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Mn diffusion in Co47Mng2Siz1/MgO/Co47Mn32Siz; magnetic tunnel junctions (MTJs) plays a crucial role in
interface stability, spin polarization, and tunnel magnetoresistance (TMR). Up to 823 K, Mn remains confined to
grain boundaries, preserving structural order and facilitating coherent tunneling. The extracted activation energy
of 73.11 kJ/mol confirms grain boundary diffusion as the dominant atomic transport mechanism. Beyond this,
Mn migration into MgO barrier contributes to structural degradation and a reduction in tunnel magnetoresis-

tance (TMR) performance. Maximum TMR ratios of 1995% at 4.2 K and 378% at room temperature, exceeding
those of MTJs with nearly stoichiometric CoMnSi electrodes, highlight the critical importance of interface en-
gineering. The observed TMR enhancement correlates primarily with annealing-driven improvements in crys-
tallinity and interface quality, while Mn redistribution provides additional mechanistic insight into thermally
activated interfacial diffusion processes.

1. Introduction

Spintronics, which exploits the electron spin degree of freedom in
addition to charge, has emerged as a promising platform for high-speed,
energy-efficient, and nonvolatile microelectronic devices, including
magnetic memories, sensing technologies, and emerging computing
architectures [1-3]. Magnetic tunnel junctions (MTJs) with MgO bar-
riers have demonstrated exceptional tunnel magnetoresistance (TMR)
due to coherent As electron transport [4], significantly outperforming
conventional AlOx-based MTJs [5,6]. Among spintronic materials,
Co-based Heusler alloys are ideal candidates due to their high Curie
temperatures (400-1200 K) and predicted half-metallicity [7], making
them highly attractive for MTJs [8]. Early studies reported a 16% TMR
ratio at room temperature in Co2Cro.cFeo.4Al/AlOx/CoFe MTJs [9], while
later advances in Co-MnSi/MgO MTJs achieved 753% at 2 K and 217%
at room temperature [10]. Fully epitaxial Co2MnSi/MgO/Co-MnSi MTJs
have since demonstrated TMR ratios of 236% at room temperature and
1135% at 4.2 K [11,12], reinforcing their potential for spintronic ap-
plications. Additionally, Co-MnSi-based MTJs have demonstrated a
tunnel magnetoresistance ratio of ~203% at 2 K, further supporting
their suitability for spin-dependent transport [13]. Integrating a Heusler
alloy upper electrode with an MgO barrier mitigates conductivity
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mismatch, improving spin injection and device performance [14].
Despite these advantages, interfacial disorder and elemental migration
in Co-based Heusler MTJs can degrade TMR by disrupting A+ electron
transport [11,15]. High-temperature annealing, while crucial for opti-
mizing magnetic properties, can exacerbate these issues, particularly
through manganese (Mn) diffusion, which reduces TMR and can even
reverse exchange bias in synthetic antiferromagnets [16]. Thermal sta-
bility remains a key challenge, as studies show that while moderate
annealing (~483 K) enhances TMR [17], prolonged exposure to higher
temperatures leads to performance degradation. In Co/Al20s/Co junc-
tions, TMR increases up to 480 K but declines at 530 K, breaking down
beyond 600 K [18]. These findings highlight the need for precise thermal
management to balance performance optimization and interfacial
stability.

The current study aims to (i) investigate the structural, chemical, and
magnetic properties of Co47Mn32Sia; films used as both lower and upper
electrodes, along with an MgO barrier, as a function of annealing tem-
perature (Ta), and (ii) achieve the highest possible TMR through opti-
mized fabrication conditions. To understand the effects of annealing on
atomic-scale composition and diffusion behavior, Atom Probe Tomog-
raphy (APT) was employed to analyze chemical distribution across in-
terfaces and tunnel barriers in Co47Mn3,Sis;/MgO-based magnetic
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tunnel junctions. APT provides key insights into atomic rearrangements
and interfacial stability [19], linking microstructure to spin-dependent
transport. While TEM has been widely used for interface studies, its
atomic-scale resolution is limited by imaging misalignment [5,20]. In
contrast, APT enables three-dimensional atomic-resolution imaging,
offering a more precise assessment of elemental redistribution, essential
for optimizing MTJ performance and long-term stability.

2. Experimental details

All samples were fabricated using radio-frequency (RF) and direct
current (DC) magnetron sputtering under ultrahigh vacuum (UHV)
conditions. Deposition on MgO(001) single-crystal substrates ensured
high-quality epitaxial growth, with a base pressure maintained at ~107®
mbar.

For structural, and chemical characterization, Co47Mns33Siz21/MgO/
Co47Mn35Sio; multilayers were prepared with a 3 nm MgO insulating
barrier between two 20 nm Co47Mn3;,Sig;layers. The MgO thickness was
optimized to assess interfacial properties and thermal stability, while the
Co47Mn35Sip; thickness minimized measurement challenges in atom
probe tomography (APT). A schematic representation of the designed
layer stack is shown in Fig. 1, providing a clear overview of the MTJ
architecture investigated in this study. No intermediate annealing steps
were performed during deposition. Post-annealing was conducted only
after the complete stack growth to ensure uniform thermal treatment of
the entire structure. This precisely engineered multilayer system enables
a detailed investigation of atomic diffusion, structural evolution, and
magnetic behavior while minimizing atom loss during evaporation,
providing a comprehensive framework for understanding interfacial
interactions and their influence on material performance.

Magnetic tunnel junctions (MTJs) were fabricated following Ishi-
kawa et al. [11], with modifications incorporating CoFe and Tantalum
(Ta) for enhanced stability. The MTJs were deposited on MgO (001)
single-crystal substrates to promote high-quality epitaxial growth. The
layer stack consisted of a 10 nm MgO buffer layer, a 10 nm CosoFeso
buffer (selected for its excellent lattice matching with MgO to ensure
epitaxial quality), and a 1 nm Ta interlayer to ensure structural integrity
and limit diffusion. The lower ferromagnetic electrode consisted of 5 nm
Co47Mn32Si21, selected for its high spin polarization. A 3 nm MgO barrier
facilitated spin-dependent tunneling, while a symmetric 5nm
Co47Mn32Siz1 upper electrode optimized TMR. A 1 nm Ta spacer tuned
exchange interactions between the free and pinned layers. The pinned
layer included a 3 nm CosoFeto layer, selected for its high saturation
magnetization. It forms a strong exchange coupling with the adjacent
10 nm Ir:0Mneo antiferromagnetic layer, which ensures stable exchange
bias. A 3 nm Ta capping layer was applied to prevent oxidation and

Co,;Mng,Siy,

Co,;Mng,Siy,

Substrate

Fig. 1. Schematic illustration of the Co47Mns2Si21/Mg0O/Co47Mns2Siz1 magnetic
tunnel junction architecture deposited on MgO(001) substrate. The structure
consists of a 3nm MgO insulating layer sandwiched between two 20 nm
Co47Mn3,Sin; layers, representing the trilayer configuration used for structural
and magnetic analyses.
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enhance durability. Further details on the design rationale and func-
tional role of each layer in the complete MTJ stack are provided in the
Supplementary material, Section S1. Structural and atomic-level ana-
lyses were carried out using high-resolution transmission electron mi-
croscopy (HRTEM), energy-dispersive X-ray spectroscopy (EDS), and
atom probe tomography. Tunnel magnetoresistance properties were
characterized through direct current four-probe measurements to ensure
accurate evaluation of electrical transport behavior.

3. Results and discussion
3.1. Structural and compositional characterization

Fig. 2 presents a series of structural and compositional analyses
performed on the as-prepared Co47Mns2Siz1/Mg0O/Co47Mna2Siz multi-
layer structure. For clarity and consistency, Co4zMns2Si>1 hereafter
referred to as CMS. Fig. 2a presents a HRTEM image, offering detailed
insights into the structural and compositional characteristics of the
multilayer. Contrast variations arise from mass-thickness differences
and diffraction effects, with the CMS layers exhibiting stronger contrast
than the MgO spacer. The alternating contrast pattern indicates sharp,
well-defined interfaces, characteristic of high-quality epitaxial growth
with minimal structural imperfections. The MgO layer, having a lower
atomic number, appears with reduced contrast, while localized diffrac-
tion variations may be attributed to strain or minor defects. Fig. 2b
presents EDS elemental mappings, further validating the compositional
distribution within the multilayer system. The blue regions correspond
to Mg and O, clearly delineating the MgO layers, while the yellow re-
gions highlight the presence of Co, Mn, and Si, confirming the compo-
sition of the CMS layers. The distinct elemental separation supports the
presence of well-defined heterointerfaces. Thickness measurements
reveal that the MgO layers are approximately 3 nm thick, demonstrating
precise layer deposition and structural integrity.

APT was performed to further investigate the atomic-scale distribu-
tion within the multilayer system. The APT reconstruction in Fig. 2(c)
reveals a periodic nanolamellar structure with alternating CMS and MgO
layers. In this visualization, CMS rich regions are shown in yellow, while
MgO rich regions are depicted in blue, highlighting the compositional
contrast. The measured MgO layer thickness is consistent with structural
observations from HRTEM and EDS. The sharp, well-defined interfaces
confirm the high structural integrity of the multilayer system, with no
detectable intermixing at the boundaries.

To quantify the elemental composition within the layers, local cy-
lindrical regions of analysis perpendicular to the oxide layer were
extracted, as shown in Fig. 2(c), with the corresponding composition
profile presented in Fig. 2(d). On average, the elemental concentrations
within the CMS layers were Co: 47 at%, Mn: 32 at%, and Si: 21 at%,
while the MgO layers exhibited a composition of Mg: ~50 at% and O:
~50 at%, aligning well with the intended stoichiometry. The homoge-
neous distribution of elements across the layers further supports the
structural uniformity of the multilayer system. No evidence of elemental
clustering or compositional anomalies was observed, indicating a well-
controlled deposition process. Collectively, these results confirm the
successful fabrication of a highly ordered multilayer system with precise
structural and compositional integrity.

3.2. Kinetics of Mn grain boundary diffusion in MgO

To further analyze elemental diffusion mechanisms, three-layer
samples underwent controlled heat treatments in an ultra-high vac-
uum furnace, maintaining a residual gas pressure below 1 x 107 mbar
to facilitate Mn diffusion through the MgO layer. The annealing
sequence included five conditions ranging from 673 K to 873 K, with
durations decreasing from 48 h to 15 min as the temperature increased.
These conditions are summarized in Table 1 for clarity.

Fig. 3a presents an atomic-scale map of the MgO layer after 48 H of
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Fig. 2. Characterization of the as-prepared CMS/MgO/CMS heterostructure. (a) Cross-sectional HRTEM image showing a well-defined layered structure. (b) EDS
elemental mapping of Co, Mn, Si, Mg, and O, with CMS highlighted in yellow and MgO in blue. (¢) APT atomic reconstruction, illustrating the element distribution,
consistent with EDS data. The cylinder (diameter: 6 nm) drawn in (c) indicates the section used for analysis. (d) APT composition profile confirming a sharp CMS/
MgO interface, clearly distinguishing variations between the interfaces. In the representative profile shown in (d), the MgO thickness is approximately 2.6 nm, while
analysis over multiple regions yields values close to the nominal 3. Error bars mark the 1o range.

Table 1

Thermal annealing conditions.
Temperature 673K 723K 773K 823K 873K
Duration 48h 24h 6h 1h 15 min

annealing at 673 K, captured in a top-down view along the needle axis,
revealing a distinct Mn-enriched grain boundary morphology with
laterally oriented boundaries. The grain boundary morphology observed
in the present study, characterized by lateral orientation, structural
continuity, and a high occurrence of symmetric tilt configurations,
closely corresponds to the predictions from first-principles DFT calcu-
lations reported in Ref. [21]. The authors identified £5(210)[001]
symmetric tilt grain boundaries as energetically favorable and struc-
turally stable. The grain sizes determined in the current experiment
(approximately 10-15 nm), along with the geometric features of the
boundaries, are in good agreement with the DFT-modeled structures.
These models further indicate that such grain boundaries can act as
preferential pathways for atomic segregation and are associated with
localized reductions in the electronic band gap [19].

The schematic representation in the Fig. 3b provides additional
insight into the multilayer structure, illustrating the arrangement and
distribution of tilted grain boundaries. The direct visualization of Mn
accumulation along these boundaries reinforces these findings,
providing clear evidence that Mn diffusion within the MgO layer is

confined to these regions, highlighting the critical role of grain bound-
aries as the primary diffusion pathways. Up to 873 K, Mn bulk diffusion
from the CMS layer into the MgO layer remains effectively suppressed,
with atomic transport occurring predominantly along grain boundaries.
To gain deeper insight into this behavior, a cylindrical probe was posi-
tioned through a representative grain boundary (see Fig. 3a), enabling a
detailed analysis of Mn distribution and diffusion characteristics. The
extracted composition profile, shown in Fig. 3c, follows a Gaussian-like
distribution, confirming the preferential diffusion of Mn through these
pathways. This trend is consistent across different concentrations, with
no detectable Mn volume diffusion within the MgO layer up to 873 K.
Although grain growth is not observed within the examined tem-
perature range, annealing promotes Mn accumulation accompanied by
gradual structural refinement. This suggests enhanced crystallinity
without morphological coarsening. A systematic analysis across
annealing stages reveals a gradual increase in Mn concentration over
time, highlighting the temperature-dependent nature of diffusion. While
Mn accumulation progressively rises with annealing, no significant
change in grain size is observed within the examined temperature range.
However, this does not rule out microstructural refinement. As estab-
lished in Ref. [22], thermally activated atomic-scale rearrangements can
enhance crystallinity and reduce defect density, even in the absence of
grain coarsening. Fig. 3d presents an atomic reconstruction of the MgO
layer annealed at this temperature, clearly illustrating the onset of Mn
diffusion into the bulk MgO layer. This transition from grain
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Fig. 3. (a) Atomic-scale reconstruction showing a top-down view of the MgO layer along the needle axis after annealing at 673 K (48 h). (b) Schematic illustration of
the magnetic tunnel junction structure, showing the CMS/MgO/CMS stack, grain boundaries within the MgO barrier, and the corresponding cross-sectional and plan-
view imaging orientations. (¢) Mn-enriched zone along the MgO grain boundary, fitted using a Gaussian distribution. (d) Atomic-scale top-view reconstruction of the
MgO layer after annealing at 873 K. (e) Concentration depth profile along the MgO grain boundary at 873 K (15 min). The analysis cylinders (6 nm diameter) used
for determining composition profiles, marked in (a) and (d), reveal grain boundaries distinctly decorated by Mn segregation. Error bars mark the 1c range.

boundary-limited atomic transport to volume diffusion is further
quantified in Fig. 3e, which depicts the corresponding composition
profile. The elevated Mn concentration beyond the grain boundaries
confirms the initiation of bulk diffusion at 873 K. It should be empha-
sized that the identification of 873 K as the onset of bulk assisted Mn
diffusion is not based on a single one dimensional concentration profile.
Rather, it is derived from statistically averaged atom probe tomography
concentration profiles obtained from multiple specimens and multiple
grain boundary and grain interior regions, with Fig. 3(e) shown as a
representative example.

To elucidate the mechanisms contributing to this transition, we
considered several thermally activated processes. Although thermal
expansion and increased atomic vibrations occur at elevated tempera-
tures, substantial lattice softening of MgO is unlikely at 873 K due to its
high melting point (~3125 K) and thermal stability [23,24]. In addition,
elevated temperatures can lead to an increase in oxygen vacancy con-
centrations, which are known to reduce the activation energy for cation
migration and thereby promote bulk diffusion [25,26]. Importantly, the
cubic rocksalt structure of MgO remains stable beyond 873 K without
undergoing any structural phase transition, as confirmed by in situ
diffraction studies and thermal expansion measurements [23]. This rules
out structural transformation and further supports a defect-driven
mechanism for the observed Mn bulk diffusion. Furthermore, satura-
tion of grain boundary diffusion channels may play a key role. At tem-
peratures up to 823 K, Mn diffusion is largely confined to the grain
boundaries; however, continued accumulation may approach the solu-
bility limit at 873 K, thereby driving Mn atoms into the bulk lattice [27].

While the onset of bulk diffusion marks a significant transition, grain
boundary diffusion remains the dominant atomic transport mechanism
at lower temperatures, specifically below 873 K. In this temperature
range, the measured diffusion profiles exhibit a temperature-dependent
variation and correspond to the C-type diffusion regime, as classified by
Harrison [28,29], allowing the determination of individual diffusion

coefficients. To further describe this process, the mathematical frame-
work developed by Fisher [30] for concentration dynamics in the
source-grain boundary-bulk system can be adapted to the source-grain
boundary scenario, expressed as:

2
C(z) = Co Exp L;TJ ®

here, Co, C(2), and t represent the initial concentration, the con-
centration at depth z, and the diffusion time, respectively. The z-coor-
dinate is defined along the grain boundary to determine the short-circuit
diffusion coefficient (D%5).

The agreement between the experimentally obtained diffusion pro-
files and the analytical model in Eq. (1) confirms the time-dependent
nature of the diffusion process. Additionally, the logarithmic plot of
concentration (C) versus depth squared (z?) exhibits a clear linear trend
(Fig. 4a), further reinforcing its classification within the C-type diffusion
regime. As a result, the grain boundary diffusion coefficients of the
manganese tracer in the CMS layer were reliably determined, yielding
values between 10717 and 1071° em?/s, as shown in Fig. 4b. Notably,
only data exhibiting strictly grain boundary-controlled Mn transport
were considered, while cases where diffusion extended beyond the grain
boundaries (Fig. 3(d) were excluded to maintain the focus on grain
boundary diffusion behavior. This temperature-dependent diffusion
behavior follows an Arrhenius-type relationship, where the diffusion
coefficient increases exponentially with temperature, described by:

Q
D =Dy Exp|—— 2
o XP[RT] (2)
where Q is the activation energy, R is the gas constant, and T is the
temperature in Kelvin.
The activation energy for Mn grain boundary diffusion in MgO was
determined to be 73.11 + 14 kJ/mol, significantly lower than the values
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Fig. 4. (a) Typical plots of log C versus z> for Mn diffusion along the grain boundary of the MgO layer, annealed at 673 K for 48 h and 823 K for 1 h. The solid lines
represent fits according to Eq. (1). (b) Temperature dependence of diffusion coefficients in MgO single crystals. The Mn grain boundary diffusion coefficients in MgO
are highlighted and compared to the diffusion of various impurity elements in MgO, as reported in previous studies [31,32].

reported for bulk diffusion. Diffusion studies have shown that Mn
diffusion in single-crystal MgO requires an activation energy of ~202.6
+ 24.1 kJ/mol [31], while cation diffusion in MgO has been reported in
the range of 242-257 kJ/mol [33]. Likewise, Ni grain boundary diffu-
sion in MgO has been associated with an activation energy of
165.94 kJ/mol [32]. These results highlight the substantially lower
activation energy associated with Mn grain boundary diffusion, con-
firming its predominance over bulk lattice diffusion as the primary
atomic transport mechanism. This trend aligns with previous research
showing that grain boundary diffusion typically requires less activation
energy due to the presence of defect-rich interfaces [22]. In MgO, grain
boundaries exhibit a high density of vacancies and dislocations, serving
as effective diffusion pathways that facilitate Mn migration. The pres-
ence of Mn-enriched zones along these boundaries, as observed in
Fig. 3a, strongly supports this mechanism, confirming preferential Mn
accumulation at these sites. Additionally, cation vacancies within MgO’s
cubic rocksalt structure further enhance diffusion along defect-rich re-
gions, promoting Mn incorporation [33].

The extent of this effect is strongly influenced by microstructural
characteristics, particularly grain size. In this study, the measured grain
size ranged from 5 to 15 nm, consistent with the reported 10-15 nm
range in polycrystalline MgO films [21]. The higher density of grain
boundaries in this size regime offers more efficient atomic transport
pathways, thereby enhancing Mn migration along these interfaces and
contributing to the lower activation energy observed in this work
compared to bulk diffusion. Another key factor governing Mn migration
is its strong chemical affinity for oxygen, which promotes the formation
of thermodynamically stable Mn-O bonds. This effect becomes more
pronounced at elevated temperatures, where diffusion is driven by the
chemical potential gradient between CMS and MgO [34]. Previous
studies have shown that annealing at 550°C significantly enhances Mn
mobility, enabling substantial diffusion over time scales ranging from 20
to 420 min [35]. The presence of oxygen and cation vacancies further
facilitates this process by serving as incorporation sites and lowering the
activation energy required for Mn migration. Moreover, the close simi-
larity in ionic radii between Mn (~0.83 10\) and Mg (~0.72 A) makes Mn
substitution within the MgO lattice energetically favorable, further
promoting diffusion through defect-assisted pathways [36]. These
findings highlight the critical role of microstructural features in mass
transport mechanisms in oxide materials and provide valuable insights
for optimizing diffusion properties in Mn-doped MgO. However, precise
control of annealing conditions and Mn concentration is essential, as
excessive diffusion may lead to secondary phase formation or alterations
in grain boundary chemistry. Additional details on the control of
annealing conditions and the resulting grain boundary chemistry are
provided in the Supplementary Section 2.

3.3. APT analysis of Mn diffusion in the full MTJ stack

The diffusion analysis discussed above was performed on simplified
CMS/MgO/CMS trilayer structures in order to isolate and quantify Mn
transport mechanisms at the CMS/MgO interface. To assess whether the
diffusion behavior identified in these model systems is also relevant
under realistic device conditions, we now extend the analysis to the
complete magnetic tunnel junction (MTJ) stack, which incorporates
additional functional layers such as CoFe buffers, Ta diffusion barriers,
and an IrMn pinning layer.

Fig. 5 summarizes the APT analysis of the complete MTJ stack,
comparing the as-prepared state with the annealed condition at 873 K.
Fig. 5(a) shows the three-dimensional APT reconstruction of the as-
prepared MTJ, revealing a chemically well-defined multilayer archi-
tecture with sharp and continuous interfaces. All constituent layers,
including CoMnSi, MgO, CoFe, Ta, and IrMn, exhibit a homogeneous
elemental distribution, indicating the absence of detectable interdiffu-
sion in the as-deposited state. This observation is further confirmed by
the corresponding one-dimensional composition profile shown in Fig. 5
(b). The MgO layer is highlighted by a yellow shaded region, within
which no measurable Mn signal is detected. Mn remains fully confined
within the CoMnSi electrodes, while the MgO barrier exhibits stoichio-
metric Mg and O concentrations. The distributions of Ta, Co, Fe, Ir, and
Si remain spatially well localized, confirming the chemical stability of
the MTJ stack prior to annealing.

In contrast, Fig. 5(c) displays the APT reconstruction of the MTJ after
annealing at 873 K, where a pronounced redistribution of Mn is
observed. Mn diffusion from the CoMnSi electrodes into the MgO layer
becomes clearly evident. An isoconcentration surface corresponding to
62 at% Mn, highlighted in red, is used to visualize the spatial extent of
Mn segregation, revealing preferential Mn accumulation within the MgO
region. The corresponding composition profile for the annealed MTJ,
shown in Fig. 5(d), further confirms this behavior. The MgO layer, again
highlighted by a yellow shaded region, exhibits a clear increase in Mn
concentration, while the concentrations of Mg and O remain close to
stoichiometric values. Importantly, no comparable diffusion of Co, Fe,
Ta, Ir, or Si into the MgO layer is observed. This demonstrates that
diffusion at 873 K is selective to Mn and occurs specifically within the
MgO barrier.

Taken together, these results provide direct experimental evidence
that Mn diffusion across the CMS/MgO interface occurs in the under
device-relevant annealing conditions and that the diffusion mechanism
identified in simplified CMS/MgO/CMS trilayers remains applicable to
the complete MTJ stack.
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Fig. 5. shows atom probe tomography (APT) results from the complete MTJ stack, comparing the as-prepared state with the annealed condition at 873 K. (a,b)
present the APT reconstruction and composition profile of the as-prepared MTJ, revealing a chemically well-defined multilayer structure with no detectable
interdiffusion and Mn confined to the CoMnSi electrodes. After annealing at 873 K, (c,d) show pronounced Mn diffusion into the MgO layer. An Mn isoconcentration
surface at 62 at% visualizes the spatial extent of Mn segregation, while the corresponding composition profile confirms selective Mn enrichment in MgO, with no
detectable diffusion of other elements. All composition profiles were extracted along the analysis direction from the top toward the bottom of the APT tip.

3.4. Crystallinity enhancement and its role in TMR improvement

Building on the insights related to Mn diffusion, we explored how
thermally induced structural changes influence spin-polarized transport
characteristics in CMS-based magnetic tunnel junctions. To probe this
relationship further, Cos7Mna2Sizi-based MTJs were fabricated and
characterized using tunneling magnetoresistance measurements,
following the device fabrication process described in the experimental
section. The TMR curves shown in Fig. 6a, were measured for an as-
deposited (non-annealed) device using a bias voltage of 1 mV at 4.2 K
and 5 mV at room temperature (RT). A maximum TMR ratios of 1995%
at 4.2K and 378% at room temperature is obtained for the best-
performing device under these conditions, significantly surpassing

8 T T T
(a) ——RT
——4,2K

6 ]
E
G 4
=
<
o

2]

0 . : :

1,0 0,5 0,0 0,5 1,0

Magnetic Field (kOe)

TMR ratio [%]

previously reported values of 1135% and 236%, respectively, for
Co2MnSi MTJs grown on MgO (001) single-crystal substrates [11]. To
evaluate the reproducibility of the results, six independently fabricated
MTJ devices (n = 6) were measured using the same bias voltage, junc-
tion dimensions, and magnetic field sweep parameters. At 4.2 K, the
measured TMR ratios ranged from 1985% to 1995%, yielding an
average value of 1991% with a standard deviation of 4%. At room
temperature, the values fell between 360% and 378%, with an average
of 366% and a standard deviation of 7%. The relatively small spread in
the data confirms good device-to-device consistency. Table 2 compares
the present results with representative Co-MnSi-based MgO MTJs re-
ported in the literature under comparable measurement conditions,
explicitly indicating the corresponding temperatures and bias voltages.

1800 T T

(b)

1500 / E

1200

& RT .
42K /
900 - 4

600 © - 4

300 L

800
Temperature T, (K)

T
700 900

Fig. 6. (a) Typical tunnel magnetoresistance curves for a CMS/MgO/CMS MTJ measured at room temperature (blue) with a bias voltage of 5 mV and at 4.2 K (red)
with a bias voltage of 1 mV. The device shown is in the as-deposited state, i.e., without post-deposition annealing. The TMR ratios reach 1995% at 4.2 K and 378% at
RT. (b) TMR ratio as a function of annealing temperature (Ta) for similarly fabricated MTJs, showing a peak at 823 K, beyond which TMR slightly decreases due to
interfacial degradation. Measurements were taken at both 4.2 K (1 mV bias) and RT (5 mV bias).
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Table 2
Comparison of representative MgO-based MTJs and the present work.

Ref. MTJ structure Temperature ~ TMR (%) Bias
voltage
[10] Co2MnSi/MgO/CoFe 2K 753 1 mV
[10] Co2MnSi/MgO/CoFe RT 217 1mV
[11] Co2MnSi/MgO/ 42K 1135 1 mV
CozMnSi
[11] Co2MnSi/MgO/ RT 236 5mV
Co2MnSi
[38] CozMnSi/MgO/ 290K 354 5mV
Co2MnSi
[38] Co=MnSi/MgO/ 4.2 K 1135 1 mV
Co2MnSi
Present C047Mns2Siz1/MgO/ 4.2K 1985-1995 1mV
work Co47Mna2Siz1
Present C047Mns2Siz1/MgO/ RT 360-378 5mV
work C047Mna2Siz1

This significant enhancement results from an optimized buffer layer
configuration consisting of MgO substrate, a directly deposited CoFe
layer, and a tantalum diffusion barrier positioned atop CoFe. This
carefully engineered interface effectively suppresses interdiffusion,
maintains a smooth MgO tunnel barrier, and enhances spin-polarized
transport, ultimately contributing to the observed giant TMR effect. By
minimizing defect-induced scattering at the CoFe/MgO interface,
tunneling spin polarization is enhanced, leading to more efficient spin
filtering, which is critical for achieving high TMR ratios [5,6]. This effect
is particularly significant, as interfacial disorder and oxygen vacancies
in the MgO barrier are known to degrade spin-polarized transport [37].
These findings highlight the importance of precise interface engineering
in achieving high-performance spintronic devices, with direct implica-
tions for next-generation non-volatile memory and magnetic sensing
technologies.

The Co47Mn32Si21/Mg0O/Co4zMna2Siz1 system investigated in the pre-
sent study achieves record-high TMR values under comparable condi-
tions, underscoring the critical role of material optimization and
coherent tunneling. Because thermal processing is a key element of
interface engineering, it is important to note that the optimal annealing
temperature in MgO-based magnetic tunnel junctions is strongly system
dependent. For Co2MnSi/MgO/Co-MnSi MTJs, annealing temperatures
typically in the range of approximately 723-823 K have been reported to
maximize tunnel magnetoresistance through improved chemical
ordering and enhanced Ais-band coherent tunneling, whereas higher
annealing temperatures lead to interfacial intermixing and degradation
of transport properties [11,12]. In contrast, CoFeB/MgO-based MTJs
generally require lower annealing temperatures of about 600-700 K,
since higher temperatures promote boron and tantalum diffusion into
the MgO barrier, thereby deteriorating interface quality and TMR per-
formance [15]. In the present Cos7Mns2Siz1/Mg0O/Co47Mns2Siz1 system,
the peak TMR observed at 823 K together with the onset of Mn bulk
diffusion at 873 K therefore defines a system-specific critical annealing
temperature that separates beneficial crystallinity enhancement from
interface degradation.

Fig. 6b presents the dependence of the tunnel magnetoresistance
ratio for CMS-based MTJs, measured at room temperature and 4.2 K as a
function of annealing temperature (T2). The results reveal a substantial
enhancement in the TMR ratio with increasing Ta, reaching a maximum
at 823 K, followed by a slight decline at 873 K. At 4.2 K, the TMR ratio
increases more than twofold between 673 K and 823 K, reaching over
1600% at the optimal annealing temperature of 823 K. A similar trend is
observed at room temperature, where the TMR ratio stabilizes around
~410% for Ta between 773 K and 823 K, before slightly decreasing at
873 K. At RT, the TMR ratio remains relatively stable around 410 %
between 773 K and 823 K, before slightly decreasing at 873 K. In
contrast, at 4.2 K, the TMR ratio shows a marked increase across the
same annealing range, rising from approximately 900 % to over 1600 %.
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This divergence in temperature-dependent response highlights the
enhanced spin-polarized tunneling efficiency at low temperatures,
which becomes more pronounced with improved atomic ordering and
interface quality induced by thermal treatment. The increased low-
temperature TMR indicates a reduction in spin scattering and greater
coherence in tunneling, both of which are essential for maximizing spin
transport in CMS/MgO-based MTJs [8].

The apparent discrepancy between the TMR values in Figs. 6a and 6b
stems from the fact that Fig. 6ba represents a single, as-deposited device
with pristine interface quality, whereas Fig. 6b illustrates the broader
trend based on multiple devices subjected to various annealing tem-
peratures. The device in Fig. 6a benefits from minimal interfacial dis-
order, enabling maximized spin-polarized tunneling. In contrast, the
values in Fig. 6b are averaged across samples and thus reflect the evo-
lution of transport behavior with annealing.

The enhancement of spin polarization observed in the present study
arises from a competition between crystallinity improvement and
interface stability during thermal annealing. Moderate annealing facil-
itates atomic-scale rearrangements that improve chemical ordering,
reduce interfacial disorder, and promote coherent As-band tunneling
across the CMS/MgO interface. Within this optimal annealing window,
Mn diffusion remains largely confined to MgO grain boundaries, thereby
preserving the chemical integrity and insulating character of the tunnel
barrier. As a result, spin-dependent transport is enhanced and high
tunnel magnetoresistance is achieved. At higher annealing tempera-
tures, continued thermal activation leads to excessive Mn segregation
and defect accumulation at grain boundaries and interfaces, which alter
the local electronic structure by introducing in-gap states and enhanced
grain-boundary conductivity. These effects disrupt coherent tunneling
and reduce spin polarization, even though crystallinity may continue to
improve.

3.5. Crystallinity and defect suppression

The progressive improvement in crystallinity and interface quality
with increasing Ta facilitates spin-polarized transport by reducing
structural disorder, interface trap states, and grain boundary defects
[39]. This behavior results from thermally activated atomic mobility
during annealing, which enables defect passivation, promotes local
atomic ordering, and enhances electronic uniformity at the CMS/MgO
interface. Such mechanisms have been widely demonstrated in prior
studies [21,22], which show that post-annealing can significantly
enhance oxide crystallinity and interfacial quality without requiring
grain growth. As a result, the observed peak TMR value at 823 K sug-
gests that annealing within this range optimizes coherent tunneling and
spin filtering, thereby maximizing spin polarization at the CMS/MgO
interface [40]. The high spin polarization observed in CMS-based MTJs
can be attributed to its half-metallic nature, which sets it apart from
conventional ferromagnets like CoFe. This distinction is evident in the
exceptionally high TMR ratios of up to 1995% at 4.2 K for Co-MnSi
MTJs, compared to 1143% at 10 K for CoFeB/MgO/CoFeB MTJs [41].

While Co2MnSi achieves high spin polarization due to its intrinsic
half-metallicity at Ef, the high TMR ratio in CoFeB/MgO,/CoFeB MTJs
primarily stems from the coherent tunneling contribution of As-band
electrons [42]. In Co2MnSi Heusler alloys, compositional variations
critically influence both spin polarization and half-metallicity. Theo-
retical studies suggest that Mn antisites and MnSi antisites are ener-
getically favorable under Mn-rich conditions, with a minimal impact on
half-metallicity [43]. In contrast, CoMn antisites introduce unwanted
electronic states at the Fermi level and thereby reducing spin polariza-
tion. Due to their higher formation energy compared to MnSi antisites,
CoMn antisites are effectively suppressed in Mn-rich compositions,
helping to preserve high spin polarization and a robust half-metallic
nature. Although direct identification of such antisite defects is
beyond the resolution of techniques like APT or EDX, the observed
correlation between Mn redistribution, improved crystallinity, and
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enhanced TMR performance is consistent with prior theoretical pre-
dictions regarding the role of antisite disorder in Heusler alloy [43].
However, no direct experimental evidence of antisite defect suppression
is provided in the present work, and this effect should be regarded as a
possible contributing factor rather than a demonstrated mechanism.
Nevertheless, future investigations using site-sensitive techniques, such
as neutron diffraction or X-ray absorption spectroscopy, will be essential
to directly confirm the presence or suppression of antisite defects.
Despite this thermodynamic tendency, residual CoMn antisites may
still form during non-equilibrium growth and annealing, particularly in
CMS films deposited at room temperature and annealed between 823
and 873 K, which are unlikely to reach full thermal equilibrium [44].
Under such conditions, Mn redistribution and segregation at interfaces
and grain boundaries may influence local chemical disorder, which can
locally impair spin-dependent transport. This emphasizes the need for
carefully optimized processing conditions to suppress antisite-related
disorder and maintain efficient spin transport. In parallel, the
observed increase in TMR ratio with annealing up to 823 K suggests that
moderate atomic diffusion is associated with improved crystallinity and
reduced interface defects, thereby supporting coherent tunneling. The
rise in the diffusion coefficient with temperature supports the role of
thermally activated atomic ordering in reducing grain boundary disor-
der and promoting coherent tunneling. However, excessive Mn migra-
tion from the Heusler alloy into the MgO barrier could degrade TMR
performance by creating conductive pathways at grain boundaries,
which compromise the insulating barrier and diminish spin filtering
efficiency. While such a drastic concentration shift is unlikely, even
limited Mn diffusion into grain boundaries may disrupt the local mag-
netic order, potentially contributing to reduced tunneling efficiency.
Importantly, at 873 K, we observe the onset of Mn diffusion into the
MgO barrier, yet the TMR drop remains modest. This suggests that a
critical threshold for barrier disruption has not yet been crossed.
Nonetheless, our interpretation is that further annealing beyond 873 K
would likely accelerate detectable intermixing within the spatial reso-
lution of APT and grain boundary segregation, thereby promoting more
pronounced deterioration of spin polarization and coherent tunneling.
At this stage, the decline in TMR correlates with the increased grain
boundary diffusion of Mn into the MgO barrier and the onset of inter-
facial degradation. While moderate annealing improves crystallinity and
enhances spin polarization, excessive Mn migration toward grain
boundaries can introduce localized defect states, disrupting coherent
tunneling. Previous studies on MgO grain boundaries in MTJs have
demonstrated that these interfaces act as preferential sites for defect
segregation, increasing in-gap states and degrading the insulating
properties of MgO [21]. First-principles modeling has further shown that
MgO grain boundaries reduce the local tunneling barrier by up to 3 eV,
leading to increased grain boundary conductivity and diminished
magnetoresistance performance [45]. This suggests that, at higher
annealing temperatures, Mn accumulation at MgO grain boundaries
contributes to TMR degradation by increasing structural disorder and
interfacial chemical modification, which ultimately reducing
spin-filtering efficiency. At T > 873 K, a slight TMR degradation is
observed, likely due to the onset of interfacial interdiffusion and struc-
tural disorder, which disrupts coherent tunneling [45]. These results
underscore the importance of optimizing annealing temperature to
achieve high-performance spintronic devices. Excessive thermal treat-
ment can lead to structural degradation and impaired spin transport
properties, primarily due to thermally induced chemical modification at
the CMS/MgO interface [46,47]. Furthermore, these findings suggest
that additional enhancements in TMR performance could be achieved by
effectively suppressing tantalum diffusion at elevated annealing tem-
peratures. Therefore, achieving high spin polarization in CozMnSi-based
MTJs requires precise control of Mn composition and limitation of
antisite-related disorder. suppression of CoMn antisite. In addition to
composition tuning, annealing temperature plays a pivotal role in
optimizing spin-dependent transport properties and TMR by enhancing
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atomic ordering, reducing structural disorder, and improving interface
quality. This highlights the critical need for fabrication conditions that
balance crystallinity improvement with interface stability, paving the
way for more efficient spintronic devices in next-generation memory
and sensing applications. The enhancement of TMR with annealing up to
823 K is primarily governed by conventional annealing effects widely
reported in MgO-based MTJ systems, including improved MgO crystal-
linity and enhanced interface ordering. While Mn redistribution at the
CMS/MgO interface provides mechanistic insight into thermally acti-
vated interfacial diffusion processes, it should be regarded as a sec-
ondary or contributing factor rather than the dominant driving
mechanism for TMR enhancement.

4. Conclusion

In summary, this study provides a comprehensive investigation into
the structural evolution and spin-dependent transport properties of
C047Mn32Si21/Mg0/Co47Mna2Si-«  multilayers, emphasizing how Mn
diffusion, annealing, and interface engineering collectively influence
spintronic performance. Controlled annealing experiments revealed that
Mn diffusion is predominantly grain boundary-driven. Using atom probe
tomography, high-angle annular dark-field scanning transmission elec-
tron microscopy, and elemental profiling, we performed the first quan-
titative analysis of Mn grain boundary diffusion from CMS into MgO.
The extracted diffusion coefficients and activation energy of 73.11 kJ/
mol provide quantitative insight into the thermally activated nature of
grain boundary transport, confirming that Mn diffusion occurs prefer-
entially along grain boundary rather than the bulk.

This grain boundary diffusion mechanism significantly influences
both structural integrity and spin-dependent transport properties.

Tunneling magnetoresistance measurements revealed exceptionally
a maximum TMR ratios of 1995 % at 4.2 K and 378 % at room tem-
perature in as-prepared devices without post-deposition annealing.
These values represent some of the highest TMR performances reported
for polycrystalline CMS-based magnetic tunnel junctions. The peak TMR
observed after annealing at 823 K is attributed to the combined effects of
improved crystallinity, optimized interface engineering, and controlled
of Mn diffusion confined to grain boundaries, which preserves interface
quality, enhances spin polarization, and supports coherent tunneling. In
contrast, annealing beyond 873 K is accompanied by Mn migration into
the MgO bulk disrupting this balance and contributing to increased
structural disorder, and reduction in tunneling efficiency. Dual-
condition measurements at both room temperature and 4.2 K, com-
bined with correlative structural and chemical analyses, allowed for a
detailed correlation between interfacial chemistry, thermal processing,
and spintronic properties. Altogether, these findings underscore the
importance of precise thermal control and composition engineering in
optimizing spintronic device performance. Achieving the right balance
between crystallinity and interface stability is key to enabling efficient
spin transport and advancing next-generation spintronic technologies.
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