These
results reveal a hybridization between the d states of the CFGG electrode and the p states of the
Ag spacer around the BZ edge. This phenomenon is not observed for the CMFS electrode due to
the lack of energy levels for occupied or unoccupied electrons, as previously mentioned.
Consequently, the physical origin of the difference in their transport properties can be attributed
to a strong distribution of highly conducting regions from the CFGG electrode around the BZ edge.
This results from its superior Fermi surface matching at the BZ edge compared to the CMFS
electrode, especially in terms of the d states of the CFGG electrode and the p states of the Ag

spacer.

p orbital d orbital

FIG. 7. Fermi surface separated into s, p, and d orbital compositions, where 0 and 1 values
represent the ratio of each orbital contribution, for the tetragonal unit cell of L2;-Co,FeGao sGeo s,

fcc-Ag, and the tetragonal unit cell of L21-Co2Mno.sFeo sSi visualized by FermiSurfer [36].
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D. Projected transmittance of a spacer and exchange stiffness at interface

To clarify the relevance of interfaces for the difference in the kj-dependence of the
conductance, we have explicitly calculated the projection of the transmission coefficient (|Ceim|)
on the local atomic orbital of the Ag spacer in the CFGG/Ag/CFGG(001) and
CMFS/Ag/CFGG(001) trilayers at the Fermi level. Here, the a, /, and m are indices of atomic
positions and local atomic orbitals, and the formulation of the |Cun| is given in Ref. [30]. This
approach allows us to better understand the main contributions to the conducting behavior in these
materials, as discussed in the previous section. As shown in Figs. 8(a) and (b), the main
contribution to the transmittance over the kj dependence comes from the Ag d orbitals, followed
by the p and s orbitals, respectively, in both junctions. The presence of the d orbital feature at the
interface is particularly interesting, indicating that the hybridization of the Co, Mn, and Fe d
orbitals with Ag d orbital is a key factor in determining the kj-dependence of the transmittance.
Furthermore, the transmittance feature over the kj region at the interface is similar to the
contribution of the highly conducting region in the overall systems (=7 —! ZRILH R 25D
¥ A, ). This also suggests that the majority-spin conductance of these junctions can be

characterized by the d orbital of the Ag spacer at the interface. Furthermore, the main reason for
the difference in conductance between the two junctions occurs around the Brillouin zone (BZ)
edge, as evidenced by the d orbitals of the Ag spacer in both electrodes. Consequently, it should
be noted that while the majority orbital contribution of the bulk Ag spacer comes from the p states,
the d states play an important role in determining the kj-dependence of the transmittance at the

interfaces.
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CoxFeGao.sGeo.s/Ag/CorFeGaosGeos(001) and (b) Co2MnosFeosSi/Ag/CorMngsFeo sSi(001)

trilayers at the Fermi level.

To further evaluate the efficiency of spin transport across the interface, we estimated the
exchange stiffness constant at each interfacial termination of CFGG/Ag(001) and CMFS/Ag(001)
junctions. This constant is a fundamental parameter characterizing the strength of the exchange
interaction between neighboring magnetic moments in materials. The increase in the total energy
of the system (E(6)) as a function of the angle of local spin moments (6) was calculated.
Subsequently, the function £(6) = B(1 — cosf)) was employed to fit the obtained results using.
Consequently, the inter-atomic layer exchange stiffness constant (B) was identified as illustrated
in Table II. In addition, as shown in FIG. 9, the total energy increase as a function of tilting angle
followed a quadratic trend (~ 6) up to @ = 15°. This implies that the error in estimating the
exchange stiffness constant by the function E(6) = B(1 — cos#) is negligible in the present

system [37].

Page 16 of 22



Table II Exchange stiffness constant B [meV/uca] fitted to the increase in energies, E(0) = B(1 —
cosf), due to the noncollinearity of local spin moments for CFGG/Ag(001) and CMFS/Ag(001)
junctions. The unit-cell area (uca) is approximately 33 A for CFGG and 32 A? for CMFS.

Interfacial termination of CFGG/CMEFS electrodes
B (meV/uca)

FeGe/FeSi Co/Co FeGa/MnSi
CFGG/Ag(001) 134 115 129
CMFS/Ag(001) 113 134 105

Overall, the exchange stiffness constant of the CFGG/Ag(001) interface was significantly
larger than that of the CMFS/Ag(001) interface (Table II), except that the Co termination has a
lower exchange stiffness constant compared to that in CMFS/Ag(001) interface. With the stronger
exchange interaction at the CFGG/Ag(001) interface, the interfacial magnetic moments are more
constrained and less likely to fluctuate at finite temperatures. Conversely, the weaker interaction
at the CMFS/Ag(001) allows for easier fluctuations of the interfacial magnetic moments. Among
various terminations of the CFGG/Ag(001) and the CFMS/Ag(001) interfaces, the FeGe and Co
termination, respectively, exhibit the largest and comparable exchange stiffness constant of 134
meV/uca (FIG. 9). In contrast, the instability of spin moments against thermal agitation was found
at the MnSi interfacial termination in the CMFS/Ag(001) interface, with the lowest exchange
stiffness constant of 105 meV/uca (FIG. 9). Considering the highest structural stability of each
electrode, indicated by the formation energy as discussed in section A, the FeGa termination in
CFGG/Ag(001) interface provides a higher exchange stiffness constant compared to the MnSi
termination in CMFS/Ag(001) interface. This suggests a higher stability of the spin moment
against thermal agitation. Consequently, the CFGG electrode exhibited not only a higher majority-
spin conductance leading to a higher MR ratio but also a higher stability of spin moment against
thermal fluctuations, thereby suppressing the reduction of the MR ratio at finite temperatures

compared to the CMFS electrode.
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IV. SUMMARY

In this paper, we perform first-principles ballistic transport calculations based on the
Landauer formula to clarify the physical origins of the spin-dependent transport properties between
CFGG/Ag/CFGG(001) and CMFS/Ag/CMFS(001) junctions. First, we determined the structural
stability of interfaces for the two different electrodes by comparing their formation energies. The
results showed that the CMFS/Ag/CMFS(001) junctions exhibited lower formation energies
among all interfacial terminations, suggesting superior structural stability compared to the
CFGG/Ag/CFGG(001) junctions. Secondly, the difference in transport properties was investigated.
The CFGG/Ag/CFGG trilayers showed a more widespread distribution in the majority-spin
conductance in the 2D kj Brillouin zone compared to CMFS/Ag/CMEFS. In particular, the highly
conductive distribution for the CFGG electrode expanded significantly around the BZ edge, which
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was not observed in the CMFS electrode. This indicated a lower majority-spin interface resistance
area product ( R},A) and implied a higher Magnetoresistance (MR) output for the
CFGG/Ag/CFGG(001) system compared to the CMFS/Ag/CMFS(001) system. We then
elucidated the difference in the kj dependence of the majority-spin conductance by investigating
the projected transmittance on the local atomic orbital of the Ag spacer at the interface of the
magnetic junctions. We found that the d orbital feature at the interface in the kj dependence is
similar to the conducting contribution in the whole systems, indicating that the majority of
conducting channels originate from the d orbital of the Ag spacer at the interface. This presence
of the d orbital feature at the interface is particularly interesting. This implies that the hybridization
of Co, Mn, and Fe d orbitals with Ag d orbital plays a crucial role in determining the kj-dependence
of the transmittance. Furthermore, a high transmittance was found around the BZ edge, which
contributed significantly to the different conducting regions in the ky BZ between the two electrode
configurations. Finally, the exchange stiffness constant was estimated and showed that most
interfacial terminations in the CFGG/Ag(001) interfaces have higher stability of local spin
moments for thermal fluctuations than that in the CMFS/Ag(001) interfaces. This stability is
essential for suppressing the spin-flip scattering and for maintaining the MR ratio despite thermal
fluctuations of magnetization at finite temperatures. The present findings suggest that the CFGG
electrode will be suitable for larger CPP-GMR at room temperature which is worthy of further

investigation.
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