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In pursuit of ultra-high-density and stable data storage devices, film materials with perpendicular magnetic anisotropy
(PMA) are highly desirable. The exploitation of interfacial effects to induce PMA in heavy metal/ferromagnetic multi-
layers has become a major research focus. In this study, the PMA and electrical transport properties of Ta (6 nm)/[Pt
(2 nm)/CoyMnSi (fcps nm)],/Pt (4 nm) multilayers in the as-deposited state were systematically investigated, with partic-
ular focus on the effects of ferromagnetic layer thickness (tcpys = 0.50 nm—1.50 nm) and the number of periods (n = 1-8).
All samples were fabricated by magnetron sputtering and were not subjected to any annealing process. The magnetic re-
sults show that the multilayers exhibit PMA when the Co,MnSi thickness 7cps < 1.00 nm: Notably, an effective magnetic
anisotropy constant Keg = 1.90 x 10° erg/em? (1 erg= 10~ J) is achieved for the sample with fcpg = 0.75 nm and n = 3.
Additionally, the phonon scattering mechanism was found to be the dominant contribution to the anomalous Hall effect
(AHE) in our studied multilayers. These CopMnSi-based multilayers are promising candidates for spintronic devices due
to their robust PMA and tunable interfacial effects, which are essential for high storage density and low-power operation.
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1. Introduction

In the rapidly evolving field of information technology,
the development of ultra-high-density, low-power, and highly
stable data storage devices has emerged as a central focus of
research. Thin film materials with robust perpendicular mag-
netic anisotropy (PMA) have attracted considerable attention
due to their critical.role in spintronic memory devices, such
as magnetic tunnel junctions (MTJs) and spin—orbit torque
magnetic random-access memory (SOT-MRAM).!'=31 These
films exhibiting PMA stabilize the out-of-plane magnetization
direction, thereby significantly increasing the storage density
while simultaneously improving both the reliability and ther-
mal stability of data memory cells. Meanwhile, the anomalous
Hall effect (AHE), a paradigmatic spin—orbit coupling (SOC)
transport phenomenon, serves as a critical enabler for high-
sensitivity magnetic sensors and spin-based logic devices. [+
The synergistic optimization of PMA and the AHE is of sig-
nificant technological importance. PMA enables stable, high-
density magnetic domains through an out-of-plane easy axis,
greatly improving the thermal stability and switching reliabil-
ity of memory cells. Concurrently, a highly responsive AHE
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provides an efficient electrical readout mechanism by convert-
ing magnetization orientation into a transverse voltage signal.
Consequently, the interplay between PMA and AHE repre-
sents a key focus in the development of advanced spintronic
devices.

In recent years, multilayer structures based on ferromag-
netic/heavy metal (FM/HM)!-'!l and ferromagnetic/oxide
(FM/OX)!12-191 heterostructures have emerged as mainstream
systems for investigating PMA. The FM/HM interface can
host magnetic proximity effects, Rashba-type spin—orbit
fields, and gate-tunable SOC. These interfacial phenomena
govern both the magnitude and symmetry of PMA and deter-
mine the electronic transport properties, including the AHE,
the spin Hall effect (SHE), and other spin-dependent transport

[14-16,20-23] Specifically, the PMA in these systems

signatures.
primarily originates from symmetry breaking at the interfaces,
which results in orbital hybridization, particularly the strong
SOC between the 5d electrons of heavy metal layers (e.g., Pt,
Pd, Ta) and the 3d electrons of ferromagnetic layers (e.g., Co,
Fe).[>+-28] The PMA performance can be effectively enhanced

through the modulation of interfacial interactions, such as in-
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creasing the number of heterostructures or promoting interfa-
cial orbital hybridization. However, conventional PMA mate-
rials (e.g., Co/Pt, Co/Pd, and Co/Ni)!?°-3%] exhibit strong PMA
but are generally associated with low spin polarization, which
limits their potential for further reduction of the threshold cur-
rent density in spintronic devices. Therefore, the development
of novel material systems that combine high spin polarization
with tunable PMA characteristics has emerged as a key direc-
tion for achieving breakthroughs in the field.

Half-metallic Heusler alloys, such as Co,MnSi (CMS),
are regarded as promising candidates for MTJ electrodes due
to their theoretically predicted 100% spin polarization and

37381 However, their cu-

low magnetic damping coefficients.
bic crystal structure inherently results in weak magnetocrys-
talline anisotropy, making it challenging to achieve strong
PMA in single-layer Co-based alloy thin films. To overcome
this limitation, interface-induced PMA can be introduced in
heterostructures of Heusler alloys with heavy metals (e.g., Pt)
or oxides (e.g., MgO). For instance, in Pt/Co,MnSi multilayer
structures, the strong SOC of Pt induces hybridization be-
tween the Pt 5d and Co 3d orbitals at the interface,!?’! thereby
breaking symmetry and giving rise to PMA oriented normal to
the film plane. At present, ferromagnetic Heusler alloy films
with PMA exhibit a large AHE, arising from their high spin
polarization and strong SOC. In such systems, the magneto-
transport behavior is often dominated by exchange splitting,
with Zeeman splitting playing a relatively minor role. Fur-
thermore, periodic multilayer architectures can accumulate in-
terfacial orbital hybridization effects by the repeated stacking
of FM/HM interfaces, thereby enhancing the effective mag-
netic anisotropy constant Kggr. Studies have shown that PMA
is strongly influenced by the thickness of the ferromagnetic
layer,[!3] the number of periods, ) the design of buffer or cap-
ping layers,[!?l.as well as the deposition conditions.! For ex-
ample, when the ferromagnetic layer is too thick, the in-plane
cubic anisotropy of the bulk material gradually dominates,
leading to the suppression of PMA. Conversely, although in-
creasing the number of periods can lead to an enhancement of
interfacial anisotropy energy, excessive periodicity may cause
the magnetic moments to deviate from the perpendicular direc-
tion due to enhanced demagnetizing fields or the accumulation
of interfacial defects.

In this context, to address the practical requirements of
spintronic devices such as SOT-MRAM, it is essential to de-
velop PMA materials with high spin polarization, low coer-

16,39-421 Here, we inte-

civity, and superior interfacial quality.|
grate the high spin polarization of Co,MnSi Heusler alloy with
the interfacial PMA modulation mechanism of HM/FM het-
erostructures to optimize spintronic device performance. We
demonstrate robust PMA in Ta/[Pt/CMS],,/Pt multilayers with-

out any annealing process, a significant advantage for device

integration. Furthermore, analysis of the electrical transport
properties reveals the mechanisms governing the AHE in such
multilayer systems. This work offers insights into the design
of spintronic devices based on Heusler alloy multilayer sys-
tems.

2. Experimental details

Figure 1(a) shows a schematic illustration of the mul-
tilayer thin film structure studied in this study. The sam-
ples were fabricated via layer-by-layer deposition on a single-
crystal Si/SiO, substrate and exhibit a nominal configuration
of Ta (6 nm)/[Pt (2 nm)/CMS (tcms nm)],/Pt (4 nm). Here,
toms refers to the thickness of the ferromagnetic CMS layer,
and n denotes the number of repeating Pt/CMS bilayers. A 6-
nm-thick Ta layer was deposited onto a single-crystal Si/SiO;
substrate as an adhesion layer, while a 4-nm-thick heavy metal
Pt layer, serving as a protective capping layer, was deposited
as the outermost layer of the multilayer stack. This Pt layer
also interacts with the CMS layer to induce PMA. All sam-
ples were fabricated using an ultra-high-vacuum magnetron
sputtering system (Kurt J. Lesker Company, PVD 75 Proline).
The base pressure in the sputtering chamber was maintained
below 1.0 x 10~8 Torr (1 Torr=1.33322x 10% Pa). During de-
position, the sputtering pressure was kept at 4 mTorr using
high-purity argon (Ar) gas with a purity of 99.99%. The Ar
flow rate was maintained at 23 sccm (sccm denotes cubic cen-
timeter per minute at standard temperature and pressure). To
ensure uniform deposition and a homogeneous film thickness,
the substrate holder was rotated at 10 rpm during sputtering.
The Ta, Pt, and CMS targets used for deposition had a purity
of greater than 99.99%. The CMS target was an alloy with
a nominal composition of CosyMnysSiys (in atomic percent-
age). The sputtering parameters used for each target are listed
in Table 1. The Ta and CMS targets were sputtered using a DC
power supply at 25 W and 10 W, respectively, while the Pt tar-
get was deposited using an RF power supply at 50 W. It should
be noted that all samples were prepared at room temperature.

The thickness of each layer was characterized using an
atomic force microscope (AFM, Benyuan, CSPM 5500). The
in-plane and out-of-plane hysteresis loops of the samples were
measured at room temperature using a vibrating sample mag-
netometer (VSM, MicroSense, EZ9). The surface roughness
was evaluated by x-ray reflectivity (XRR, Rigaku, SmartLab
SE) measurements. The transport properties were measured
using a Hall effect measurement system (Lanhai Science In-
strument, LH8800 series) across a temperature range from 5 K
to 300 K. A shadow mask was employed during the film de-
position to enable the in situ fabrication of Hall bar devices
for subsequent electrical transport measurements, as shown in
Fig. 1(b). During the measurement, a magnetic field was ap-
plied perpendicular to the film plane. A current of 0.1 mA was
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supplied across the longitudinal direction (xx direction) of the
Hall bar devices, and both the transverse voltage Vy, and lon-
gitudinal voltage V,, were recorded. The Hall resistivity pxy
and longitudinal resistivity p,, were subsequently calculated
based on the measured voltage signals and device geometry.

(a) (b)

Pt (4 nm)
CooMnSi (tevs nm) [Pt/CMS]n
Pt (2 nm)

Ta (6 nm)

Fig. 1. Schematic illustration of (a) the multilayer structure and (b) the
Hall bar device used for electrical transport measurements.

Table 1. Sputtering parameters of the employed targets.

P suppl. Sputteri Ar fl
Targets ower supply puttering Power (W) r flow
type pressure (mTorr) rate (sccm)
Ta DC 4 25 23
Pt RF 4 50 23
CMS DC 4 10 23

3. Results and discussion

The in-plane and out-of-plane hysteresis loops of the as-
deposited Ta (6 nm)/[Pt (2 nm)/CMS (tcys nm)],/Pt (4 nm)
multilayers are shown in Fig. 2. The CMS thickness 7cys is
varied from 0.50 nm to 1.50 nm in 0.25-nm increments. The

results reveal that PMA is observed for n = 1 to 3 when tcpms <
1.00 nm. Notably, an increase in the number of bilayer periods
from n =1 to 3 in the multilayers leads to a significant im-
provement in the magnetic properties, which is reflected in the
improved remanence ratio M; /M of the out-of-plane hystere-
sis loops, indicating a stronger PMA. This can be attributed to
enhanced interfacial orbital hybridization and the cumulative
effect of SOC. As shown in Fig. 2(g), for the multilayer with
n =73 and tcpms = 0.75 nm, the out-of-plane hysteresis loop ex-
hibits M;/Ms of approximately 1. Meanwhile, the multilayer
shows a high saturation magnetization (Mg~ 788.7 emu/cm?)
and a low coercivity (H. ~ 10.0g; 1 Oe =79.5775 A-m™!),
which facilitates magnetization switching and is advantageous
for low-power spintronic devices. In stark contrast, the in-
plane hysteresis loop exhibits a nearly linear magnetization
behavior and a saturation field as high as 4 kOe. These ob-
servations confirm that the perpendicular direction is the easy
magnetization axis. As the CMS thickness increases, both the
n=1 and n =3 films gradually transition from PMA to in-
plane magnetic anisotropy (IMA), and all films exhibit IMA
when fepms > 1.25 nm. This behavior is attributed to the weak-
ening of interfacial orbital hybridization with increasing thick-
ness of the ferromagnetic layer, which enables the in-plane
cubic anisotropy of the bulk material to become dominant. [43]
Additionally, as the CMS thickness increases, the exchange
coupling between the Pt and CMS layers in the multilayer
structure weakens, resulting in a transition of the magnetic
anisotropy toward an in-plane orientation.

1.0 (a) 1.0 (b) 1.0 (c) 1.0 (e)
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Fig. 2. In-plane and out-of-plane hysteresis loops of Ta (6 nm)/[Pt (2 nm)/CMS (tcms nm)],/Pt (4 nm) multilayers with n = 1 [(a)—(e)] and n = 3 [(£)—()].
Each panel corresponds to a different CMS thickness: (a) and (f) 0.50, (b) and (g) 0.75, (c) and (h) 1.00, (d) and (i) 1.25, and (e) and (j) 1.50 nm. All samples

were measured in the as-deposited state.

To quantify the magnetic anisotropy of multilayers, the
effective magnetic anisotropy constant K¢ is commonly em-
ployed. The K. accounts for the contributions of various
anisotropic factors, including magnetocrystalline anisotropy,

shape anisotropy, and interfacial anisotropy. It can be ex-

pressed as follows: 44!
K
71, ey

where K, represents the volume magnetic anisotropy constant,

Kett = Ky — 2tM? +

K; denotes the interfacial magnetic anisotropy constant, M;
is the saturation magnetization, and the term —27rMS2 corre-
sponds to the demagnetizing energy. The total thickness of
the ferromagnetic layer is represented by fcms. The K of
the film can be determined by integrating the area difference
between the hysteresis loops measured under magnetic fields

applied perpendicular (out-of-plane) and parallel (in-plane) to
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the film plane, as follows: (451

M M
Ker= | HydM— | H dM, )
0 0

where H| denotes the magnetic field applied parallel to the
film plane (used to obtain the in-plane hysteresis loop), and
H, represents the field applied perpendicular to the film plane
(for the out-of-plane hysteresis loop). Generally, when K.
is positive, the easy axis of magnetization is oriented per-
pendicular to the film plane, indicating PMA. Conversely, a
negative Kegr value corresponds to an in-plane easy axis, and
the film exhibits IMA. As the thickness of the ferromagnetic
layer increases, the demagnetizing energy of the multilay-
ers gradually increases, while the interfacial anisotropy en-
ergy decreases, leading to a reduction in the K. For both
n =1 and n = 3, when the CMS thickness is in the range
of 0.50 nm to 1.00 nm, K > 0, indicating PMA. In con-
trast, when fcpms > 1.25 nm, K < 0, corresponding to IMA.
Specifically, for the multilayer with n = 3 and tcs = 0.75 nm,
Kegr = 1.90 x 10° erg/cm3. By calculating K¢ for different
thicknesses of the ferromagnetic layer and fitting the results to
the following equation

Kot Xt = (KV—ZnMZ) X1+ K;, ®)

the net volume anisotropy Ky — 27rMS2 and the Kj can be ob-
tained. This equation describes the linear relationship between
the dependent variable K¢ X ¢ and the independent variable ¢,
where ¢ represents the total thickness of the CMS layer. K;
corresponds to the y-intercept of the fitted line.
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Fig. 3. Dependence of Keff X fiota1(cms) On total CMS thickness.

As shown in Fig. 3, for a single period (n = 1), Kj =
0.93 erg/cm?, while for n = 3, K; increases to 1.36 erg/cm?,
representing a 46.2% enhancement compared to the n = 1
case. This result indicates that interfacial anisotropy can be
markedly enhanced by employing periodic multilayer struc-
tures. In the Ta (6 nm)/[Pt (2 nm)/CMS (tcpms nm)],/Pt (4 nm)
multilayer system, the PMA primarily originates from the
SOC at the interface between the heavy metal Pt and the
CMS layer. The strong SOC in Pt promotes the hybridiza-
tion between the Pt 5d and Co 3d orbitals at the interface,

thereby reducing the interfacial symmetry and inducing mag-
netic anisotropy perpendicular to the film plane.*!l These re-
sults reveal that increasing the number of periods n leads to an
increase in the number of FM/HM interfaces, which enhances
K, elevates K., and ultimately strengthens the PMA of the
multilayers.

To evaluate the structural integrity and surface roughness
of the multilayer stack, XRR measurements were performed
on samples with n = 3 and 7cms = 0.75 nm and 1.00 nm.
As shown in Fig. 4, the experimental data are in good agree-
ment with the best-fit simulation, indicating that the assumed
layer stack and interfacial parameters are physically reason-
able. While interfacial roughness is independently fitted for
each internal layer, film flatness is characterized by the sur-
face roughness (top Pt/air interface), which is 0.53 nm and
0.54 nm for tcpms = 0:75 nm and 1.00 nm, respectively. These
results indicate coherent layer-by-layer growth, and the result-
ing smooth, well-defined interfaces are essential for achieving
strong PMA.

® f{oys=0.75 nm
tems = 0.75 nm fit
® toyms=1.00 nm
tcms = 1.00 nm fit

Intensity (arb. units)

0 1 2 3 4 5 6
20 (%)
Fig. 4. Experimental XRR curves (symbols) and corresponding best-fit
simulations (solid lines) for Ta (6 nm)/[Pt (2 nm)/CMS (tcps nm)]3/Pt
(4 nm) multilayers with fcms = 0.75 nm and 1.00 nm.

The magnetization state of the multilayers was further
characterized using AHE, which offers higher sensitivity to
magnetic signals in the samples. Accordingly, Hall bar de-
vices, as shown in Fig. 1(b), were fabricated to perform trans-
port measurements for determining the Hall and longitudinal
resistivities, P,y and py,. The preceding magnetic character-
ization results demonstrate that multilayers with n = 3 and
CMS thicknesses of 0.75 nm and 1.00 nm exhibit strong PMA.
Hall bar-shaped multilayers with the two selected CMS thick-
nesses were fabricated and subjected to AHE measurements
at temperatures of 5, 50, 100, 150, 200, 250, and 300 K.
A magnetic field was applied perpendicular to the film plane
during transport measurements and swept between —3000 Oe
and +3000 Oe. As shown in Fig. 5, both multilayers with
tcms = 0.75 nm and 1.00 nm exhibit robust PMA across all
tested temperatures, consistent with the hysteresis loop results.
The coercivity of both multilayer structures decreases with in-
creasing temperature. For instance, as shown in Fig. 5(b), the
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multilayer with fcys = 1.00 nm exhibits a strong temperature
dependence of coercivity, decreasing from 385.8 Oe at 5 K
to 12.7 Oe at 300 K. This trend can be attributed to the sup-
pression of thermal fluctuations at low temperatures. The re-
duced thermal energy makes it difficult for magnetic moments
to overcome pinning barriers, thereby requiring a larger ex-
ternal field for magnetization reversal and resulting in higher
coercivity.[*®] As the temperature increases, thermal fluctua-
tions enable magnetic moments to overcome pinning barriers
more easily, thereby reducing the external field strength re-
quired for magnetization reversal.

0.2}
£ 0.1}
Q
::
S —0.1t
n=3
—0.2¢ tCMS:O~75 nm
-3 -2 -1 0 1 2 3
H (kOe)
0_2.?0_2_“( - : A A
élu.l (b)
~ 0.1F:
= 0.1, =3
o o s =100 0
% OF =3 2 71-}(1(0;% 2 3
< —0.1}
n=3
—0.2} Sl Sl tCMs:LOOnm

-3 -2 =1 0 1 2 3
H (kOe)

Fig. 5. py,—H curves of Ta (6 nm)/[Pt (2 nm)/CMS (tcms nm)]3/Pt
(4 nm) Hall bars with tcys = 0.75 nm (a) and 1.00 nm (b), measured
at temperatures ranging from 5 K to 300 K. The inset in panel (b) illus-
trates how p,y; and pyy- are obtained.

Figure 6(a) presents the variation of p,, with tempera-
ture for Ta/[Pt/CMS]s/Pt multilayers with CMS thicknesses of
0.75.nm and 1.00 nm. As the CMS thickness increases from
0:75 nm to 1.00 nm, p,, exhibits an increase for all measured
temperatures. This is mainly attributed to the fact that the re-
sistivity of CMS is significantly larger than that of Pt and Ta.

Furthermore, the results show that p,, increases monotonically
with temperature for both samples. This trend is attributed
to the fact that, as a half-metal, CMS exhibits temperature-
dependent resistivity primarily governed by electron—phonon
scattering. As temperature increases, the amplitude of lat-
tice vibrations (phonon population) rises, thereby enhancing
electron—phonon scattering and leading to an increase in py.

In 1930, Pugh et al. derived an empirical formula through
repeated experiments: [5:47]

Pxy = RoH +47tRSMZa )

where Ry is the ordinary Hall coefficient, H is the magnetic
field strength, Ry is the anomalous Hall coefficient, and M, de-
notes the spontaneous magnetization perpendicular to the film
plane. In ferromagnetic films, a sufficiently large magnetic
field applied perpendicular to the film plane fully magnetizes
the film. As the external field is increased beyond saturation,
Pxy becomes linearly proportional to the applied field. The
anomalous Hall resistivity pap is obtained by extrapolating
Pxy at high magnetic fields to zero magnetic field. The inter-
cept at H = 0 gives pan, and the slope of the extrapolated line
is Ry. Note that independent linear fits are performed on the
high-field regions for positive and negative magnetic fields to
obtain Py and pyy_ (as shown in the inset of Fig. 5(b)), and
pan is calculated as paH = (Pxy+—Pry—)/2.

As shown in Fig. 6(b), pap exhibits a non-monotonic
dependence on temperature. At low temperatures, phonon
thermal vibrations are suppressed, and electron scattering is
therefore dominated by interfacial impurities and lattice de-
fects. With increasing temperature, enhanced phonon scatter-
ing gives rise to an initial increase in pag. However, as the
temperature increases further, pan decreases, mainly due to
the reduction in magnetization of the ferromagnetic layers in-
duced by this temperature rise. Therefore, pag exhibits a non-
monotonic temperature dependence, characterized by an ini-
tial increase followed by a pronounced decrease. Additionally,
increasing the CMS layer thickness from 0.75 nm to 1.00 nm
results in a higher pap, which is attributed to the accumulation
of interfacial defects and enhanced phonon scattering.

44 0.23 0.23
-
42} (a) 0.2af (P) 0.22] (© e e
40 [—9— tcms = 0.75 nm . 9 .
‘g 38— tems=1.00 nm = 0.21F 7 0.21 , R
[3) S 3} 2
5 36} 3 0.20F 5 0.20
< g ] PRrY
= 34p = 0.19} = 0.19¢ /9 9
S 321 5 E : N\
< 0.18}f < 0.18} 4 .
30} A °
osl 0.17F 0.17} O - - F%tt?ng of tcms =0.75 nm
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Fig. 6. (a) px—T, (b) pan—T, and (c) pap—pPxx curves for Ta (6 nm)/[Pt (2 nm)/CMS (tcms nm)]3/Pt (4 nm) multilayers. The black and red

dash-dotted lines in panel (c) are the fitting curves.
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The AHE is generally understood to arise from three main
mechanisms: the intrinsic mechanism,?! the skew-scattering
mechanism, 3] and the side-jump mechanism.!*°! To inves-
tigate the dominant scattering mechanisms of the AHE in
Pt/CMS multilayer systems, this study focuses on samples ex-
hibiting PMA. Based on the scaling theory proposed by Tian
et al.,’%! a systematic study of the AHE mechanism in this
multilayer system is conducted. The scaling relationship can
be expressed as follows:

PAH = a/pxxO + a”pxxT + bp)%x (5)

Here, pur = Pu—Px0, Where pyo is the residual resistivity,
approximated by the longitudinal resistivity measured at 5 K in
the experiment. The first term, a’p,y, characterizes the impu-
rity scattering contribution in the low-temperature limit. The
second term, a”p,r, accounts for the phonon-assisted skew
scattering contribution. The third term, bp)%x, arises from the
side-jump and the intrinsic mechanisms, with the latter associ-
ated with the topological Berry curvature. By fitting the pap—
Pxx dependence, the parameters @', a”, and b are extracted,
enabling a quantitative assessment of their respective contri-
butions.

As shown in Fig. 6(c), the black and red dashed lines
represent the fitting curves to Eq. (5) for rcms = 0.75 nm
(d =0.0247, d" = 0.0459, b = —6.776 x 10=* uQ=!.cm™h)
and fcms = 1.00 nm (@’ = 0.0257, @” = 0.0472, and b =
—6.320 x 107 pQ’l-cm’l). The fitting results indicate
that, in Ta/[Pt/CMS]3/Pt multilayers, phonon scattering in the
skew scattering mechanism is the dominant contribution to the
AHE, followed by impurity scattering. The contribution of the
intrinsic mechanism is small. As the CMS thickness increases
from 0.75 nm to 1.00 nm, the ¢’ and @” coefficients increase
by 4.1% and 2.8%, respectively, indicating enhanced impurity
scattering due to interfacial defect accumulation and strength-
ened skew scattering arising from enhanced electron—phonon
coupling. However, as the CMS thickness increases, the ab-
solute value of the parameter b decreases by 6.7%, due to the
relative weakening of interfacial effects and the enhanced con-
tributions from impurity and skew scattering. This leads to a
reduced relative contribution of the intrinsic scattering.

As can be seen from the above discussion, the multilay-
ers exhibit PMA and a pronounced AHE when the ferromag-
netic CMS layer thickness is 1.00 nm. Therefore, to investi-
gate the influence of the number of periods n on the magnetic
and transport properties, the CMS layer thickness was fixed at
tcms = 1.00 nm. Figures 7(a) and 7(b) present the out-of-plane
and in-plane hysteresis loops of Ta (6 nm)/[Pt (2 nm)/CMS
(1 nm)],/Pt (4 nm) multilayers in the as-deposited state. The
out-of-plane hysteresis loops show high rectangularity with
a remanence ratio M;/M; ~ 1, whereas the in-plane loops
display a linear, non-rectangular characteristic. All samples,

regardless of the number of periods n, exhibit easier mag-
netic saturation under a magnetic field applied perpendicu-
lar to the plane, indicating the presence of PMA. It can be
clearly observed that the saturation magnetization per unit
area, Ms X fioay(cMms), increases linearly with n, as expected
from the layer-by-layer additive contribution of the CMS fer-
romagnetic layers. Notably, all samples exhibit very low co-
ercivity H., with the out-of-plane H. below 10 Oe for n > 2,
due to strong interlayer exchange coupling mediated by the
Pt spacer layer, which facilitates magnetization reversal. In
addition, the in-plane remanence ratio M;/Ms decreases with
increasing n, indicating enhanced PMA.
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Fig. 7. (a) Out-of-plane and (b) in-plane hysteresis loops of Ta
(6 nm)/[Pt (2 nm)/CMS (1 nm)],/Pt (4 nm) multilayers. The inset in
panel (a) shows a magnified view around the coercive field.

Next, the influence of the number of periods n on the
transport properties in Ta(6 nm) / [Pt(2 nm) / CMS(1 nm)],
/ Pt(4 nm) multilayers is investigated. As shown in Fig. 8(a),
Pxx shows a decreasing trend with increasing » for all mea-
sured temperatures. At low n, the total film thickness is small,
enhancing surface and interface scattering and effectively re-
ducing the electron mean free path, thereby increasing py,. As
n increases, the total film thickness increases. This suppresses
surface and interface scattering, causing the multilayers to ex-
hibit more bulk-like behavior, thereby reducing p,,. Mean-
while, as n increases, the number of Pt/CMS interfaces in-
creases, enhancing SOC at the interfaces and thereby strength-
ening the AHE, which significantly boosts pay. Furthermore,
increasing n leads to the accumulation of lattice mismatch and
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dislocation density at the interfaces. These interfacial defects
act as electron scattering centers and further contribute to the
enhancement of pay. Consequently, as shown in Fig. 8(b),
pan increases with increasing n across all tested tempera-
tures. The dashed lines in Fig. 8(c) are obtained by fitting
the pag — Pxx curves to Eq. (5), showing very close agreement
with the experimental data. Figure 8(d) summarizes the ex-
tracted parameters, ', a”, and b as a function of . For all sam-
ples, phonon scattering is found to be the dominant contribu-
tion to the AHE, followed by impurity scattering, whereas the
intrinsic mechanism associated with Berry curvature makes
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the smallest contribution. Moreover, the impurity scattering
coefficient @’ and the phonon scattering coefficient a” increase
with n, and the absolute value of the intrinsic parameter b also
increases. As n increases, the number of Pt/CMS interfaces
increases. The hybridization between Pt 5d and Co 3d orbitals
at these interfaces enhances SOC, thereby amplifying impurity
and phonon scattering effects. When the thickness of each in-
dividual layer is smaller than the electron mean free path, the
contributions of these mechanisms to the AHE increase with
the total thickness of the CMS layer.
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Fig. 8. (a) pu=T, (b) pan—T, and (c) pap—Pxx curves for Ta (6 nm)/[Pt (2 nm)/CMS (1 nm)],/Pt (4 nm) multilayers. The dashed lines in
panel (c) are the fitting curves. (d) Fitting results for parameters a’, a”, and b.

4. Conclusion

In summary, the influence of the ferromagnetic layer
thickness fcyms and the number of periods n on the PMA and
electrical transport properties of Ta (6 nm)/[Pt (2 nm)/CMS
(tcms nm)],/Pt (4 nm) multilayers is systematically investi-
gated. Our results indicate that for fcpms < 1.00 nm, inter-
facial SOC induces hybridization between Pt 5d and Co 3d
orbitals, which gives rise to the PMA and results in a signifi-
cantly positive effective magnetic anisotropy constant Keg. In
contrast, for fzcms > 1.25 nm, enhanced bulk cubic anisotropy
drives a transition to in-plane magnetization. As n increases
from 1 to 3, the interfacial magnetic anisotropy constant Kj
increases by 46.2%, indicating that periodic multilayer struc-
tures enhance the cumulative SOC through an increased num-
ber of Pt/CMS interfaces, thereby significantly strengthening
the PMA. The electrical transport results reveal that phonon

scattering is the dominant contribution to the AHE, with im-
purity scattering playing a secondary role, while the intrinsic
mechanism associated with Berry curvature makes a negligi-
ble contribution. These findings offer a promising pathway
toward high-density, low-power spintronic storage and sens-
ing technologies. However, further investigation of device ar-
chitectures and their scalability in practical applications is re-

quired to enable real-world implementation.
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