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ABSTRACT
Interfacial electronic band-matching (EBM) plays a crucial role in determining the spin-dependent transport properties and performance of
spintronic devices. The final goal of this study is to establish a method to search for new material combinations that exhibit favorable EBM
at the interfaces to achieve a superior performance in various spintronic devices using the machine learning technique combined with the
first-principles calculations. As a first step, we investigate the effect of interfacial EBM on magnetoresistance (MR) by fabricating the current-
in-plane giant magnetoresistive devices with compositionally graded Co1−βFeβ layers and Cu spacer. The MR ratio varies significantly across
β = 0.11–1.0, with the highest MR of 17.5% observed at β ≈ 0.46, followed by a sharp decrease beyond β = 0.6. To analyze the β dependence
of MR in terms of EBM with low computational cost, we calculate the simple Fermi surfaces of bcc Co1−βFeβ and Cu and evaluate the wave
number (k) distance between their Fermi surfaces. The closest (furthest) Fermi surface match occurs at β ≈ 0.4 (1.0), which tends to be in
good agreement with the observed MR trend. This suggests that a simple Fermi surface similarity analysis, when integrated with a machine
learning technique, can be an effective method for efficiently identifying new material combinations with high EBM.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0216909

I. INTRODUCTION
In recent years, the combination of first-principles calcula-

tions and machine-learning techniques has emerged as a powerful
high-throughput approach for discovering novel materials and com-
posite structures with desirable properties from vast exploration
spaces.1–10 This approach has been successfully applied in the field
of magnetism and spintronics research to predict unknown materi-
als with significant magnetization and spin polarization, of which
some have been experimentally demonstrated.1,2,11 However, for
spin-dependent transport phenomena in the heterojunction with a
magnetic material, such as giant-magnetoresistance (GMR), tunnel-
magnetoresistance, spin-pumping, and spin–orbit torque, the trans-
port characteristics depend not only on the bulk properties of

the materials but also on the properties of the interfaces between
magnetic and non-magnetic materials, specifically the interface
electronic band-matching (EBM).12–21 For example, in current-
perpendicular-to-plane (CPP) GMR devices composed of stacked
multilayer structures of magnetic and non-magnetic layers, it is well
understood that the magnetoresistance (MR) ratio is determined not
only by the spin-polarization in the bulk region of magnetic layers
but also by the interfacial spin polarization.22 However, perform-
ing calculations for the transport properties involving interfaces is
computationally expensive12,16,18–21 and not suitable for rapidly gen-
erating sufficient data for machine learning purposes due to the
need to perform first-principles electronic and transport calculations
for the supercells of ferromagnetic and non-magnetic multilayers.
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Therefore, the development of a new theoretical method for the
prediction of EBM in heterogeneous materials is crucial for realizing
a high-throughput approach using the machine learning technique.
In addition, it is desirable to establish an efficient experimental
method for fabricating the interfaces of heterogeneous materials of
various compositions and structures to verify the predictions made
by this new theoretical method.

Recently, Fathoni et al. reported that (001)-oriented epi-
taxial Co50Fe50/metastable body-centered cubic (bcc)-Cu/Co50Fe50
current-in-plane (CIP)-GMR gives the highest MR ratio ever
reported, 40.5% at room temperature (RT) in the trilayer CIP-GMR
film, in the history of the study of CIP-GMR.19 The first-principles
calculation of the in-plane momentum (k//) dependence of the
majority and minority spin electron transmittance has revealed that
the high (tiny) transmittance of the majority (minority) spin elec-
tron near the edges (whole) of Brillouin zone (BZ) is essential for a
high MR ratio.19,21 Although it had been well known that there must
be a similarity in the density of state of one spin-channel between
the magnetic material and non-magnetic material for obtaining a
high MR ratio in CIP-GMR devices, they have clearly demonstrated
for the first time the importance of k// dependence of EBM for
CIP-GMR.

As a Co–Fe binary alloy forms the bcc structure with nearly the
same lattice constant over a wide composition range, in this study,
we selected an epitaxial Co–Fe/Cu/Co–Fe CIP-GMR device as a sim-
ple model system to explore a new efficient theoretical approach
for investigating the interface k// dependence of EBM. Consider-
ing the challenges associated with fine-tuning the composition of
Co–Fe layer and the thickness of Cu spacer using conventional
deposition methods, we employed the combinatorial sputtering
technique using a linear-motion mask.1,23–31 This allows us to

fabricate Co–Fe/Cu/Co–Fe CIP-GMR devices with composition-
graded Co–Fe layers and a thickness-graded Cu spacer.

The final goal of this study is to establish a new method for
discovering new material combinations that exhibit high interfacial
EBM for CIP- and CPP-GMR through the integration of machine-
learning techniques and first-principles calculations. In the present
study, as a first step toward this goal, we aim to verify the analyzabil-
ity of experimental results from Co–Fe/Cu/Co–Fe CIP-GMR devices
through simple Fermi surface calculations, which are computation-
ally much less expensive compared to conventional calculations of
spin-dependent transmission.

II. METHODS
A. Experimental details

A CIP-GMR spin-valve film consisting of Co1−βFeβ (6 nm)
/thickness-graded Cu (tCu = 1–5 nm)/Co1−βFeβ (6 nm)/Ir25Mn75
(8 nm)/Ta (3 nm) was fabricated on a single-crystalline MgO (001)
substrate using RF/DC magnetron sputtering with a combinato-
rial sputtering system (CMS-A6250X2, Comet Inc.). The direction
of the composition gradient of the Co1−βFeβ layer was designed to
the x-direction of the substrate, while the thickness gradient of the
Cu layer was set to the y-direction, allowing the complete dataset
of Co–Fe composition and Cu film thickness dependence to be
obtained on a single substrate [Fig. 1(g)]. The sputtering process was
carried out at RT with a base pressure of less than 2.0 × 10−6 Pa. The
deposition rate of Co, Fe, Cu, Ir25Mn75 (IrMn3), and Ta was pre-
determined by x-ray reflectivity. Before layer deposition, the surface
of a 20 × 20 mm2 MgO (001) single-crystal substrate was subjected
to a soft Ar-ion milling process within the sputtering chamber to
clean the surface for epitaxial growth. The layer deposition process is

FIG. 1. A schematic illustration of the synthesis of a composition spread Co1−βFeβ/Cu/Co1−βFeβ-based CIP-GMR stack on a MgO (001) single-crystalline substrate.
(a) A wedge-shaped Co layer deposition with a thickness of 0–0.5 nm. (b) 180○ rotation of substrate and deposition of a wedge-shaped Fe layer with a thickness of
0–0.5 nm. After completing the processes (a) and (b), a uniform film layer with a thickness of 0.5 nm is obtained. A composition-spread film Co1−βFeβ is obtained due
to the intermixing of two compositions. (c) The processes (a) and (b) were repeated 12 times to complete a total thickness of 6 nm. (d) 90○ rotation of substrate and
deposition of a thickness-graded Cu spacer (tCu = 1–5 nm). (e) Schematic diagram of the CIP-GMR stack after depositing IrMn3 (8 nm) and Ta (3 nm) layers (side view).
(f) Thickness-graded Cu spacer at pure Co side. (g) Top view of the CIP-GMR stack with the variation of Co and Fe composition and Cu spacer thickness. (h) Multiple wire
shape structures/devices with a four-terminal configuration and gold (Au)-coated electrodes. One of these structures can be seen in a zoomed-in view.
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shown in Fig. 1. First, a composition-spread Co1−βFeβ bottom layer
with a thickness of 6 nm and composition variation over a length
of 18 mm was deposited using pure Co and Fe targets. This layer
was achieved using the following deposition sequence: (i) deposition
of an ultra-thin wedge-shaped Co layer (0–0.5 nm) using a linear-
motion mask [Fig. 1(a)], (ii) moving back of the mask and substrate
rotation by 180○, and (iii) deposition of an ultra-thin wedge-shaped
Fe layer (0–0.5 nm) using the linear-motion mask. The thickness
of one-unit layer after the completion of processes (i)–(iii) was
0.5 nm [Fig. 1(b)]. As the thickness of each wedge layer is very
small (0–0.5 nm), the intermixing of two compositions takes place,
resulting in a composition gradient Co1−βFeβ layer. The deposition
sequence (i)–(iii) was repeated 12 times to reach a total thickness
of 6 nm [Fig. 1(c)]. After that, the substrate was rotated by 90○,
and a wedge-shaped Cu spacer layer with a thickness tCu of 1–5 nm
was subsequently deposited over a length of 19 mm [Fig. 1(d)]. The
substrate was then returned to its original angle (0○), and the pro-
cesses (i)–(iii) were repeated to deposit the top Co1−βFeβ (6 nm)
layer [Fig. 1(c)]. Finally, an 8 nm-thick uniform IrMn3 antiferro-
magnetic layer was deposited to pin the top Co1−βFeβ layer, followed
by a 3 nm-thick Ta capping layer to prevent oxidation [Fig. 1(e)].
The film stack was ex situ annealed at 250 ○C, slightly higher than
the blocking temperature of IrMn3 (177 ○C),32 for 1 h in the pres-
ence of a constant in-plane external magnetic field of 0.3 T, oriented
transverse to the Co1−βFeβ composition spread (y-axis), to introduce
the exchange bias to the top Co1−βFeβ layer.

The local crystal structure of the film was analyzed by
x-ray diffraction (XRD; SmartLab, Rigaku) with a Cu-Kα radia-
tion source (wavelength λ = 1.5406 Å) at RT. The XRD data were
collected at different local positions on the film along the compo-
sition gradient at an interval of 1.0 mm using a 0.5 mm incident
slit. A two-dimensional (2D) detector was utilized to capture the
2D XRD images, and these images were subsequently converted
into one-dimensional (1D) XRD patterns using dedicated instru-
ment software (SmartLab Studio II, Rigaku). The XRD measure-
ments provided structural information averaged over a 0.5 mm
width, capturing a composition range of only ±1.3 at. %, which
is sufficiently small for analyzing the composition dependence of
MR. The film was then patterned into a four-terminal wire-shaped
device with dimensions of 600 × 30 μm2 and gold (Au)-coated
electrodes with dimensions of 110 × 100 μm2 using a standard

photolithography and Ar-ion milling technique. A total of 1725
devices were fabricated, comprising 75 devices along the Co1−βFeβ
composition spread with a uniform spacing of 250 μm and 23
devices along the tCu wedge with an equal spacing of 800 μm
[Fig. 1(h)]. Consequently, for each specific tCu, there are two wires
in each pure region, i.e., pure Co (β = 0) and pure Fe (β = 1.0), while
the remaining 71 wires are located in the composition spread region.
The schematic diagram of the four-terminal wire shape devices is
shown in a zoomed-in view [Fig. 1(h)]. It should be noted that
the Co–Fe composition of each MR device was estimated based on
its precise position along the composition gradient (Fig. S1 of the
supplementary material). The MR of the patterned wires was effi-
ciently measured at RT utilizing a semi-automatic prober system
(Toei Scientific Industrial Co., Ltd., Japan) through a standard DC
four-probe method. The applied magnetic field was swept along the
long axis of four-terminal wires (y-axis) during the measurement.

B. First-principles calculations details
We have conducted first-principles calculations of the Fermi

surface for bcc-Co1−βFeβ and bcc-Cu at 0 K with a small step of
β of 0.01 using the Vienna Ab initio Simulation Package (VASP)
code.33 The generalized gradient approximation (GGA) with the
Perdew, Burke, and Ernzerhof (PBE) functional was employed for
exchange–correlation energy calculations.34 We used the virtual
crystal approximation35 for Co–Fe alloying in bcc-Co1−βFeβ, assum-
ing a bcc structure for all compositions, including low β. A k-point
grid of 20 × 20 × 20 was used with a broadening parameter of 0.1 eV.
To analyze the effect of the change in the Fermi surface on the
small change in the composition ratio of Co1−βFeβ, the calculations
were performed with β in increments of 0.01. The lattice constant of
bcc-Co1−βFeβ changes from 2.832 to 2.866 Å as a function of β with
Vegard’s law, obtained from first-principles calculations.

III. RESULTS AND DISCUSSIONS
A. Structural analysis

Figure 2(a) shows 2θ–ω (out-of-plane, tilt angle χ = 0○) 1D
XRD patterns of the Co1−βFeβ/Cu/Co1−βFeβ/IrMn3/Ta CIP-GMR

FIG. 2. (a) 1D XRD patterns (χ = 0○) converted from the 2D XRD images of the Co1−βFeβ/Cu/Co1−βFeβ-based CIP-GMR stacking film. (b) Fe concentration β dependence
of the lattice constants (chcp, ahcp, and abcc) calculated from the 101 (hcp), 110 (hcp), and 002 (bcc) XRD peak positions, respectively. [The 1D XRD patterns at χ ≈ 40.2○ for
the 101 (hcp) peaks are presented for β ≤ 0.105 (≈0.11) in Fig. S3(b) of the supplementary material.]
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stack grown on a MgO (001) substrate with varying Fe concentra-
tion (β). The corresponding 2D XRD images can be found in Fig. S2
of the supplementary material. The Co1−βFeβ layer exhibits diffrac-
tion peaks around 2θ ≈ 74.65○ within the composition range up to
approximately β ≤ 0.105 ≈ 0.11 (Co0.89Fe0.11), suggesting the possible
presence of either hexagonal close-packed (hcp), face-centered cubic
(fcc) or mixed (hcp + fcc) phases for β ≤ 0.11. To investigate the
origin of peaks around 2θ ≈ 74.65○, we also conducted 2θ–ω (out-
of-plane) XRD analysis at χ = 40.2○ and the presence of 101 peaks at
2θ ≈ 46.80○ revealed the hcp phase in the pure/rich Co composition
(β ≤ 0.11) [Fig. S3(b) of the supplementary material]. The observa-
tion of hcp phase in pure Co (β = 0) is consistent with the previous
reports.36–39 Upon surpassing β ∼ 0.11, the 110 peak from the hcp
phase disappears, and a 002 peak from the bcc structure emerges,
indicating the structural transformation from a pure hcp to a pure
bcc phase and the formation of a metastable bcc structure in Cu,
as confirmed in previous studies19,40 [Fig. 2(a)]. Unlike the previous
report,41 we did not detect any mixed phase in our sample. The spot-
like shape of the 2D XRD images of all these diffraction peaks (Fig. S2
of the supplementary material) further supports the epitaxial nature
in the whole β region of this sample. Furthermore, the 002 peak
at 2θ ≈ 47○ from IrMn3 is observed continuously for all values of
β in the XRD pattern due to the presence of IrMn3 antiferro-
magnetic layer throughout the film area. The lattice constants,
namely, chcp, ahcp, and abcc, were calculated as a function of
β from the peak positions of 101 (hcp), 110 (hcp), and 002
(bcc), respectively, shown in Fig. 2(b). These constants show
a significant change in the vicinity of hcp-to-bcc phase tran-
sition (β ∼0.11); however, they remain nearly persistent with
β within their respective regions. chcp (ahcp) and abcc were found
to be ∼4.12 Å (2.54 Å) and 2.83 Å for pure Co (β = 0) and pure
Fe (β = 1.0), respectively, which are comparable to the previous
reports.39,42

To examine whether the presence of hcp Co lattice distorts the
bcc-Co1−βFeβ structure for β > 0.11, we calculated the lattice para-
meter (c1) using the 110 (bcc) diffraction peaks for β = 0.157, 0.211,
and 0.264 [Fig. S3(c) of the supplementary material]. It was found
that both c1 and a (≡abcc) remain nearly equal and constant for these

β values. As a result, the c1/a ratio remains close to unity, indicating
that the presence of hcp Co lattice does not distort the bcc-Co1−βFeβ
structure. This further suggests that a single lattice parameter abcc is
sufficient to describe the Co1−βFeβ structure for β > 0.11.

B. Magnetoresistance (MR) effect
Figure 3(a) displays typical MR curves plotted against the mag-

netic field (H) measured at RT for Co1−βFeβ/Cu/Co1−βFeβ-based
CIP-GMR devices for a fixed tCu = 1.36 nm. These curves clearly
reveal the parallel (P) and antiparallel (AP) states existing between
the top and bottom Co1−βFeβ layers, which are separated by the Cu
spacer. It is worth noting that the exchange bias effect using IrMn3
realized clear AP states in all devices having enough thick Cu spacer
to remove a direct magnetic coupling between Co1−βFeβ layers
(tCu ≿ 1.3 nm). Due to the dominant contribution of the exchange
bias effect in the AP state, the AP state is not disrupted by ferromag-
netic and antiferromagnetic interlayer exchange couplings, which
are expected to appear with Cu thickness oscillatory. To provide
a clear view of the AP states within these devices, an MR curve
is included in the inset of Fig. 3(a) for the specific conditions of
tCu = 1.36 nm and β = 0.37. Here, the MR ratio (%) is defined as
(RAP − RP)/RP × 100%, where RAP and RP are the resistances for
the AP and P configurations of the top and bottom Co1−βFeβ lay-
ers, respectively. Such MR analyses for Co1−βFeβ/Cu(tCu)/Co1−βFeβ
were performed for various Cu thicknesses ranging from 1 to 5 nm.
Figure 3(b) illustrates the contour color plot of the MR ratio as a
function of both β and tCu. A distinct variation in the MR ratio is
observed with changing β and tCu. It is observed that the MR ratio
increases sharply when the Cu spacer reaches a threshold thickness
of ∼1.18 nm and reaches its highest value at tCu = 1.36 nm. This is
because of the direct magnetic contact of two Co1−βFeβ layers dis-
turbing the AP configuration with the too thin Cu layer. Beyond
the peak thickness, the MR ratio decreases sharply as the increase
in the shunting current in Cu spacer loses the spin-dependent scat-
tering, resulting in a reduction in the MR ratio. Notably, the highest
MR ratio is observed in the vicinity of β = 0.50 (Co0.50Fe0.50), which
is consistent with the previous report.19 In particular, β = 0.46

FIG. 3. (a) MR curves against the magnetic field (H) measured at RT for Co1−βFeβ/Cu/Co1−βFeβ-based CIP-GMR devices at fixed Cu thickness tCu = 1.36 nm. The inset
shows a typical MR curve (tCu = 1.36 nm, β = 0.37), exhibiting AP and P states. (b) The contour color plot of MR ratio (%) measured at RT as a function of Cu thickness
(tCu) and Fe concentration (β). (c) Fe concentration β dependence of the maximum MR (MRmax) ratio, without considering the specific Cu thickness at which the maximum
MR was achieved.
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(Co0.54Fe0.46) exhibits the highest MR ratio of 17.5% at tCu = 1.36 nm;
however, this value is lower than the previously reported19 MR ratio
of 26.5%. The relatively diminished MR ratio could be attributed to
inferior microstructural factors, such as interfacial roughness and
grain sizes.43–48

To better depict the dependence of the MR ratio on Fe con-
centration β, we have plotted the maximum MR (MRmax) ratio as a
function of β, without considering the specific Cu thickness at which
the maximum MR was achieved, as shown in Fig. 3(c). MRmax was
found to increase largely at β > 0.11, just above the hcp-to-bcc phase
transition region, and attained its highest value at β = 0.46. It is worth
highlighting that within the range of 0.11 < β ≤ 1.0, despite exhibit-
ing an identical (bcc) crystal structure and a clear AP magnetization
state, a significant decline in the MR ratio from 17% to 4% occurred
from around β = 0.60 to 1.0 (pure Fe).

To investigate whether the device resistance influences the MR
results, we extracted the resistance RP of the CIP-GMR devices from
their MR curves across all Cu thicknesses (tCu = 1–5 nm), displayed
in Fig. S4 of the supplementary material. The nonlinear variation

of RP as a function of β is consistent with the previous study.49

While higher (lower) device resistance can reduce (enhance) the
MR ratio, our observations indicate that neither the MR ratio nor
MRmax accurately follows the variation of RP with changes in β.
These observations suggest that device resistance has a minor influ-
ence on MR results, while the variation in EBM with β mentioned
below plays a dominant role.

The observed variation in the MR ratio with composition
is expected to originate from the interfacial EBM between bcc
Co–Fe and bcc-Cu19,21 because it is known that the interfacial
spin-dependent electron scattering is much more dominant for the
MR effect than the bulk scattering.50 In a previous study,19 it was
elucidated by first-principles calculations that the ballistic transmit-
tance in a two-dimensional k//-plane for Co50Fe50/bcc-Cu/Co50Fe50
(Fe/bcc-Cu/Fe) exhibits a key feature: a large (small) transmittance
of majority-spin electrons at around the BZ edge correlates with a
high (low) MR ratio. To gain insights into the underlying mecha-
nism influencing the MR ratio as a function of β without performing
a time-consuming calculation of the transmittance, we have here

FIG. 4. Fermi surfaces in the Brillouin zones (BZs) corresponding to (a) bcc-Cu, (b) bcc-Co, (c) bcc-Co0.75Fe0.25, (d) bcc-Co0.50Fe0.50, (e) bcc-Co0.25Fe0.75, and (f) bcc-Fe.
Band dispersion in the kz direction along [001] as a function of Fe concentration β in bcc-Co1−βFeβ and bcc-Cu for kx = 0.40, 0.42, 0.44, 0.46, 0.48, and 0.50[2π/a] at (g)
ky = 0.30[2π/a], and (h) ky = 0.40[2π/a]. a denotes the lattice constant of the unit cell. The solid horizontal line indicates the kz value for bcc-Cu at the corresponding kx and
ky. The difference of kz between bcc-Co1−βFeβ and bcc-Cu, Δkz = kz

Cu
− kz

CoFe, as a function of Fe concentration at (i) ky = 0.30[2π/a] and (j) ky = 0.40[2π/a].
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performed first-principles calculations of the Fermi surface of bcc-
Cu and the majority-spin of Co1−βFeβ with β varying at intervals of
∼0.01. It is worth noting that for the sake of simplicity in our anal-
ysis of the EBM, we considered only the majority-spin electrons of
Co1−βFeβ, which have been shown to have significantly higher trans-
mittance than minority-spin electrons in the study of Co50Fe50.19

Co1−βFeβ was assumed to be crystallized in the bcc phase even for
β < 0.16. Figures 4(a)–4(f) show the calculated Fermi surfaces for
bcc-Cu and bcc Co1−βFeβ (β = 0, 0.25, 0.50, 0.75, 1.00). It is clear
that only Fe (β = 1.0) has a largely different shape of the Fermi
surface from the other compositions. To investigate the in-plane
transport properties governed by the electron having a large k// near
the BZ edge, we analyzed the similarity of the Fermi surfaces between
bcc-Co1−βFeβ and bcc-Cu from the distance of kz (z-component
of the wave vector k crossing the Fermi level) value at the specific
(kx, ky) points. Namely, we analyzed kz for in-plane wave vector
kx = 0.40, 0.42, 0.44, 0.46, 0.48, and 0.50[2π/a] at ky = 0.30[2π/a] and
ky = 0.40[2π/a], where significant changes in transmittance between
Co50Fe50 and Fe were observed in the previous study.19 Here,
a represents the lattice constant of the unit cell. In Figs. 4(g) and
4(h), the variation of kz of bcc-Co1−βFeβ as a function of β and the
kz of bcc-Cu at different kx are depicted for ky = 0.30[2π/a] and
ky = 0.40[2π/a], respectively. It is evident that a clear change occurs
in kz with varying β, indicating a large difference in kz between
bcc-Co1−βFeβ and bcc-Cu as a function of β.

To evaluate the EBM between bcc-Co1−βFeβ and bcc-Cu at the
specific (kx, ky) points, we calculated the difference in kz values as
Δkz (kx, ky) = kCu

z (kx, ky) −kCoFe
z (kx, ky). The calculated Δkz for both

ky values is shown in Figs. 4(i) and 4(j). Here, Δkz = 0 indicates per-
fect matching of the Fermi surfaces at this specific k-point. Note
that there are several ways to estimate the distance between two
Fermi surfaces in the k-space, such as taking the radial or Euclidean
distance. However, in this study, we follow the previous study19

in which the authors plotted the band dispersion to the kz direc-
tion at the specific (kx, ky) points of bcc Cu, Co50Fe50, and Fe and
analyzed the similarity. We observed that Δkz slowly decreases as
β increases from 0 and reaches its nearly flat bottom region with
a small slope around β = 0.20–0.50, suggesting a favorable EBM
condition in this composition range. However, with further incre-
ments in β over 0.60, Δkz begins to increase rapidly, indicating
a diminished EBM between bcc-Co1−βFeβ and bcc-Cu at these
(kx, ky). Notably, these calculated results are consistent with our
experimental results, where the highest MRmax ratio was observed
around β = 0.46, and a rapid reduction in the MR ratio was observed
with increasing β beyond 0.60 [Fig. 3(c)]. To enhance the visibility
of the difference between our computed Δkz and the experimentally
measured MRmax with respect to β, we calculated their deriva-
tives, namely, d(Δkz)/dβ and d(MRmax)/dβ, which are presented in
Figs. 5(a) and 5(b), respectively. These derivatives shed light on the
variation of Δkz and MRmax as a function of β. It is important to
note that d(MRmax)/dβ was calculated only for the bcc phase region
(β ≥ 0.16). Interestingly, we observed a clear qualitative similarity:
both d(Δkz)/dβ and d(MRmax)/dβ are small in the range of β from
0.20 to 0.50, specifically between −0.2 and 0.1, and share a com-
mon inflection point around β = 0.70–0.80. This raises the question:
does the change in MRmax ratio truly originate from the EBM or
influenced by changes in the quality of the crystal structure? The
characterization of broadening (ω) of the 002 (bcc) peaks (Fig. S5

FIG. 5. Derivatives of Δkz and MRmax with respect to β: (a) d(Δkz)/dβ at
ky = 0.30[2π/a] and (b) d(MRmax)/dβ. Here, d(Δkz)/dβ for kx = 0.48 and 0.50
were omitted due to the absence of data points beyond β ≈ 0.80. The derivative of
MRmax [not in MRmax (%)] was specifically calculated for the bcc region (β ≥ 0.16)
only. Please observe the contrasting directions of the scales in (a) and (b).

of the supplementary material) ruled out the possibility that the
change in MRmax ratio was due to the variation in the quality of
the crystal structure. This observation strongly suggests that the
change in MRmax ratio primarily originates from the factors asso-
ciated with EBM rather than the change in the quality of the crystal
structure.

These findings on the Co–Fe/Cu CIP-GMR model system sug-
gest that the analysis of Fermi surface matching can be utilized to
predict the spin-dependent transport properties of heterojunctions
of magnetic and non-magnetic materials. Since the calculation of
Fermi surface requires much less computational time than the bal-
listic transmittance, this approach can efficiently generate a large
amount of data suitable for machine learning. This dataset can be
used to predict/optimize the stacking structures to achieve enhanced
MR effects in both CIP-GMR and CPP-GMR devices. As an initial
step in developing a new method that combines machine learning
and first-principles calculations to explore material combinations,
this study involved a manual analysis of the Fermi surface similarity
at specific k-points between Co–Fe and Cu. Therefore, based on the
results of the present study, the next important step is to develop a
new method that can automatically examine the similarity of Fermi
surfaces in a wide/full region of k-space for other material systems
having different structures, such as fcc and hcp. A possible strat-
egy could involve unsupervised machine learning techniques, such
as cluster analysis and dimensionality reduction, to analyze Fermi
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surface similarities. This is an ongoing study and will be reported in
the future.

IV. CONCLUSIONS
In conclusion, we have effectively investigated the effect of EBM

at the interface of Co1−βFeβ/Cu/Co1−βFeβ based CIP-GMR devices
on the MR ratio using a combinatorial deposition technique for
the epitaxial CIP-GMR structure. This approach generated a com-
prehensive dataset of MR ratios covering the entire spectrum of
Co1−βFeβ compositions and Cu thicknesses. Our findings showed a
significant variation in the MR ratio in the range of β = 0.11–1.0,
despite identical crystallinity and a clear antiparallel magnetization
state. In particular, the highest MR was observed in the vicinity of
β ≈ 0.46 and a rapid decrease occurred with increasing β beyond
0.60. To understand this β dependence of the MR ratio, we per-
formed first-principles calculations at low computational cost, cal-
culating the Fermi surface of bcc-Cu and the majority-spin of
bcc-Co1−βFeβ and comparing their similarities. We found that the
difference in the kz values of the Fermi surfaces is minimal in
the region of β ≈ 0.20–0.50 and increases monotonically with
β above 0.60. This trend is in good agreement with the experimental
β dependence of the MR ratio. These results demonstrate the effec-
tiveness of analyzing Fermi surface similarities between ferromag-
netic and non-magnetic materials to predict the spin-dependent
transport properties of various magnetic/non-magnetic heterojunc-
tions at low computational cost, which can be beneficially combined
with machine learning techniques in the future.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses the Co–Fe composi-
tion calculation method, 1D and 2D XRD results, and the resistance
of CIP-GMR devices.
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