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Tailoring of Creep Regime Domain Wall Dynamics in
Perpendicularly Magnetized Pd/Co/Pd Trilayers

Anurag Keloth, Rakhul Raj, V. Raghavendra Reddy, Mukul Gupta, Ilaria Carlomagno,
Andrei Gloskovksii, Timo Kuschel, Ajay Gupta, and Sarathlal Koyiloth Vayalil*

Understanding magnetic domain wall (DW) dynamics is vital for improving
the performance of heavy metal/ferromagnet based spintronic devices.
Pd/Co/Pd multilayers hosting perpendicular magnetic anisotropy and
interfacial Dzyaloshinskii-Moriya interaction are prototypes for high density
magnetic memory devices. This work presents the creep regime DW
dynamics in Pd/Co/Pd trilayers with Ta buffer layer excited by symmetric
field-induced domain wall motion using Kerr microscopy. A systematic
increment of DW velocity with increasing Co thickness is observed.
SQUID-VSM measurements reveal that the effective anisotropy constant
decreases with the Co layer, leading to an increased DW width. Kerr
microscopy images confirm that the DW is becoming rougher with magnetic
layer thickness because of the dominance of magnetostatic energy over the
DW energy. Hard X-ray photoemission spectroscopy (HAXPES) reveals the
presence of alloying at interfaces of Co/Pd. The asymmetry in magnetic
circular dichroism HAXPES at the Pd 3d edge pictures the induced magnetic
moment in Pd which is consistent with the larger saturation magnetization
obtained from vibrating sample magnetometry. Extended X-ray absorption
fine structure performed in out-of-plane and in-plane geometry shows the
disordered nature of the Co local environment with the interdiffusion of Pd
atoms into Co causing an asymmetry in the bonds.

1. Introduction

In recent years, heterostructures with heavy metal
(HM)/ferromagnet (FM) multilayers gained attraction in
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spintronics based memory-logic devices
owing to their vast applications.[1–4] In
this kind of multilayer systems, the
HM/FM interfaces are the region of ori-
gin of major phenomena such as perpen-
dicular magnetic anisotropy (PMA),[5]

spin-orbit torque (SOT),[6] spin Hall ef-
fect (SHE),[7] interfacial Dzyaloshinskii-
Moriya interaction (iDMI)[8,9] etc. Typical
HM/FM/HM structures viz. Pt/Co/Pt,
Pd/Co/Pd, Pt/CoFeB/Pt multilayers, in
which an ultra-thin FM film is inter-
faced with HM layers, are very widely
investigated for PMA, iDMI, SOT.[6,10,11]

DMI stabilizes chiral spin textures[12]

and skyrmions[13] which are promising
candidates for spintronics based mem-
ory and logic devices. PMA is a very
fascinating phenomenon in spintronic-
based devices for high-density data stor-
age, offering a significant energy bar-
rier against thermal fluctuations with-
out causing harm to data reliability. It
has been observed that SOT-based mem-
ory devices exhibit a high critical current
density for magnetization reversal.[14,15]

However, to achieve lower power consumption, a reduced criti-
cal switching current density is recommended. The interface en-
gineering in heterostructures is an efficient method to control
the SOT efficiency and the switching current density. Interfacial
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interdiffusion can enhance PMA and SOT while reducing
the critical current density for magnetization reversal in the
Ta/Pt/Co/Ta system with an improved spin Hall angle (SHA).[16]

In the above-mentioned kind of multilayers, different inter-
faces play a major role in domain dynamics. In Co/Pt systems,
the signs of DMI and SHE-STT (spin-transfer torque) are differ-
ent across top and bottom interfaces[17] and the strength of DMI
in the Co layer close to interface are very strong compared to the
other layers.[18] Further, Pd/Co/Pd trilayers with DMI were iden-
tified to be host for zero field, room temperature skyrmions.[3,4]

Comprehending the dynamics of domain walls (DW), which
are the boundaries that separate regions with different magne-
tization, is essential for enhancing device performance. As far
as the spintronic-based data storage devices, such as race track
memories, where the data is stored in the magnetic domains and
transmitted through DWmotion along a track, thus DWmotion
is crucial. These DWs could interfere with the defects in the sys-
tem, which alters its response and results in the pinning. DWs
are too thin in the magnitude of nanometers in multilayer sys-
temswith PMA like Pd/Co/Pd, Pt/Co/Pt, etc. and they are heavily
subjected to the pinning by the atomic imperfections in the sys-
tem. Thus, from a technological point of view, the study of DW
in these kinds of systems is of great interest because it is easy to
control it using external factors like magnetic field and current,
making it suitable for DW race tracks and memory logic devices.
TheDWdynamics is classified into various regions such as creep,
depinning and flow regimes. In the creep regimes, the thermal
fluctuation favors the DW motion overtaking high pinning and
local equilibriumofDW’s. The field-induced domainwallmotion
(FIDWM)[19] or the use of charge current[6] combined with Kerr
microscopy are most commonly used techniques to study the
DW motion. The magneto-optical Kerr effect (MOKE) serves as
a non-destructive simple technique to study various phenomena
in magnetic based system viz. magnetic anisotropy,[20] iDMI[21]

etc.
Structural and interfacial properties of thin films can be tuned

to engineer the magnetic properties of HM/FM devices. The
interfacial phenomena such as interdiffusion, alloying etc. in-
fluence the magnetization dynamics of the system. It is re-
ported that the magnetization dynamics of induced moments in
Pt sub-lattice is entirely different compared to that of Co sub-
lattice moments in Co-Pt systems.[22] Interfacial effects such as
the magnetic proximity effect (MPE), for which a few mono-
layers of the HM in close vicinity to the FM get magnetized,
which is also reported to be asymmetric across different HM/FM
interfaces,[23–25] may alter the iDMI in HM/FM multilayers.[25]

Vineeth et al. showed that the domain structure in Pt/Co/Pt tri-
layers can be tuned by Cu dusting on top as well as bottom in-
terfaces and lead to the variation of the PMA.[26] The optimiza-
tion and design of DW-based devices, which requires high DW
speed, need the proper understanding of DW dynamics in the
low magnetic field region. The thickness and interfacial rough-
ness of the FM layer are crucial parameters when determining
themagnetic properties such as PMA, iDMI etc. JaehunCho et al.
showed the inverse relation of DMI strength and FM layer thick-
ness using Brillouin light scattering spectroscopy on Pt/Co/AlOX
and Pt/CoFeB/AlOx.

[27] The quality of interfaces marked by the
extent of intermixing, interfacial roughness etc. influences the
shape of the magnetic domains and the DW velocity.[28]

In multilayer heterostructures, spontaneous intermixing of
different layers is initiated during the film deposition itself. The
Co/Pd multilayers are well known to exhibit interfacial alloying
even at room temperature evidenced by various techniques such
as nuclearmagnetic resonance (NMR),[29] extended X-ray absorp-
tion fine structures (EXAFS)[30] etc in Co/Pdmultilayer based sys-
tems. The Co atoms at the vicinity of the Pd atoms exhibit a more
alloy kind of character than the Co atoms in the bulk which has
been studied using polarized EXAFS.[31]

In this paper, a systematic study of magnetization dynamics in
Pd/Co/Pd trilayers with Ta buffer layer in the creep regime of DW
dynamics is presented. Thickness values of the FM layer plays a
very crucial role on the magnetization of the HM/FM/HM based
multilayer system. Here we show how this affects the structural
properties and DW velocity of the Pd/Co/Pd system. Owing to
the presence of strong PMA and DMI in Pd/Co/Pd, this work
presents the creep regime DW dynamics in Pd/Co/Pd trilayers
as a function ofmagnetic layer thickness values. Kerrmicroscopy
based on MOKE combined with FIDWM is extensively used for
studying the DW dynamics.[19,32] Additionally, the chemical and
electronic properties are analyzed using hard X-ray photo emis-
sion spectroscopy (HAXPES) and X-ray absorption near edge
spectroscopy (XANES). The MPE in Pd is confirmed using mag-
netic circular dichroism HAXPES (MCD-HAXPES) and X-ray
resonant magnetic reflectivity (XRMR) studies.

2. Results and Discussions

Figure 1a shows the schematic of deposited Pd (4 nm)/Co (tCo
nm)/Pd (2 nm) trilayers with a Ta (4 nm) buffer layer. XRR plots
of all as prepared samples are shown in Figure 1b as a function of
the scattering vector q = 4𝜋

𝜆
sin(𝜃) (𝜃is the incidence angle and 𝜆

the wavelength of incident and reflected X-rays). XRR data were
fitted to obtain the layer thickness and the interface roughness
values (shown in Table 1) which shows that the thickness of in-
dividual layers in multilayers is close to the nominal thicknesses
and are of good quality. The bottom Pd/Co and top Co/Pd inter-
faces have similar roughness (ϭ).
To study the interfacial chemical and electronic structure of

Pd/Co/Pd trilayers, HAXPESmeasurements were carried out on
samples with different Co layer thickness values (C2, C3 and C4).
The Co 2p3/2 HAXPES spectra collected for sample C3 is pre-
sented in Figure 2a. The obtained data were fitted with an asym-
metric peak corresponding to metallic Co, the main peak of Co°

centered at 778.1 eV. An extra peak is present in the higher bind-
ing energy region of 779.2 eV, which is well below that of known
oxides of Co.[33] In literature, such peak has been attributed to al-
loy of Co with heavy metals.[34–36] Therefore, in the present case,
the peak at 779.2 eV can be assigned to the formation of the alloy
with Pd at the top and bottom interfaces. Peaks at 780.6 eV and
782.9 eV are two plasmon loss peaks attributing to surface and
bulk plasmons,[37] respectively. One can see that the Co0 peak in-
tensity increases as the sample goes from sample C2 to C4 (in-
set of Figure 2a), indicating the increasing contribution of bulk
Co with increasing layer thickness values. The details of HAX-
PES fitting for samples C2 and C4 are presented in supplemen-
tary section Figure S1a,b, Supporting Information (Including
Refs. [37,38]).
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Figure 1. a) Schematic of deposited Ta (4nm)/Pd (4nm)/Co (tCo)/Pd (2nm), tCo = 0.3, 0.4, 0.6, 0.8, 0.9, 1.5 nm (C1-C6) b) Fitted XRR data of C1-C6
sample systems plotted with a Y offset for the easiness of viewing.

MCD-HAXPES performed on sample C6with highest Co layer
thickness in the presented series and having in-plane magnetic
anisotropy (discussed in the upcoming section) shows a spin-
orbit (SO) splitting of Co 2p level into two sub states 2p1/2
and 2p3/2 separated by 14.8 eV[39] and shows a clear asymme-
try (Figure 2b) as expected. Asymmetry was calculated using the
equation A = I+−I−

I++I−
; where I+ and I− corresponds to the intensity

for photon with parallel and anti-parallel helicity and we obtained
a maximum MCD asymmetry signal of −14% at the 2p3/2 main
peak line. The satellites peaks observed in the higher binding en-
ergy region contributes to the asymmetry after the 2p3/2 line and a
dichroism observed at the tail end after the 2p1/2 line as shown in
the inset of Figure 2b. The considerable MCD asymmetry signal
between 2p3/2 and 2p1/2 can be attributed to the electron correla-
tion effect due to the configurational mixing caused by the inter-
action of core-level electrons with valence electrons.[40] Figure 2c
represents the MCD-HAXPES spectra corresponding to the Pd-
3d edge which also shows a SO splitting into 3d5/2 and 3d3/2
states separated by 5.35 eV. A clear dichroism could be observed
from the Pd-3d edge MCD-HAXPES (inset of Figure 2c). Since
Pd is known to be a Pauli paramagnet having high paramagnetic
susceptibility, the observed asymmetry could be attributed to the
MPE[23,24] in a few monolayers of Pd induced by the Co layer.
The interface sensitive XRMR performed at Pd L3 edge for sam-
ple with in-plane magnetic easy axis drew a clear picture of the

MPE in the Pd layer. XRMR data, and asymmetry ratio are shown
in supplementary section Figure S2a,b, Supporting Information,
respectively (including refs. [41,42]).
XAS spectra collected on sample C3 in two different geome-

tries: with the polarization vector (shown in Figure S3a, Support-
ing Information) of incident x-rays parallel or perpendicular to
the film plane. The smearing of the spectral features, compared
to metallic Co, is due to the low thickness of the film and to the
high substrate roughness. These, indeed, result into a disordered
environment with a large fraction of undercoordinated Co atoms,
ending up into smoothened oscillations.[43] The spectra look sim-
ilar in terms of edge energy and oscillations in the near edge re-
gion, showing only a small difference in the very first peak. This
difference is similar to the one observed in hcp Co[44] pointing
out to a slightly elongated lattice in the direction perpendicular
to the film. Around 7800 eV, the signals start to differ from each
other. This can be better appreciated looking at the k2 -weighted
EXAFS spectra (Figure 3a), where a misalignment in the oscilla-
tions becomes evident ≈6 Å−1.
In Figure 3b we show the moduli of the Fourier Transform

(FT) of the EXAFS signals, uncorrected for the phase shift. The
main peak, ≈2 Å, corresponds to the Co-Co nearest neighbour
bond distance, while the second peak, ≈2.6 Å corresponds to the
further Co-Pd bond. Both these peaks show a small deviation for
the two geometries, with the out-of-plane data showing a slightly

Table 1. Structural parameters, thickness t (± 0.1 nm) and roughness 𝜎 (± 0.05 nm) in nm for the sample systems (C1-C6) obtained from the best fit of
XRR.

Sample 𝜎 Substrate
[nm]

tTa [nm] 𝜎 Ta [nm] t Pd1 [nm] 𝜎 Pd1 [nm] t Co [nm] 𝜎 Co [nm] t Pd2 [nm] 𝜎 Pd2 [nm]

C1 0.41 4.6 0.44 4.0 0.45 0.3 0.42 2.5 0.60

C2 0.33 4.6 0.42 4.4 0.37 0.4 0.32 2.1 0.29

C3 0.33 4.5 0.43 4.4 0.34 0.6 0.34 2.3 0.40

C4 0.45 4.6 0.44 4.5 0.40 0.8 0.45 2.2 0.45

C5 0.41 4.4 0.42 4.3 0.36 0.9 0.46 2.1 0.60

C6 0.40 4.5 0.43 4.5 0.33 1.5 0.37 2.0 0.25
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Figure 2. a) HAXPES spectra of sample C3 – Ta(4 nm)/Pd(4 nm)/Co(0.6 nm)/Pd(2 nm) for Co 2p3/2; inset shows the raw data for the samples C2,
C3 and C4 b) MCD-HAXPES obtained for C6 – Ta(4 nm)/Pd(4 nm)/Co(1.5 nm)/Pd(2 nm) at the Co 2p edge; inset shows the MCD c) MCD-HAXPES
obtained for C6 – Ta(4 nm)/Pd(4 nm)/Co(1.5 nm)/Pd(2 nm) at the Pd 3d edge; inset shows the MCD.

smaller R value with respect to the in-plane data. This indicates
a local anisotropy in the Co-Co and Co-Pd distances, with a small
expansion in the direction perpendicular to the film plane and a
small contraction along the film plane. This suggests an in-plane
compressive stress in the Co film. The peaks above 3 and 3.5 Å,
partially unresolved in the out-of-plane data, point out to a higher
degree of disorder in the perpendicular direction around Co. Go-
ing toward further shells, that is, inspecting the peaks≈4 and 5 Å,
we observe a larger difference in the peaks positions, indicating
larger anisotropy. In general, the lower intensity of out-of-plane
peaks can be due to the contribution of interface Co atoms being
undercoordinated with respect to the central atoms. All these ob-
servations are compatible with some Pd gradually entering the

Co film structure at the interfaces (i.e., affecting mainly the per-
pendicular direction), introducing disorder in the structure and
stretching the average bond between Co and its neighbors in the
out-of-plane direction.
Interfacial alloying as observed from the HAXPES can be cor-

related to the interdiffusion of Pd atoms into Co layer at inter-
faces as confirmed by EXAFSwhich also induces an anisotropy in
bond length in perpendicular directions and disorderness. While
Carvalho and team reported that an interdiffusion of Pd and
Co atoms at interfaces in sputtered Pd/Co/Pd multilayers stabi-
lizes skyrmion phases in the multilayers by enhancing the DMI
strength.[45] Also, these kind of interdiffusion of atoms could fa-
cilitate the 4d-5d hybridization across the interfaces[46] leading
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Figure 3. a) k2 weighted EXAFS spectra for sample C3. b) Fourier trans-
form of EXAFS spectra collected with X-ray polarization vector out plane
(red curve) and in plane (black curve) to the sample plane.

to induced magnetic moment (MPE) in Pd at interfaces as con-
firmed by the asymmetry in XRMR and MCD- HAXPES at Pd
absorption edge.
Figure 4a shows PMOKEhysteresis loopsmeasured for C1-C6.

Squared hysteresis loops (remanence ratio MR

MS
= 1) confirm the

presence of strong PMA in samples C1-C4 which gradually dete-
riorates with increase of the Co layer thickness. The PMA in the
present system can be attributed to the electronic hybridization
of Co 3d and Pd 4d at interfaces.[47] The magnetization reversal
in the samples C1-C4 is accompanied by the nucleation of bub-
ble domains owing to high PMA in these systems, whereas no
bubbles were observed in the other two samples. Representative
bubble domain nucleation and expansion during magnetization
reversal in the sample C3 is shown in Figure 4b. Sample C5 (tCo
= 0.9 nm) shows weak PMA (MR

MS
= 0.2) and for sample C6 (tCo =

1.5 nm) an applied field of 40 mT is found to be insufficient to
saturate the sample in the out-of-plane direction, which is due to
the fact that this sample exhibits in-plane magnetic anisotropy,
as evidenced from the LMOKE loop (shown in Figure 4c). Fur-
thermore, the coercive field H (c) increases from 15.5 mT for
C1 to 26.8 mT for C2. Afterward, the coercivity decreases sys-
tematically with increasing Co film thickness and becomes 2.8
mT for C5 with a 0.9 nm Co layer. A similar trend in coerciv-
ity with a Co layer thickness was previously observed in trilayer
systems.[48–50]

The systematic analysis of PMOKE hysteresis as a function of
Co layer thickness values shows a transition from out-of-plane
magnetic easy axis (PMA) to out-of-plane hard axis, which hap-
pens at a Co film thickness of about tCo = 0.9 nm owing to the fact
that PMA is an interfacial phenomenon. The LMOKE hysteresis

loops of C6 (Figure 4c) measured for 00, 450 and 900 in-plane az-
imuthal angles are found to be similar in shape, indicating that
the sample is magnetically isotropic in the film plane.
To study the DW dynamics, DW velocity measurements were

performed on the samples C1, C2, C3 and C4 near the coercive
region of each one, where tiny magnetic bubbles start to nucleate
and expand throughout the film as the magnetic field increases
using symmetric FIDWM by the help of Kerr microscopy.[19] In
systems with PMA the DW dynamics can be modeled as the
motion of a 1D elastic interface in a 2D disordered medium
using a universal creep law.[51] In the low force (low magnetic
field) creep regime, the DWs are pinned by multiple defects in
the system and the movement is favored by the thermal fluctua-
tions later followed by higher magnetic field depinning and flow
regime.[51] The creep scaling law is given by v = v0 exp(

−𝛼
kBT

H− 1
4 ),

with 𝛼 = UC ( 1
HdeP

)
− 1

4 being the creep scaling constant, v0 is the

pre-factor, UC is the parameter that is related to the DW pinning
energy barrier, HdeP

is the depinning field, H is the magnetic
field, kB is the Boltzmann constant and T is the temperature.
Figure 5a shows the DW velocity plotted against the applied

magnetic field H normalized to the coercive field for each sam-
ple ( H

Hc
). The linear behavior of ln(v) v/s ( H

Hc
) −1∕4 shown in

Figure 5b confirms that the DW velocity in the present systems
is in accordance with the creep scaling law and that the slope

of ln(v) − ( H
Hc
)
−1∕4

is changing with Co layer thickness. Purple

straight line is the creep scale law fit for velocity data. (Repre-
sentative displacement-pulse width plots for all three samples
at an applied magnetic field of 12.6 mT are shown in supple-
mentary section as Figure S4, Supporting Information, from
which velocities have been calculated for corresponding mag-
netic field strengths). The creep parameters 𝛼 and v0 are calcu-

lated from the slope and intercept of ln(v) − ( H
Hc
)
−1∕4

It is clear

that there is a large variation in the order of magnitude of ve-
locity within a small increment of magnetic field (Figure 5a,b),
which can be attributed to DW motion in the thermally acti-
vated creep regime. Also, the DWs of sample C4 with 𝑡

𝐶𝑜
=

0.8 nm (sample C4) are found to be almost 1000 times faster
than those of thin Co layer films with 𝑡

𝐶𝑜
= 0.3 nm (sample

C1) near the coercive region. A systematic increase in the ve-
locity is observed as a function of the value of the Co layer
thickness.
The prefactor v0 can be expanded as

[52] v0 = d0f0exp(
Uc

kBT
), with

d0 being the correlation length of the disorder and f0 being the
attempt frequency. It was observed that f0 scales with DWmobil-
ity and inversely with the Gilbert damping.[52] Also, the Gilbert
damping in HM/FMmultilayers viz. Pd/Co and Pt/Co decreases
with increase of the FM layer thickness.[53,54] The large increase
in velocity with the increase in thickness of the Co layer observed
in our system could be attributed to the reduction of the damping
parameter. The 𝛼 obtained for sample C4 is 1.84 × 10−19 JT1∕4

which drops to 0.94 × 10−19 JT1∕4 for sample C1. The variation
of 𝛼 with tCo is shown in Figure 5c. One can easily find that 𝛼 is
linearly varyingwith tCo. This linear dependence of the creep scal-
ing constant with thickness of the Co layer shows that Pd/Co/Pd
trilayers are intact with the creep scaling law in the thermally
activated low-field regime of the DW motion.[55,56] Variation of

Adv. Mater. Interfaces 2025, 12, 2400804 2400804 (5 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. a) PMOKE hysteresis loops for Ta (4 nm)/Pd (4 nm)/Co (tCo nm)/Pd (2 nm) for different thicknesses of the Co layer; b) Bubble domain (inside
black circles) nucleation corresponding to magnetic field values shown in blue symbols observed using Kerr microscopy in C3- Ta (4 nm)/Pd (4 nm)/Co
(0.6 nm)/Pd (2 nm) during magnetization reversal; c) LMOKE hysteresis for sample C6 – Ta (4 nm)/Pd (4 nm)/Co (1.5 nm)/Pd (2 nm).

ln(v0) as a function of tCo also shows linear variation as depicted
in Figure 5d.
The damping parameter and the MPE have a strong impact on

the spin transport properties across the interfaces of the HM/FM
heterostructures. The interdiffusion of HM and FM atoms across
the interfaces felicitates the 3d-5d hybridizations which in turn
contributes to the MPE. The MPE in HM was found to influence
the damping parameter also.[46]

Figure 6 shows the Kerr microscopy image of magnetic bubble
domains in C1, C3 and C4 samples, respectively captured under
an applied out -of-plane field of 12.8 mT. In comparison, one can
observe that the sample C1 has a large number of nucleation cen-
ters with small bubble domains compared to the samples C3 and
C4. An enhancement in local defects and structural irregulari-
ties induced through interdiffusion of atoms at interfaces can act
as pinning centers for DWs by reducing the nucleation field.[57,58]

This could be the reasonwhy sample C1, which is having very low
Co layer thickness and comparatively large interfacial roughness,

has a large number of nucleation sites with small DW motion
(Figure 5a) and DW size (Figure 6). From the DW images shown
in Figure 6 it is clear that sample C1 with the least Co layer thick-
ness is having smooth DWs whereas it becomes rougher as the
thickness of the Co layer increases. The variation in DW rough-
ness can be attributed to the interaction between magnetostatic
energy and DW energy.[59,60] The magnetostatic energy will try
to increase the DW length (total circumference of the domain),
leading to a rougher domain. Since the DW energy (energy re-
quired to form domains) is proportional to the DW length, the
system will try to reduce the DW energy by preferring a smooth
DW by shortening the DW length. Furthermore, the magneto-
static energy is proportional to the square of saturation magneti-
zation (M2

s ) while the DW energy is proportional to the uniaxial
magnetic anisotropy (DW energy ∝K1∕2

uni ).
We have analyzed the saturationmagnetizationMS, anisotropy

field HK, effective anisotropy constant (Keff = MSHK

2
) and the DW

Adv. Mater. Interfaces 2025, 12, 2400804 2400804 (6 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400804 by D
E

SY
 - Z

entralbibliothek, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 5. a) Variation of DW velocity as a function of applied magnetic field normalized to the coercivity of each sample. b) Variation of ln(v) − ( H
HC

)
−1∕4

.

c) Variation of 𝛼 with Co layer thickness values (tCo). d) Variation of ln(v0) with tCo. Error bars are within the symbol size.

width 𝜆 =
√

A
Keff

with exchange stiffness[61] A = 16 pJ

m
for Co for

the samples C1, C3 and C4 using the VSM results (Table 2). The
bulk magnetization for the Co layer was noted as 1400 emu/cm3

from the literature.[62] An increased magnetization compared to

the bulk Co value observed here (Table 2) can be attributed to
the induced magnetic moment in the Pd layer as a result of the
MPE as already evidenced by the MCD-HAXPES at Pd d5/2 and
XRMRat Pd L3 edge. The VSManalysis shows that the anisotropy
constant Keff decreases with increasing tCo, confirming the FM

Figure 6. DW images for sample a) C1 b) C3 c) C4, respectively, collected using Kerr microscopy while FIDWM. All images shown are captured at an
applied magnetic field of 12.8 mT.

Adv. Mater. Interfaces 2025, 12, 2400804 2400804 (7 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 2. Saturation magnetization (Ms), anisotropy filed (Hk) from VSM
and calculated anisotropy constant (Keff) and domain wall width (𝜆) for
samples C1, C3 and C4 multilayers in which domain wall dynamics were
studied.

Sample Ms [emu cm−3] Hk [mT] Keff [MJ m−3] 𝝀 [nm]

C1 1526 ± 46 1475 ± 10 1.12 ± 0.03 3.78 ± 0.08

C3 1638 ± 18 738 ± 10 0.60 ± 0.02 5.16 ± 0.04

C4 1745 ± 20 533 ± 10 0.47 ± 0.03 5.83 ± 0.09

layer dependent spin reorientation transitions (change in PMA)
whereas the DW width increases with increasing tCo (shown in
Figure 7). Thus, in sample C1 with lower tCo , the DW energy
will dominate (high Keff) leading to a smooth domain. As tCo in-
creases, Ms also increases leading to enhanced contribution of
magnetostatic energy hence the DW becomes rougher.[56]

In conclusion, the magnetization dynamics in Ta/Pd/Co/Pd
system is studied in this work. The thickness values of the FM
layer play a crucial role in magnetization dynamics of Pd/Co/Pd
multilayers. In the present system, an increase in Co layer thick-
ness leads to spin reorientation transition from out-of-plane to
in-plane direction. The FIDWM followed by creep analysis shows
enhancement in DW velocity which is in good agreement with
the creep scaling law. The systematic increment in DW veloc-
ity can be attributed to the decrease of the damping constant
with FM layer thickness. The creep scaling constant is corre-
lated with the Co layer thickness and ln(v) shows a linear depen-
dence. Further, the DWs become rough with the increase of the
FM layer content due to an increase in magnetostatic energy and
decrease of Keff as observed from VSM measurements. More-
over, electronic studies using HAXPES reveals the presence of
CoPd alloying at the interfaces. XAFS performed in out-of-plane
and in-plane geometry shows the disordered nature of Co with
an interdiffusion of Pd atoms into Co layer causing a in plane
compressive stress in Co and inducing an asymmetry in bonds.
The asymmetry in MCD- HAXPES at Pd 3d edge pictures the
induced moment in Pd which is consistent with the saturation
magnetic moment obtained fromVSM and the additional XRMR
results. These results give a combined picture of interfaces and
interfacial magnetic properties including the domain wall dy-
namics in Pd/Co/Pd based all metallic heterostructure with FM
thickness; which would be helpful in developing HM/FM het-
erostructures with tailored properties for DW based spintronics
devices.

3. Experimental Section
Thin FilmMultilayer Growth: Ta (4 nm)/Pd (4 nm)/Co (tCo)/Pd (2 nm),

with tCo = 0.3, 0.4, 0.6, 0.8, 0.9, and 1.5 nm named as C1, C2, C3, C4, C5,
and C6 respectively were deposited on Si(001) substrates at room temper-
ature using dc magnetron sputtering (Orion-8, AJA Int. Inc,). Depositions
were carried out at a working pressure value of 3.7 × 10−3 mbar with 50
sccm Ar gas flow at a base pressure lower than 6.6 × 10−8 mbar. The sub-
strates were rotated at a speed of 20 rpm for uniform deposition of the
films. The deposition rate of Ta, Pd and Co layers were maintained at 1.8,
1.5, and 0.72 nm min−1, respectively.

Structural and Electronic Studies: Structural characterization of all
as-deposited multilayer films were done using X-ray reflectivity (XRR)

Figure 7. Variation of Keff (blue curve) and calculated domain wall width
𝜆 (red curve) with Co layer thickness value tCo.

(Malvern Panalytical – Empyrean) with Cu-K𝛼 radiation, wavelength 𝜆 =
1.5406 Å. XRR data has been fitted using Parratt’s formalism.[63]

HAXPES and MCD-HAXPES measurements were performed at beam-
line P22 of PETRA-III, DESY (Hamburg).[64] The photon energy was set to
6 keV using a Si(311) high heat load double-crystal monochromator. A re-
tractable Fe–Nd–B permanent magnet was used to remanently magnetize
the samples in situ along the direction of the photon beam. It supplies an
induction field of about 1T, which is high enough to saturate the magne-
tization of the thin films. MCD was measured at fixed magnetization by
changing the helicity of the photons.

Extended X-ray Absorption Fine Structure (EXAFS) spectra were col-
lected at the Co K-edge at the I18 beamline at Diamond Light Source
(UK).[65] The samples were mounted using two different geometries, so
that the polarization vector of the incoming radiation was parallel or per-
pendicular to the film plane. The different orientations of the polariza-
tion vector correspond to different sensitivities of the XANES data in the
film plane or perpendicular to it. The comparison of the data collected
in the two geometries provides a reliable assessment of the film average
structure in the two directions.[66] The beam size was chosen so to have
the full beam footprint within the sample surface. To increase the signal
to noise ratio, several scans were repeated keeping the samples under
the same experimental conditions. The spectra were averaged and then
treated using the standard procedures for XANES analysis[67] using the
Athena software.[68]

Magnetic Measurements: Magnetic characterization was performed
using a Kerr microscopy, (M/S Evico Magnetics, Germany) based on
MOKE having a white LED source and vibrating sample magnetome-
try (VSM) (Quantum design). MOKE measurements were performed in
two geometries – polar (PMOKE) and longitudinal (LMOKE) to identify
the magnetic easy axis of each film. To study the DW dynamics, FIDWM
was employed using the same Kerr microscopy system with an additional
power supply (Kepco power supply) to produce pulsedmagnetic fields.[19]

Differential subtraction is employed here in which initially the samples
are saturated with maximum magnetic field and the image is captured
as background then the background is subtracted from subsequent Kerr
microscopy images to obtain the domain images. Domainwall velocity cal-
culations were done using a suitable algorithm developed in python envi-
ronment by Raj et al.[19,69] Super conducting quantum interference device
(SQUID) – VSM (Quantum Design) was performed at room temperature
to obtain the effective magnetic moment, anisotropy constant and the DW
width.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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