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Two types of magnetoresistance (MR), i.e., tunnel magnetoresistance (TMR) and current perpendicular to
plane giant magnetoresistance (CPP-GMR), are theoretically discussed for systems with half-metallic (HFM)
Co-based full Heusler compounds. In TMR, the non-collinear spin structure at the Co:MnSi(CMS)/MgO(001)
interface that results from thermal spin fluctuations significantly reduced the TMR ratio at room temperature (RT).
Enhancement of the exchange stiffness of CMS/MgO was essential to suppress the reduction in TMR at RT.
Furthermore, it is proposed that inserting of a B2-CoFe layer between CMS and MgO is a promising way to enhance
the interface exchange stiffness constant. In CPP-GMR, the interface spin asymmetry y in the Valet-Fert model was
essential to enhance GMR at RT, because the temperature dependence of y in experiments was much larger than
that of the bulk spin asymmetry B. I showed that the experimental CPP-GMR ratio increases with the decrease in
the theoretical resistance-area product ApA, which is roughly consistent with the Ap dependence of y. This means
that matching of the conductive channel between HMF and a non-magnetic metallic spacer is a key parameter to
enhance y. These findings will be very important for room temperature spintronics devices applied in future artificial
intelligence hardware.
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1. Introduction tunneling through the A1 evanescent state in MgO and
the highly spin-polarized A: band around the Fermi
level in bee-FeCo%19. This means that in TMR devices,
the spin dependence of the current can be characterized
by the spin polarization of the A: state of the
ferromagnetic electrodes at in-plane wave vector k| =0
rather than that of the total density of states (DOSs)
around the Fermi level. In MgO-based MTdJs, it is
difficult to reduce the resistance while maintaining high
TMR. Reducing the barrier thickness of MTdJs decreases
the TMR as well as the resistance, because the
tunneling of non-spin-polarized As and Az states is not
negligible in a MgO layer with a thickness of a few
monolayers. Thus, half-metallic ferromagnets (HMFs),
which are metallic for the majority-spin band and
insulating for the minority-spin band with complete
(100%) spin polarization at the Fermi level, will be
important to realize both high TMR and low resistance
for MTdJs with few-monolayer MgO thickness.

CPP-GMR devices composed of all-metallic layers have
lower resistance than TMR devices, but their MR ratios
are also typically more than an order of magnitude
smaller. This is due to the presence of many scattering
processes in all-metallic systems, because in a metallic
system, not only electrons with k| = 0 but also those
with k|| # 0 contribute equally to the current. Thus, the
spin-dependent transport in GMR devices can be
characterized by the spin polarization of the total DOSs
of the ferromagnetic electrodes rather than the spin
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I introduce “Theoretical Study on Spin-dependent
Transport Properties in Magnetic Junctions” in this
review paper, which was a research subject of MSJ
Outstanding Research Award 2022.

The  spin-dependent tunneling between two
ferromagnetic (FM) electrodes separated by a
non-magnetic (NM) layer provides magnetoresistance
(MR) that depends on the relative magnetization
directions of the ferromagnetic electrodes.-® The effect
is applied in magnetoresistive random access memory
(MRAM) and ultra-sensitive magnetoresistive sensors,
which are essential to realize artificial intelligence (AI)
hardware and neuromorphic devices in the
next-generation information society.#» There are two
types of MR devices according to the type of
nonmagnetic layer, which are tunneling
magnetoresistance (TMR) devices with an insulating
barrier layer, and current-perpendicular-to-plane giant
magnetoresistance (CPP-GMR) devices with a NM
metal spacer. To realize Al-dedicated and neuromorphic
spintronics devices, a large MR ratio and low resistance
are required.

High TMR ratios over 300% at room temperature have
been realized in magnetic tunnel junctions (MTdJs) with
single-crystalline MgO and bcc-FeCo6® from coherent
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Table 1 Summary of experimental results on TMR ratio [%] at room temperature (RT) and low temperature (LT)

for MTJs with Co-based full Heusler compounds Co2YZ (exact temperatures differ between studies).

Bottom electrode Barrier Upper electrode TMR % TMR % Year
@LT @RT [Reference]

Co2(Cro.6Feo.s)Al Al-O Co2(Cro.6Feo.4)Al 26.5 16 200326
Co2MnAl Al-O Coo.sFeos 40 27 200427
CozFeAl Al-O Coo.75Feo.25 47.3 200529
Co2MnSi Al-O Co2MnSi 570 67 200629
CozFe(Alo.5Si0.5) Al-O Coo.75Feo.25 106 76 200630
Co2(Cro.sFeo.s)Al MgO CoosFeos 240 90 20073V
Co2MnSi MgO CoosFeos 753 217 200832
Co2MnSi MgO Co2MnSi 700 180 200933
CozFe(Alo5Sios) MgO CozFe(Alo5Sios) 832 386 200934
CozFeAl MgO Coz2FeAl 308 130 200939
CosFeAl MgO CoFe 700 330 201036
Co2Mn1.29Si1 MgO Co2Mn1.29S1 1995 354 201237
Coz(Feo.sMno.5)Si MgO Co2(Feo.sMno5)Si 2610 429 201539
CozFeAl MgAl204 CozFe(Alo5Si0.5) 616 342 201639
Coz2Mn1.3S10.84 MgO CozMn1.3Si0.84 2010 335 201640
Co2Fe(GaosGeos) Cu(Ino.sGao.2)Se2 CozFe(GaosGeo.s) 100 40 20164
Co2Fe(Gao.5Geo.s) CuGaSe: CozFeGalo5Geo.s) 250 100 201942
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important for obtaining large GMR.
Among the many theoretically predicted HMFs,11-16)
the Co-based full Heusler compounds Co2YZ (Y = Cr,
Mn, Fe, Z = Al, Si, Ga, Ge) are the most promising
candidates for use in spintronics devices because of
their high Curie temperatures above room temperature
(RT). A characteristic feature of Co-based full Heusler
compounds is that their electronic structure hardly
changes with respect to the specific atomic disorder,
such as B2-type disorder, where Y and Z atom sites are
randomly occupied.l’™ 19 The robustness of high spin
polarization against the atomic disorder of Co-based
Heusler compounds is important in terms of the
relaxation of experimental requirements, because it is
expected that some degree of atomic disorder will occur
during thin-film fabrication. The valence-band
electronic structures of typical halfmetallic Co-based
full Heusler compounds Co:MnSi (CMS) were
investigated by photoelectron spectroscopy to confirm
dependence of the -electronic
experimental band
photoemission spectra at 30 K were in good agreement
with density functional theory (DFT) calculations at
distinct temperature

the temperature

structures.2?  The valence

zero temperature, and no
dependence was observed in the experimental valence
band  spectra. Furthermore, the temperature
dependence of the spin-polarization of CMS was shown
to be small by spin-resolved hard x-ray photoelectron
spectroscopy.2? Recently, we calculated the temperature
dependence of the bulk electronic structures of
half-metallic Co-based Heusler compounds using the

disordered local moment (DLM) method,?? and found
that  the temperature dependence of  the
spin-polarization of the sp density of states (DOS) of
Coz2FeGaosGeos (CFGG) is weaker than that of
CMS.2324 Furthermore, several new Co-based Heusler
compounds such as CozMnGai-xAsx and Coz2FeAl1-xSnx
were proposed by the machine learning method with
finite temperature first-principles calculations using the
DLM.29

Table 1 summarizes experimental studies on TMR
ratios at low temperature (LT) and RT for Co-based full
Heusler MTJs2642, Half-metallic Co2YZ compounds
have been applied in TMR devices with an amorphous
alumina barrier?6-39 and then in MTJs with a MgO
barrier, and large TMR ratios
demonstrated.31-3849  Furthermore, new  barrier
materials such as MgAl2049 and Cu(Ini—xGa)Sez4142
have been applied as the barrier layer in Heusler-based
MTdJs. Particularly, MTJs with Mn-rich CMS and
Co2(Mn,Fe).Si with MgO barriers provided huge TMR
exceeding 2000% at very low temperature,3840
indicating the potential of the halfmetallic electronic
structures. However, the TMR also rapidly decreases
with increasing temperature.

As is shown in Table 1, experiments on the TMR effect
of MTJs with half-metallic Co-based full Heusler
compounds have not been reported after 2019. There are
two reasons for the decrease in experimental studies on
TMR in Heusler-based MTdJs. One is the large
temperature dependence of the TMR ratios of MTJs
with half-metallic Co-based full Heusler compounds.

were
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Table 2 Summary of experimental results on GMR ratio % and ARA mQ - pm? at room temperature (RT) and low

temperature (LT) for CPP-GMR devices with Coz YZ (exact temperatures differ between studies).

System GMR % @ LT GMR % @ RT Year

(ARA mQ - pum?) (ARA mQ - um?) [Referencel
Co2MnSi/Cr/CosMnSi(001) 2.4 (19) 200649
Co2MnSi/Cu/Co:MnSi(001) 9 200850
CosFe(Alo5Si0.5)/Ag/Co2Fe(Alo.5Si0.5)(001) 14 (12.4) 6.9 (7.4) 20085V
Co2MnSi/Cr/CozMnSi(001) 5.2 (6.5) 200952
CozMnSi/Ag/Co2MnSi(001) 28.8 (8.92) 200953
CozFe(Alo 5Si0.5)/Ag/CozFe(Alo.58i0.5)(001) 80 (17) 34 (8) 20105
Co2Mn(Gao.5Sno.5)/Ag/Co2Mn(Gao.5Sn0.5)(001) 17.2 (6.5) 8.8 (4) 201055
CozMnSi/Ag/CozMnSi(001) 67.2 36.4 (11.5) 201059
CozFe(GaosGeo.s)/Ag/CosFe(Gao5Geos)(001) 129.1 (26.4) 41.7(9.5) 201157
CozMnGe/Cu/CozMnGe(001) 9 (6) 201159
Co2(Feo.4Mno.6)Si/Ag/Cos(Feo.sMno.¢)Si(001) 74.8 201159
Co2(Feo.4Mno.6)Si/Ag/Coz(Feo.4Mno.¢)Si(001) 184 58 (11) 201260
Co2Fe(GaosGeos)/Ag/CosFe(GaosGeos)(001) 183 (33) 57 (12) 20136V
Co2Fe(Gao.sGeos)/NiAl/Ag/NiAl /CozFe(GaosCGeos(001) 285 (78) 82 (31) 201662
Co2Mn1.45Si0.82/CoFe/Ag/CoFe/CosMni.45Si0.52(001) 20.7 (8.1) 201763
Cos(Feo.4Mno.¢)Si/AgsMg/Coz(Feo.«Mno.6)Si(001) 63 (25) 201764
Co2(Feo.sMno.6)Ge/AgSn/Coz(Feo.sMno.s) Ge(001) 25 (7.5) 201865
Coz(Feo.4Mno.¢)Si/AgsMg/Coz(Feo.4Mno.)Si(001) 100 30 201966
CozFe(Gao.5Geo.5)/Ni/Ag/Ni/CoaFe(Gao.5Geo5)(001) 32.5 202167
CoFe/Coz(Feo.4Mno.s)Si/Ag/Co2(Feo.aMno.6)Si/CoFe(001) 50 (19.1) 202168

The TMR ratio of Heusler-based MTJs at RT is still
smaller than that of CoFe-based MTJs. Recently, a
breakthrough in the RT TMR of CoFe-based MTJs was
achieved by Scheike et al., where a 631% TMR ratio at
RT and 1143% TMR ratio at LT were observed for
CoFe/MgO/CoFe(001) MTJs.4® To demonstrate the
potential of half-metallic Heusler compounds, it is
important to achieve a larger TMR ratio at RT than that
of CoFe-based MTdJs. The other reason for the decrease
requirement of MTdJs with the
perpendicular  magnetic  anisotropy (PMA). In
spin-transfer torque switching of the magnetization
direction in MTdJs, PMA is required in order to reduce
the effective anisotropy field of MTdJs. Since the
Co-based full Heusler compounds show basically cubic

in studies 1is

symmetry, the magneto-crystalline anisotropy (MCA) of
Co2YZ is zero. Thus, the magnetic anisotropy of
Coz2 YZ001) thin films tends to have an in-plane easy
axis due to the shape anisotropy. Some Mn-based
Heusler compounds such as Mn3Ga and MnsGe with
D022 structure have tetragonal structures, showing
perpendicular MCA in the bulk.444? However, the
experimental results for the TMR effects of
Mn3Ga/MgO- and Mn3Ge/MgO-based MTJs#448) are very
small compared with those of Co2YZ/MgO-based MTdJs
because of the large lattice mismatch of Mn3Ga and
Mn3sGe with MgO4? and the non-half-metallic behavior
of the A; states of MnsGa.tY Therefore, achieving

perpendicular MCA in Heusler-based MTJs will be also
a future task.

Table 2 summarizes experimental studies on GMR
ratios and the difference in resistance-area product
between parallel and antiparallel magnetizations ARA
at LT and RT for various CPP-GMR systems with
Co-based full Heusler compounds.46® Half-metallic
Co2 YZ have also been applied in CPP-GMR devices, and
relatively large GMR ratios have been observed for
Heusler-based magnetic junctions with a Cr spacer,49:52
Cu spacer,59 Ag spacer,5153-5759-60 AgsMg spacert6o)
and AgSn spacer.5? Furthermore, insertions of an
additional layer were attempted to enhance the
matching of conductive channels between Co-based full
Heusler compounds and NM spacers, such as NiAl
insertion in the CFGG/Ag(001) interface,5? Ni insertion
in the CFGG/Ag(001) interface,6” CoFe insertion in the
CMS/Ag(001) interface® and Coz(Feo.«Mno.¢)Si insertion
in the CoFe/Ag(001) interface,® which led to an
increase in the CPP-GMR ratios.

In this review, I discuss the spin-dependent transport
properties of TMR and CPP-GMR devices with
half-metallic CozYZ based on first-principles electronic
structure and  ballistic  transport calculations.
Particularly, I focus on the spin-dependent transport of
magnetic junctions with half-metallic Co2YZ First, 1
discuss the origin of the temperature dependence of the
TMR ratios in MTJs. The spin-dependent conductance
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of MTJs with CMS (or Fe) and MgO was investigated
based on first-principles calculations in a noncollinear
spin system. Noncollinear magnetic structures are
formed as a result of spin fluctuation at finite
temperatures. I focus on the spin-flip scattering of
conducting electrons caused by the noncollinearity of
local spin moments in various interfacial layers, and I
discuss the electronic states at the interfaces that
contribute to the spin-flip conductance. Our theoretical
analysis confirmed the crucial contribution of the
spin-flip process at the interface, which leads to a
significant reduction in the MR ratio at RT. Then, I
discuss the interface spin-asymmetry in CPP-GMR
devices. I argue that the matching of the Fermi surface
projected to the two-dimensional Brillouin zone in
in-plane wave vector k| between the CMS and NM
spacers is important to enhance the interface spin
asymmetry. Furthermore, I clarify the correlation
between experimental CPP-GMR ratios and the
theoretical interface resistance in parallel
magnetization in CPP-GMR.

2. Computational Method

I performed first-principles calculations for supercells
consisting of Co-based Heusler compounds Cos YZ (Y =
Mn or Fe, Z = Si, Ga or Ge) and various non-
magnetic (NM) layers X such as X= MgO, Ag, Cr, V, Al
and Au using the DFT within the generalized-gradient
approximation for the exchange-correlation energy.6 In
order to facilitate the optimization of atomic positions,
which is important for determining the interface
structure, I adopted plane-wave basis sets along with
the ultra-soft pseudopotential method by using the
quantum code ESPRESSO.7 The number of k points is
taken to be 15x15x1 for all cases, and Methfessel-
Paxton smearing with a broadening parameter of 0.01
Ry is used. The cutoff energy for the wavefunction and
charge density is set to 30 Ry and 300 Ry, respectively.
These values are large enough to deal with all the
elements considered here within the ultra-soft
pseudopotential method. Coz YZX/Coz YZA001) magnetic
junctions with Co (YZ) termination were constructed in
a multilayer structure containing seventeen (fifteen)
atomic layers of CozYZ and seven or nine atomic layers
of NM. The in-plane lattice parameter of the supercell is
fixed to that of Co2 ¥Z These values correspond to a0/V2,
where ao is the lattice constant of the bulk CozMnSi
(5.65 A). Since the lattice constant of the NM layer Xis
different from that of Co2YZ, the lattice mismatches
between Coz YZ and X on the 45° in-plane rotation at the
(001) face are considered, leading to tetragonal
distortion in the NM layer (X).

For transport calculations, I calculated the ballistic
conductance of the magnetic junctions based on the
Landauer formula.”” I considered an open quantum
system consisting of a scattering region corresponding
to NM spacer X and a junction with Coz YZ attached to
left and right semi-infinite electrodes corresponding to
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Fig. 1 Local density of states (LDOS) at Fermi level
(EF) projected onto each atomic sphere as a function
of the distance from interface for CosMnSi(CMS)
/MgO(001) with MnSi termination. Positive
(negative) sign of y-axis indicates majority-spin
(minority-spin) LDOS. Schematic figures of supercell
of CMS/MgO/CMS(001) MTJ are shown above the
LDOS. (b) The solid lines show LDOS of Mn d at
MnSi-terminated CMS/MgO(001) interface as a
function of energy relative to Er. LDOS in bulk
(electrode) region is also shown by dashed line as a
reference. ref.[74]

bulk Co2YZ The transmittance can be obtained by
solving the scattering equation with infinite boundary
conditions, in which the wavefunction of the scattering
region and its derivative are connected to the Bloch
states of each electrode.”? The potential in the
scattering equation can be obtained from self-consistent
filed electronic structure calculations for the supercell
containing a left electrode and a scattering region. It
was confirmed that five atomic layers of Coz YZ between
the right edge of the electrode region and the left-hand
side of the Co2 YZ X interface are sufficient to represent
the shape of the local potential of bulk Co2YZ in the
electrode region.

Since our system is repeated periodically in the xy
plane and propagating states can be assigned by an
in-plane wave vector k| = (kx, k) index, different k| do
not mix and can be treated separately. Furthermore,
our approach neglects the spin-orbit interaction and
noncollinear spin configuration. Thus, I solved
scattering equations for some fixed k| and spin index
using Choi and Thm’s method.? 7

3. Spin-dependent transport in TMR devices

3.1 Interface electronic structures

Figure 1(a) shows the majority- and minority-spin
local density of states (LDOS) at the Fermi level
projected onto each atomic sphere as a function of the
distance from the CosMnSi(CMS)/MgO(001) junction.™
It is found that in the case of MnSi termination,
interface states appear in the minority-spin state at the
Fermi level, reducing the half-metallicity of CMS.
have been obtained in the Co
the CMS/MgO(001) junction.™
Examining the electronic structure at the interface in

Similar results

termination  of
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Fig. 2 (a) Schematic figure of CMS/MgO/CMS MTJs
with MnSi termination and local spin moments for
each layer, with a noncollinear magnetic structure
on both sides of junction. (b) Parallel and
antiparallel conductance of CMS/MgO/CMS MTJ as
a function of the angle of interfacial local spin
moments 0. (¢) In-plane wave-vector (k||) dependence
of antiparallel conductance of CMS/MgO/CMS MTdJ
with 6 = 15° for MgO thickness ~ 2.0 nm (nine atomic
layers of MgO). ref. [81]

more detail, Fig. 1(b) presents the majority- and
minority-spin LDOS of each atom and atomic orbital in
the MnSi-terminated CMS/MgO(001). The LDOS in the
bulk (electrode) region is also shown as a reference. In
Fig. 1(b), it is found that the spin moment of the
interfacial Mn (4.06 up) is larger than those of the bulk
CMS (3.31 up) due to the charge transfer from the
minority-spin to the majority-spin states. I considered
that the relaxation of the atomic positions and the
reduced symmetry at the interface cause charge
transfer from the minority-spin to the majority-spin 3d
states owing to the localization effect of 3d electrons.
Furthermore, in Fig. 1(b), minority-spin states are
observed around the Fermi level in the LDOS of the
interfacial Mn and Si atoms. The spin polarizations of
interface Mn and Si are -0.4 and 0.01, respectively. At
the interface, the Mn atom loses half of its first nearest
neighbor Co atoms, and non-bonding Mn d states
(possibly dys dw and ds2-7) can appear around the
Fermi level. Since the Mn @s2-,2 orbital hybridizes with
the O p. orbital at the interface, the LDOS of the
interfacial Mn d states maintain a half-metallic
character. Contrary to this, the interfacial Mn d;
orbitals (dy» and d.) become nonbonding in the O-top
configuration, reducing the spin polarization at the
MnSi termination. Mavropoulos, et al. suggested that
the interface states that appear in the minority-spin gap
at the junctions of MTJs can also contribute to the
tunneling conductance in anti-parallel magnetization,
through spin mixing processes such as magnon
excitations and inelastic scattering at RT.7678)

3.2 Spin-flip scattering at interfaces
Since the CMS/MgO(001) interface is not half-metallic
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Fig. 8 Schematic images of LDOS for interface Co or
Mn atoms of CMS in (a) collinear spin system (0 = 0)
and (b) noncollinear spin system (0 # 0), respectively.
Gray areas and cross-hatched black areas indicate
the interface d'states and interface sstates,
respectively. ref. [81]
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due to the appearance of non-bonding states in the
minority-spin states around the Fermi level, the
spin-flip scattering can be enhanced at finite
temperature through the interface states as a result of
the thermal fluctuation of magnetic spin moments.”
Thus, the effects of thermal fluctuation and the
noncollinear magnetic structure at the interface of MTdJ
on the spin-dependent transport are considered. The
potential for a noncollinear-spin system was obtained by
rotating the density matrix of a collinear-spin system
with a spin-1/2 rotation matrix. According to Kiibler’s
formulation,®89 off-diagonal elements of the effective
potential that provide spin-mixing in the ballistic
conductance are given by
(8Exe/n1 — 8Exe/dn,)(sinb cose + i sind sing)/2, (1)

where 8 Fx/8ns (s =1, |) is the exchange and correlation
potential in a collinear-spin system and 0 and ¢ are the
polar and azimuthal angles of a local spin moment with
respect to the global spin-quantum axis, respectively.
Since our calculations neglected spin-orbit interaction,
the azimuthal angle ¢ did not affect the calculation
results and was set to zero. The off-diagonal part of the
local potential expressed by equation (1) is given at
real-space positions of the supercell within each atomic
sphere of interfacial atoms having a noncollinear spin
moment.

Fig. 2 (a) shows the model system used for
CMS/MgO/CMS MTdJs with MnSi termination in the
anti-parallel magnetization, where the interface Mn and
sub-interface Co spin moments on both sides of the
junction were canted by an angle 6 in order to provide
interfacial spin-flip scattering.®? Figure 2(b) shows the
conductance of a CMS/MgO/CMS MTJ with MnSi
termination in parallel or anti-parallel magnetization as
a function of the angle of the interface spin moments.
zero conductance was obtained at 6 = 0° for anti-parallel
magnetization because of the half-metallic character of
CMS. On the other hand, the anti-parallel conductance
increased with increasing 6, while the parallel
conductance decreased. This behavior can be attributed
to spin-flip scattering because of the noncollinear
interfacial magnetic structures. Fig. 2(c) shows the
in-plane wave-vector (k||) dependence of the tunneling
conductance of the MTJ in anti-parallel magnetization
with the interfacial Mn spin moment 6 = 5. It was
already shown in ref. [74,75] that bulk CMS has a A1
band at the Fermi level in the majority-spin states, and
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Fig. 4 Logarithmic plots of TMR ratios as a function
of angle of local spin moment 6 for noncollinear
magnetic structures of various interfacial layers in
CMS/MgO/CMS MTdJs and Fe/MgO/Fe MTds. ref.
[81]

the  k|-dependence of the conductance  of
CMS/MgO/CMS MTdJs in parallel magnetization has a
broad peak at k| = (0,0) because of the slow decay of A1
states in the MgO barrier.? As can be seen in Fig. 2(c),
the k|-dependence of the conductance in anti-parallel
magnetization also shows a broad peak at k| = (0,0,
indicating that the spin-flip conductance is dominated
by the A1 channel of the conducting electrons.

Fig. 3 shows schematic images of the LDOS of interface
Mn and sub-interface Co atoms in collinear spin (0 = 0°)
and noncollinear spin (0 # 0°) cases.8V In the case of a
collinear spin system, the CMS/MgO interface is not
half-metallic and has interface states in the
half-metallic gap of minority-spin states originating
from the non-bonding Mn d orbital (see also Fig. 3 in ref.
[75]). Then, the noncollinear spin moments of interface
Mn and Co generate spin-mixing in the LDOS of
CMS/MgO/CMS(001). At the Fermi level, as shown in
Fig. 3(b), both bulk s-states and interfacial Mn d-states
are projected on the majority-spin and minority-spin
states of the global spin-quantum axis, providing
spin-flip scattering of the Ballistic conductance. The
broad peak at k|| = (0,0) in Fig. 3(c) indicates that the
projected minority-spin A1 states mainly contribute to
the conductance in anti-parallel magnetization. This
means that the contribution of the interfacial d-states
that appeared at the MnSi termination of CMS/MgO
junctions in the collinear-spin system (cross-hatched
black areas in Fig. 3(a) and (b)) was rather small
compared to that of the sstates caused by the
noncollinearity of interfacial Mn and Co spin moments
(light-gray areas in Fig. 3(b)). Since the interface states
were mainly composed of dxy and di?-y* orbitals of
interfacial Mn and Co atoms, they show fast decay in
the MgO barrier.

3.3 Effects of noncollinear magnetism on TMR

To examine the interfacial structure dependence of
the spin-flip conductance, Fig. 4 shows logarithmic plots
of TMR ratios as a function of the angle of the local spin
moment 0 in various interfacial layers of CMS/MgO/
CMS. First, I can confirm that the TMR ratios of the

Journal of the Magnetics Society of Japan Vol.47, No.4, 2023

MTJs decreased with increasing 6 due to the spin-flip
conductance in the interfacial region. In particular, the
TMR ratios for CMS/MgO/CMS MTdJs with noncollinear
first and second interface Co spin moments had values
similar to that of Fe/MgO/Fe MTJs for 6 > 5°. This
indicates that the advantage of half-metallic electrodes
is valid only for small 0 if the noncollinearity arises at
interfacial Co spin moments. On the other hand, the
decrease in the TMR ratio with increasing 6 was rather
gradual for MTJs with noncollinearity in the first
interface Mn spin moment at the MnSi termination and
the third interface Co spin moment, compared to that in
the first and second Co layers, indicating that the
spin-flip conductance was suppressed at the interfacial
MnSi-layers and that spin-flip scattering mainly
occurred in the first and second Co layers. Since the Si
atom is nonmagnetic, the off-diagonal part of the
effective potential expressed by (6 Ex/6m — §Fxc/Sn)) was
rather small, which led to a suppression of the spin-flip
probability at the MnSi-layer. In the calculations, the
angle dependence of the size of the Co and Mn spin
moments was neglected. This 1s a reasonable
approximation for Mn spin moments in view of their
localized  character in  bulk CMS82.83 and
MnSi-terminated interfaces.8¥ For Co-terminated
interfaces, the strong hybridization between Co and O
atoms can cause angular dependence for the interfacial
Co spin moments. As discussed for Ni spin moments in
NiMnSh,®» longitudinal fluctuations will increase the
length of the local spin moments with increasing angle.
This will enhance spin-flip scattering in interfacial
regions, resulting in further decrease in the TMR ratio.

3.4 Exchange stiffness at interfaces

To estimate the exchange stiffness of the interfacial
spin moments, The increase in the one-electron band
energy H0) relative to the collinear-spin system (0 = 0°)
was calculated. Fig. 5(a) shows £I0) as a function of the
angle of local moments 6 for various interfacial layers in
CMS/Mg0O(001) and Fe/MgO(001) junctions.8) Then, the
results were fitted using Z(0) = B (1—cos). Here, B is
the inter-atomic-layer exchange stiffness constant; the
value in Table 3 for each layer in the interfacial and
bulk regions is shown in Table 3. This estimation
corresponds to the magnetic force theorem method.86:87

It was confirmed that the increase in the band energy
as a function of the canting angle shown in Fig. 5(a) can
be fitted by ~ 62 up to 6 = 30°. This means that the error
in the estimation of the exchange stiffness constant by
the magnetic force theorem is very small in the present
system.8® First, it can be found that the exchange
stiffness of the interfacial Co layer at the Co
termination was much smaller than that of the
interfacial MnSi-layer at the MnSi termination and that
of bulk CMS. These results are consistent with the
results of recent first-principles calculations of the
exchange constant of CMS/Mg0(001).89

Furthermore, the the

exchange stiffness of
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junctions. ref. [81] (b) Temperature dependence of
TMR  ratios of CMS/MgO/CMS(001) and
Fe/MgO/Fe(001) calculated by Eq. (2) including
noncollinear spin structure of various spin moments.

sub-interfacial Co-layer at the MnSi termination was
smaller than that of the interfacial MnSi-layer. This
means that at the MnSi termination, the sub-interfacial
Co spin moments fluctuate more easily than interfacial
Mn spin moments. On the other hand, a very high
exchange stiffness was found for the interfacial Fe-layer
at Fe/MgO junctions compared to those of CMS/MgO
junctions, indicating the robustness of interfacial Fe
spin moments against thermal fluctuation. One possible
reason for this behavior of the exchange stiffness in
interfacial regions compared to that of bulk CMS is
related to the change in the interfacial spin moments.
As is discussed in ref. [75,84] the majority-spin charge
of interfacial Co atoms transfers to the MgO side
because of the strong bonding between Co and O atoms.
On the other hand, the interfacial Mn spin moments of
the CMS/MgO junction™8Y and interfacial Fe spin
moments of the Fe/MgO junction®8) increase in
comparison with those of the bulk because of the
localization effect (and band-narrowing effect) of the
non-bonding dorbitals in the interfacial regions. Since
EB) can be characterized by the off-diagonal elements
of the local potential expressed by equation (1), the
decrease (increase) of local spin moments reduced
(enhanced) the off-diagonal terms, leading to the low
(high) exchange stiffness.

3.5 Temperature dependence of TMR
Finally, I discuss the effect of interfacial spin-flip
scattering on the TMR ratios at finite temperatures. To
estimate the TMR ratio at a finite temperature, the
Boltzmann average of the tunneling conductance was
calculated using the following equation,
Grar(0) = | gr(ar)(0) exp(—2E(0) / kaT) sind do

/[ exp(—2E(0) / ksT) sinf db, (2)
where grap)(0) is the B-dependence of the tunneling
conductance in parallel (P) and anti-parallel (AP)
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magnetization, as shown in Fig. 2(0b). E®) is the
increase in the band energy caused by the
noncollinearity of the local spin moments at each
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interfacial layer, as discussed in the previous paragraph.

The factor of 2 for F(0) indicates contribution from both
sides of the MTJs.

Fig. 5(b) shows the calculated temperature dependence
of the TMR ratio for the MTdJs of CMS/MgO/CMS and
Fe/MgO/Fe MTdJs with 2 nm MgO thickness. As can be
seen here, the reduction in the TMR ratios of
CMS/MgO/CMS MTdJds with the 1t layer Co spin
fluctuation at Co termination and the 214 layer Co spin
fluctuation at MnSi termination are much faster than
that of Fe/MgO/Fe MTdJs with 1st layer Fe spin
fluctuation. This means that the interfacial spin-flip
scattering significantly reduces the TMR ratio at RT.

This result qualitatively agrees with the results of the
temperature dependence of the TMR ratio. The
temperature dependence of the TMR ratios of
CMS/MgO/CMS MTdJs with the 1st layer Mn spin
fluctuation at the MnSi termination is also significant,
but the TMR ratio maintains a large value at RT,
indicating that the large exchange stiffness constant at
the interface improves the TMR ratio at RT. The
tunneling conductance evaluated at finite temperature
using equation (2) is 700% at RT for CMS/MgO/CMS
MTdJs with the thermal fluctuation of the first layer Co
spin moment at the Co termination, and 1500% at RT
with the thermal fluctuation of the 2nd Co spin moment
at the MnSi termination. These TMR ratios are smaller
than the TMR ratio of 2500% at 300 K for Fe/MgO/Fe
MTdJs with thermal fluctuation of the 1st layer Fe spin
moment.

From these results, I can conclude that the
experimentally observed low TMR ratio of the MTdJs at
RT can be attributed to the spin-flip conductance caused
by thermal fluctuation of the interfacial spin moments.
Therefore, to suppress the reduction of the TMR ratios
at finite temperature in CMS/MgO/CMS MTdJs, the
exchange stiffness of Co spin moments at the
CMS/MgO(001) interface must be enhanced. In
estimating the thermal average of the tunneling
conductance, FX0) was treated as the thermal excitation
energy of the local spin moments per in-plane unit cell
area, which corresponds to the replacement of various

Table 3 Inter-layer exchange stiffness constant B
meV/u.c.a. fitted to increase in band energies
E0)=B(1—cosB) due to noncollinearity of local spin
moments for CMS/MgO(001) and Fe/MgO(001)
junctions. 1st and 2nd indicate first and second layer
at the interface with MgO, respectively. u.c.a. is
unit-cell area ~32 A2 Ref.[81]

BmeV/u.c.a. Colst Co2nd  Mnlst  Felst
Bulk (CMS or Fe) 414 414 565 600
MgO interface 145 347 529 753

Journal of the Magnetics Society of Japan Vol.47, No.4, 2023



-
&

Exchange stiffness constant

Exchange stiffness constant 3 of Co at Co termination

® =
e B
S D

o
=]
=]

0
=1
S

[meV fuca: uait cell area]
(=3
8

0 " ' L v
CoZMnSiMgO Co2MaAVMO Co2leSiMgO Co2FeAVMpO  D2-CoFeMgO

b F a0 Interfacial Co spin-mement at Co termination
‘g 1.6
g 12
E. 0.8
@
'Tﬁ' 0.4
= 00

Co2MnSiMgO Co2MnAWMgO Co2FeSiMgO  Co2FeAlMgO B2-CoFeMgO

Fig. 6 (a) Exchange stiffness constant B of Co atom
at Co termination of various MgO interfaces with
Co-based Heusler compounds and B2-CoFe.
Estimation of exchange stiffness constant B is same
as in Fig. 5(a). (b) Interfacial Co spin moments at Co
terminations of various MgO with
Co-based Heusler compounds and B2-CoFe.

interfaces

magnetic excitation modes at interfacial regions by a
single excitation mode of interfacial spin moments given
by the in-plane unit cell £X0). If other magnon excitation
modes are considered, the temperature dependence of
TMR shown in Fig. 5(b) will change. However, the
inclusion of the other excitation modes in equation (2)
will lead to a further decrease in the TMR ratio at RT,
and the chemical trend of the exchange stiffness at the
interface has little dependence on the excitation modes.
Therefore, our conclusion that the significant reduction
of the TMR ratio of CMS/MgO/CMS MTdJs at RT can be
attributed to the interfacial spin-flip conductance does
not change with a more accurate estimation of the
thermally averaged tunneling conductance.

3.6 Enhancement of interface exchange stiffness

It was concluded that the reduction in the TMR ratio
in CMS/MgO/CMS MTdJs at RT can be attributed to
spin-flip scattering in the interfacial region caused by
thermal fluctuation of interfacial and sub-interfacial Co
layers, and to suppress reduction in the TMR ratio at
RT, it is important to enhance the exchange stiffness of
Co layers at CMS/MgO junctions. Thus, I calculated the
exchange stiffness constant at the interface of MgO for
the other Heusler compounds and B2-CoFe. Fig. 6
shows a bar graph of the inter-atomic layer exchange
stiffness constant at each interface. As shown in Fig. 6,
very large exchange stiffness constants were obtained
for the Co-terminated B2-CoFe/MgO interface,
indicating that the B2-CoFe/MgO interface is very
robust against thermal fluctuation.

Furthermore, the exchange stiffness of the
Co-terminated Co2FeSi(CFS)/MgO and CozFeAl(CFA)/
MgO interfaces is larger than that of CMS/MgO and
CozMnAI(CMA)/MgO interfaces. Thus, in order to
suppress the thermal fluctuation at the interface with
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MgO, CFS and CFA are better than CMS and CMA. It
was considered that the behavior of the exchange
stiffness in the interfacial region is related to the
behavior of the interfacial spin moments, because the
exchange stiffness constant is proportional to the square
of the local spin moments. In fact, as can be seen here,
the behavior of the interfacial Co spin moments is
consistent with the behavior of the interfacial exchange
stiffness constant. This means that the enhancement of
the interfacial Co spin moment is effective to obtain a
large exchange stiffness constant and suppress the
thermal fluctuation of Co spin moments at the MgO
junction.

3.7 New physical property for temperature dependence
of TMR

Recently, a new physical property characterizing the
temperature dependence of TMR in MTdJs was proposed
in ref. [90] It was found that the intra-atomic s—d
exchange coupling s at the interface was also a key
parameter in the reduction of TMR at RT. Masuda
described the temperature dependent spin-flip
Hamiltonian including i at the interface Fe of
Fe/MgO/Fe(001) MTJs by the coherent potential
approximation of various magnetization directions
according to the temperature dependence of the
magnetization up to the Curie temperature. A smaller
Jsa can disconnect the coupling between conductive s
electrons and localized d electrons, leading to
suppression of the spin-flip scattering at the interface.
Therefore, ferromagnetic materials with smaller /s will
be preferable to obtain larger TMR at RT. This new
physical parameter i will also be important for
improving the large temperature dependence of the
TMR of Heusler based-MTds.

4. Spin-dependent transport in CPP-GMR devices

4.1 Valet-Fert model
According to Valet and Fert’s two-current model,%V
the resistance change-area product between parallel
and antiparallel magnetization configurations (ARA =
EapA — RpA) can be expressed by two intrinsic factors in
spin-dependent electron scattering. They are the bulk
spin-asymmetry coefficient (8) in ferromagnetic (FM)
layers and the interfacial spin-asymmetry coefficient (y),
which are included in the following equation,
ARA=Bpr+2ypNro(prtr+pNin+27) (3)
where pr and p'N are the resistivity of the
ferromagnetic electrode and the non-magnetic (NM)
spacer layer in the bulk, and the # and & are the
thickness of the FM and NM layers, respectively. The
b is the spin-independent interface resistance. The B is
enhanced by using the HMF in the FM layer, while
enhancement of the y is accomplished by reduction of
the interface resistance RFM/NM through the choice of
non-ferromagnetic (NM) spacers. Here, I mainly discuss
the y in HFM/NM interface, because the temperature
dependence of is much larger than that of the bulk spin
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asymmetry B.

The vy is expressed by the majority-spin resistance (Zp')
and minority-spin interface resistance (Zp!) in the
parallel magnetization configuration as follows,

¥ = (Re' — ReT)/(Rp! + RpT) (4)
The Rp! at the HMF/NM interface is determined by the
state-mediated spin-flip scattering, as
discussed in the previous section, because there are no
states around the Fermi level of HMF minority-spin
states in the bulk. In HMF/NM junctions, there are
many scattering processes, making them complicated
compared with HMF/insulator junctions such as
Heusler/MgO. This results in a finite value for £p! in the
HMF/NM junctions, which will be difficult to control
experimentally. On the other hand, the Ap' will be
determined by the matching of the conductive channel
between the majority-spin states of HMF and NM. Thus,
in CPP-GMR devices with HMFs, matching of the
majority-spin band dispersions with the NM spacer is
important to reduce the Rp! of HMF/NM interfaces. As
shown in the inset of Fig. 7(a), y will rapidly increase
with decreasing Rp! under fixed Rp!. This means that
the choice of NM spacer layer is very important to
enhance the CPP-GMR with HFM Heusler compounds.

interface

4.2 Comparison of the transmittance for CMS/X/CMS

As discussed in ref., [56] the transport properties
obtained from the Landauer formula do not give the real
conductance and resistance for a three-dimensional
metallic multilayer. However, our aim in this paper is
not to obtain the quantitatively correct conductance and
resistance of HFM/NM/HFM junctions, but to clarify the
differences in the conductance and resistance thorough
HFM/NM junctions depending on the NM spacer and
the interfacial termination. If the electrode region
(ferromagnetic layer) consists of CoaMnSi (CMS) for all
cases, the difference in resistance between HFM/NM/
HMF and HFM/NM/HFM junctions indicates the
difference in the interfacial resistance between the
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HFM/NM and HFM/NM’ junctions, which can originate
from electron scattering due to changes in the local
potential and band structures at the interfacial region.
Furthermore, a completely epitaxial multi-layer was
assumed, where the crystal momentum parallel to the
layer (or k|) is conserved because of the
two-dimensional periodicity of the system, and the
number of conductive channels perpendicular to the
plane is less than about five or six per k|. Therefore, the
ballistic transport calculations from the Landauer
formula can be applied to evaluate the difference in the
interfacial resistance depending on the band structures
of the materials on both sides of the interface. This
point has already been confirmed in our previous work
in ref. [56] where the difference in the resistance-area
products in the ballistic transport calculation between
CMS/Cr/CMS(001) and CMS/Ag/CMS(001) is roughly
comparable to that obtained experimentally. It is
considered that this justifies the use of the Landauer
formula for the investigation of the interfacial
resistance of all metallic multilayers depending on the

non-ferromagnetic ~ spacer and the interfacial
termination.
Figure 7 shows the majority-spin resistance-area

product of CMS/X/CMS(001) with MnSi termination and
Co termination for NM spacer X = fcc-Au, fee-Ag, fee-Al,
bee-V, and anti-ferromagnetic bee-Cr in the parallel
magnetization configuration.®? First, Fig. 7 shows that
the majority-spin resistance-area product Ap'A of the
junctions with X = Au, Ag, Al, and V is about 3~5
mQ-pm?2, which corresponds to a conductance of 0.6~1.0
Go, where Go = €2/ A is the ballistic conductance without
scattering in the Landauer formula. On the other hand,
the junctions with anti-ferromagnetic bece-Cr spacer are
about 13~16 mQ-um?, which is 3~5 larger than that
with the other spacer. These results qualitatively agree
with recent experimental results on CPP-GMR devices
incorporating epitaxial CMS/Ag/CMS and CMS/Cr/CMS,
where a smaller resistance-area product has been

obtained for the CMS/Ag(001) interface than for
CMS/Cr(001).

The other feature of the transmittance of
CMS/XICMS(001) shown in Fig. 7 is the

interface-structure dependence, i.e., the resistance-area
product with Co termination is larger than that with
MnSi termination except for the anti-ferromagnetic
bee-Cr spacer. Analyzing the k|-dependence of the
majority-spin transmittance at £ = Er for CMS/XCMS
with Co and MnSi termination, I found that the
difference in  transmittance between the two
terminations is significant at k& # 0, especially for X =
Ag, Au, Al and V. This means that the transmittance in
the whole k| region contributes to the
interface-structure dependence. To understand this, I
show in Fig. 7(b) the local density of states (LDOS) of
interfacial Co-d at the Co-terminated interface and
interfacial Mn-3d at the MnSi-terminated interface in
CMS/Ag(001), together with the transmittance averaged
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zone

over the whole k| region as a function of the energy
relative to the Fermi energy. It is evident that the
transmittance increases with the decrease in the d
component of the LDOS of interfacial atoms, indicating
that the interfacial d-orbitals act as a scatterer of
electrons. Furthermore, I found that the LDOS of Co-d
at the Co termination shows large components at the
Fermi level compared with those of Mn at the MnSi
termination. The large d-components at the interfacial
regions cause additional reflection of propagating
electrons, leading to the large interfacial resistance in
metallic multilayer. These features can be observed also
in the LDOS of CMS/Au, CMS/Al and CMS/V interfaces.

4.3 Fermi surface matching at HFM/NM interface

Figures 8(a) and (b) show the k|-dependence of the
majority-spin conductance in the parallel magnetization
configuration of CMS/Ag/CMS and CMS/Cr/CMS. It is
clearly seen that the conducting channels of
CMS/Cr/CMS are restricted to a small region around k|
= (0,0). On the other hand, highly conducting channels
spread over almost the entire region in the k| plane for
CMS/Ag/CMS. The highly conducting region in the k|
plane can be understood qualitatively by considering the
matching of the Fermi surface over the k|-plane
between CMS and Ag.

Figures 8(c)-(e) show the Fermi surfaces in the
Brillouin zones of L2:1-CMS, fcc-Ag, and AFM bcee-Cr
with a tetragonal unit cell. A large overlapping area of
the Fermi surface can be seen on the k|-plane between
CMS and Ag, resulting in the small resistance-area
product (2RcmsiagA = 3.21 mQ um?2) for CMS/Ag/CMS,
while the mismatch of the Fermi surface between CMS

and Cr causes the large resistance-area product
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(2RemsicrA = 16.1 mQ um?2) of CMS/Cr/CMS. Although
no conductance (infinite resistance) is expected in the
minority-spin channel in ideal half-metals, a finite
resistance-area  product appear in the
minority-spin channel in real half-metals owing to such
reasons such as atomic disorder, thermal fluctuation of

could

magnetic moments, spin-orbit coupling, and so on. The
minority-spin  resistance-area  product causes a
reduction in both B and y. Thus, one can expect a larger
value of y for CMS/Ag/CMS compared to CMS/Cr/CMS,
since the majority-spin resistance-area product of
CMS/Ag/CMS is much smaller than that of
CMS/Cr/CMS.

Experimentally, the CMS/Ag/CMS and CMS/Cr/CMS
junctions with the same annealing temperature (350°C)
and exactly the same stacking structure except for the
spacer layer showed KA of 51.4 and 66.9 mQ-um?
respectively.’® Here, the difference of RA (~ 155
mQum?) between them is mainly caused by the
difference in interface resistances, i.e., RomsagA and
FcwmsicrA4, because the contribution of the bulk resistance
in Ag and Cr spacers is negligibly small. Although the
experimental RA is much higher than the calculated
2RcmsnvwA (NM = Ag or Cr) since it includes all of
resistances in the CPP-pillar, the difference in RA, i.e.,
2RevsicrA — 2RomsiagA of 155 mQ-um? is roughly
comparable to the calculated one (~ 12.9 mQ um?). This
agreement is evidence of a small interface resistance
and large y between CMS and Ag due to good

Fermi-surface matching, as predicted in our
calculations.
4.4 Correlation between theoretical HAp and

experimental CPP-GMR

Fig. 9 shows the experimental CPP-GMR in various
systems as a function of the calculated majority-spin
resistance-area product in parallel magnetization for
the corresponding systems. As can be seen in Fig. 9, the
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experimental CPP-GMR ratio increases with the
decrease in the theoretical RPA, which is roughly
consistent with the Ap! dependence of the interface spin
asymmetry y as shown in the inset of Fig. 7. This means
that the enhancement of y by the matching of the
conductive channel between HFM and NM through
Fermi surface matching is very important to obtain
large CPP-GMR. In experiments, insertion of B2-type
NiAl between CosFeGaosGeos (CFGG) and the Ag
spacer dramatically enhanced the CPP-GMR and ARA
both at LT and RT$?. This modification was motivated
by a theoretical calculation showing that the Fermi
surface matching between CFGG and B2-type NiAl is
much better than that of CFGG and Ag. Furthermore,
the experimental results showed that not only NiAl but
also Ni insertion between CFGG and the Ag spacer
enhanced the CPP-GMR®?. This result is also confirmed

by theoretical calculations showing that
CFGG/Ni/Ag/Ni/CFGG exhibits smaller Ap' than
CFGG/Ag/CFGG. More recently, half-metallic

Coz2FeMnSi (CFMS) was inserted between A2-CoFe and
Ag spacer, and the CPP-GMR was maximized when the
thickness of CFMS was around 7 nm®. One possible
reason for the large CPP-GMR was attributed to the
better Fermi surface matching of CFMS/CoFe as
compared with CoFe/Ag. All these results indicate that
Fermi surface matching between HFM and the NM
spacer layer is a key factor in enhancing the CPP-GMR
for future ultra-sensitive magneto-resistive sensors.

5. Summary

In this paper, first-principles studies on electronic
structures and ballistic transport properties of HMF
Co-based Heusler compound-based magneto-resistive
devices were reviewed.

The effects of spin-flip scattering by interfacial
noncollinear magnetic structures on the TMR ratios of
MTJs with CoeMnSi(CMS) and MgO were investigated
using first-principles calculations. It was found that the
effects of the noncollinearity of interfacial Co spin
moments on the TMR are significant in determining the
spin-flip conductance. Furthermore, the inter-atomic
layer exchange stiffness constant of interfacial and
sub-interfacial Co spin moments at CMS/MgO junctions
is much smaller than that in bulk regions. From these
results, I conclude that the low TMR ratio at room
temperature in MTdJs with half-metallic Co-based full
Heusler compounds can be attributed to spin-flip
scattering by the noncollinear magnetic structures of
interfacial Co as a result of thermal fluctuations. These
results are validated by recent experimental results, i.e.,

the significant reduction in the TMR ratios of
CMS/MgO/CMS MTdJs at RT compared to those of
Fe/MgO/Fe MTdJs. This means that the spin-flip

scattering at the interface is at least as important as
any other effect. I showed that the interfacial exchange
stiffness can be strongly enhanced by inserting an
ultrathin B2-CoFe layer in CMS/MgO junctions, leading
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to a larger TMR ratio at room temperature.

For CPP-GMR, the ballistic conductance of HFM/NM/
HFM was calculated in order to clarify the origin of
interfacial resistance. The majority-spin transmittance
of CMS/X/CMS(001) in the parallel magnetization
configuration was calculated by the Landauer formula,
and it was found that the matching of the Fermi surface
projected to the two-dimensional Brillouin zone in
in-plane wave vector k| between CMS and NM spacers
is a main contributing factor to the interfacial
resistance among spacers. The experimental CPP-GMR
was well reproduced as a function of the theoretical
resistance-area product in parallel magnetization
through the equation of interface spin asymmetry y.

All these findings suggest that the TMR ratios of MTdJs
and CPP-GMR with half-metallic Co-based full Heusler
compounds can be designed by controlling their
interfaces, which is worth further investigation.
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