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Abstract

Rare-earth—transition-metal ferrimagnetic thin films have emerged as a versa-
tile material platform for spintronic and magnetic memory technologies, owing
to their rich magnetic domain behavior and the ability to engineer perpen-
dicular magnetic anisotropy (PMA). Although magnetic reversal and domain
dynamics can be tailored through multilayer architectures and interface modifi-
cation, the extent to which film thickness alone can modulate domain evolution
and magnetization-reversal pathways in single-layer ferrimagnets remains insuf-
ficiently explored. In this work, we examine the combined influence of film
thickness and an externally applied out-of-plane (OOP) magnetic field on the
domain dynamics and magnetization reversal mechanisms of single-layer TbFe
ferrimagnetic films. TbFe films of 30 and 100 nm thicknesses were deposited
by electron-beam evaporation and systematically characterized using vibrating-
sample magnetometry (VSM) and magnetic force microscopy (MFM). Magne-
tometry measurements revealed strong PMA in both samples, accompanied by
wasp-waisted OOP hysteresis loops, characteristic of exchange-coupled magnetic
sublattices. MFM revealed labyrinthine domain patterns in both films. Upon the
application of positive OOP magnetic field, both films undergo complete mag-
netization reversal, where switching dynamics differ markedly. The 30 nm film
exhibits an abrupt reversal accompanied by a narrow and symmetric switching-
field distribution, whereas the 100 nm film reverses gradually through viscous
domains and with broader switching-field distribution. Field-dependent domain
imaging further shows distinct and asymmetric domain-evolution pathways, con-
sistent with a Kondorsky-type reversal mechanism. XPS depth profiling of film
revealed pronounced compositional inhomogeneity and Fe/Tb imbalance, directly



linking chemical inhomogeneity, defect-mediated pinning, and sublattice-specific
anisotropy that govern the observed reversal asymmetry. These results high-
light the combined effects of film thickness and external magnetic fields on TbFe
domain dynamics, guiding the design of single-layer ferrimagnetic thin films
with precise domain control and reversible switching for memory and spintronic
applications.

Keywords: Ferrimagnetic thin films Perpendicular magnetic anisotropy Magnetic
domain imaging Field evolution of domains Domain reversal.

1 Introduction

Rare-earth—transition-metal (RE-TM) ferrimagnetic (FiM) alloys constitute a techno-
logically important class of materials, in which localized 4f moments of rare-earth ions
are antiferromagnetically coupled to itinerant 3d moments of transition metals, giving
rise to two oppositely aligned magnetic sub-lattices with unequal magnetizations [1—
6]. This ferrimagnetic configuration yields tunable net magnetization along with large
uniaxial magnetic anisotropy, giant magnetostriction, and well-defined compensation
phenomena, allowing precise tailoring of the magnetic response by tuning temper-
ature, composition, film thickness, and applied magnetic field [7-12]. As a result,
RE-TM ferrimagnets are extensively explored in high-sensitivity magnetic sensors,
actuators, transducers, microelectromechanical systems (MEMS), high-density mag-
netic recording media, energy-harvesting elements, and a broad range of spintronic
device concepts [13-18]. Within the broader RE-TM family, thin-film ferrimagnets
such as TbFe [19-21], ThFeCo [22-24], GdFe [25-27], and GdCo [28, 29] are par-
ticularly attractive for spintronic applications, as they combine antiferromagnet-like
ultrafast spin dynamics with a finite net magnetization which allows efficient
electrical readout and compatibility with conventional read—write architectures [30—
32]. These amorphous ferrimagnetic alloys exhibit robust perpendicular magnetic
anisotropy(PMA), strong domain-wall pinning, and composition-dependent magnetic
compensation points, which enable applications in high-density non-volatile memo-
ries, spin-transfer- and spin-orbit-torque-driven switching, high-velocity domain-wall
and skyrmion motion, and all-optical helicity-dependent magnetization reversal [33—
36]. By tuning the composition of RE and TM elements, adjusting layer thickness,
and tailoring interfacial structures, the magnetic properties of RE-TM ferrimagnetic
thin films can be precisely engineered. These tunable characteristics make them essen-
tial material platforms for racetrack memory, magneto-optical recording, and other
CMOS spintronic technologies [37-39].

Terbium—iron (TbhFe) alloys are distinguished among RE-TM ferrimagnets due
to their strong spin-orbit coupling originating from the electronic configuration of
the Tb ion, whose 4f states lie a few electronvolts below the Fermi level and inter-
act efficiently with visible light, leading to a strong magneto-optical response [40-43].
This strong spin—orbit coupling, together with the amorphous structure, enables ThFe



alloys to possess large PMA, a tunable compensation temperature near room tem-
perature, and local sperimagnetic configurations, which are advantageous for ultrafast
magnetic switching and opto-magnetic applications. From a spintronics perspective,
TbFe alloys combine strong PMA with relatively low net magnetization, causing nar-
row, strongly pinned domain walls that are highly responsive to spin-transfer and
spin—orbit torques [44-46]. Experiments on ThFe wires with PMA have demonstrated
highly efficient domain-wall motion driven by both electric current and magnetic
fields. The domain walls move much faster than in conventional ferromagnets, and
their behavior changes significantly near the compensation point, where the dynamics
are governed by angular-momentum-compensated ferrimagnetic effects [47-49]. Along
with the ability to control domain configurations in ThFe structures using voltage and
strain, these characteristics position ThFe as an excellent model system for advanced
spintronic applications. In particular, it is well suited for domain-wall and skyrmion-
based logic, neuromorphic components, and other high-speed devices that demand
precise and energy-efficient control of magnetic textures [50-52].

Previous studies have explored individual aspects of TbFe-based ferrimag-
netic films, including thickness, magnetic anisotropy, compensation behavior, and
field-driven dynamics. In amorphous TbFe thin films, the compensation point, rema-
nent magnetization, and magnetic anisotropy depend on both composition and thick-
ness, evolving up to a critical thickness of 20-30 nm and efficient all-optical switching
is further favored in films with low remanent magnetization [53]. Basumatary et
al. showed that increasing the thickness of amorphous TbFe thin films promotes
the formation of a nano-columnar microstructure and strong PMA, with thickness-
induced microstructural changes directly reflected in the domain morphology and
magnetic anisotropy [54]. Studies on amorphous ThFeCo thin films have revealed
thickness-dependent shifts in the compensation temperature. Depth-resolved magnetic
measurements, supported by Monte Carlo simulations, attribute these shifts primarily
to interfacial effects, highlighting the critical role of substrate and interface engineering
in ultra-thin ferrimagnetic films for spintronic applications [55].

Further insights into related TbFe-based systems and their dynamics underscore
the broader relevance of Tb-containing ferrimagnets. Gorbunov et al. showed that
TbFesAl; single crystals undergo spontaneous and field-induced spin-reorientation
transitions with strong magnetoelastic coupling, revealing multiple magnetic phases
and the complex interplay of anisotropy and exchange interactions in rare-earth inter-
metallic ferrimagnets [56]. Domain-wall motion in ThFe nanowires with perpendicular
anisotropy can be efficiently driven by spin-transfer torque and Joule heating, with
the enhanced efficiency attributed to the internal domain-wall structure and low net
magnetization characteristic of ferrimagnets [57]. Together, these studies establish
that composition, thickness, and field history jointly govern compensation behavior,
anisotropy, and domain dynamics in TbFe systems.

Although previous studies have separately examined the thickness-dependent mag-
netic properties of TbhFe ferrimagnetic materials and the field-dependent evolution in
various ferrimagnets, a comprehensive analysis integrating both thickness and mag-
netic field effects on domain evolution in single-layer ThFe systems remains lacking.



In the present work, we address this gap by systematically investigating the simul-
taneous influence of film thickness and an externally applied magnetic field on the
domain structure and magnetization reversal processes in an amorphous TbFe single-
layer, without relying on multilayer stacks or interface engineering. TbFe films with
thicknesses of 30 and 100 nm were deposited at a growth rate of 1.4 A/ s by electron-
beam evaporation, and magnetization measurements revealed strong PMA together
with a wasp-waisted hysteresis loop, characteristic of exchange-coupled magnetic sub-
systems with different switching fields. Using magnetic force microscopy (MFM), a
detailed analysis of domain morphology and its evolution under varying magnetic field
strengths was performed for both film thicknesses. Correlating the MFM images with
the magnetization data provides new insight into the mechanisms governing domain
evolution under external out-of-plane (OOP) magnetic fields. These results enhance
our understanding of how film thickness and an externally applied magnetic field
jointly govern domain evolution and magnetization reversal in RE-TM ferrimagnets,
and outline strategies for designing spintronic and magneto-optical devices that require
controlled domain manipulation.

2 Experimental details

Thin films of TbFe with thicknesses of 30 and 100 nm were deposited onto Si(100)
substrates at room temperature using an electron-beam evaporation technique. Prior
to deposition, the vacuum chamber was evacuated to a base pressure of 1 x10~7
mbar to ensure a clean growth environment. Film deposition was carried out using an
alloy target with an equiatomic Th—Fe composition, and the growth rate was tuned to
1.4 A /s. A protective capping layer of 3 nm chromium (Cr) was deposited on top of the
magnetic layers to prevent oxidation. The growth rate and film thickness were mon-
itored and regulated using a quartz crystal microbalance. The substrate was rotated
at 20 rpm during deposition to ensure uniform deposition. The film thickness and
surface morphology, including roughness measurements, were characterized by atomic
force microscopy (AFM). Elemental analysis was performed using energy-dispersive
X-ray spectroscopy (EDS) to verify and quantify the atomic ratios of Th and Fe
in the films. Magnetic properties were investigated through hysteresis measurements
conducted in both in-plane and out-of-plane geometries using a vibrating sample mag-
netometer (VSM) (Lakeshore 8607). The evolution of the magnetic domain structures
was imaged by MFM (Park NX10 system). An external magnetic field perpendicu-
lar to the film plane was applied using a digitally controlled magnetic field generator
(MFG, CAYLAR) integrated into the characterisation setup, enabling a systematic
study of field-dependent domain behaviour. Depth-resolved chemical analysis was per-
formed by X-ray photoelectron spectroscopy (XPS) using a monochromatic Al-Ka
X-ray source (1486 eV) in an AXIS Supra system (Kratos Analytical), in order to
probe compositional inhomogeneities and sublattice imbalance across the ThFe film.

3 Results and discussions

The field-magnetization (M-H) response of the TbFe films was measured in both
in-plane (IP) and out-of-plane (OOP) directions. Both 30 nm and 100 nm TbFe



films exhibit nearly identical OOP hysteresis loops characterized by a double-step
approach to saturation rather than a single rectangular loop, indicating a two-stage
magnetization reversal process. This “wasp-waisted” loop shape is characteristic of
systems containing exchange-coupled magnetic subsystems with different switching
fields. This is commonly associated with coexisting hard and soft regions, as locally
observed in Tb-rich and Fe-rich environments within a single-phase ferrimagnet. In
amorphous TbFe, this behavior is naturally linked to hard and soft regions, such
as slightly Tb-rich and Fe-rich environments, and to the different anisotropies of
the Th and Fe sublattices, so that the magnetically soft part of the film reverses
at relatively low fields and the remaining harder regions only switch at higher
fields, giving an exchange-coupled-like double saturation without requiring a separate
antiferromagnetic layer [58-60].
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Fig. 1 Normalized magnetization as a function of the applied magnetic field for TbhFe films with
thicknesses of 30 nm and 100 nm, measured in both in-plane and out-of-plane directions.

Figure 1 presents the IP and OOP M-H loops of 30 and 100 nm TbFe films. The
OOP M-H loops show distinct saturation at approximately 300 mT for the 30 nm film
and 500 mT for the 100 nm film, indicating strong PMA. Analysis of the coercive field
(H.) values reveals 9 mT and 6 mT in the IP direction for 30 nm and 100 nm films,
respectively, while in the OOP direction, the (H,) increases markedly from 217 mT in
the 30 nm film to 384.4 mT in the 100 nm film, indicating a pronounced enhancement
of (H.) with increasing thickness in the OOP orientation. The increased (H,) observed
in the 100 nm film can be associated with the evolution of strongly pinned magnetic
domains with increasing thickness. Such domain configurations hinder domain wall
motion, thereby enhancing the resistance to magnetization reversal.

The elemental composition of both ThFe films was quantified by energy dispersive
X-ray spectroscopy (EDS) coupled to a field emission scanning electron microscope
(FESEM), as presented in Table 1. The 30 nm and 100 nm samples exhibit nearly
identical stoichiometries of Thy7 ¢Fegs.4 and Tbhy7.gFegs o, respectively, indicating that
within the experimental uncertainty, both films can be regarded as compositionally



equivalent and lie on the Fe-rich side of the Th—Fe phase space. In both cases, the Fe
concentration is significantly higher than that of the nominal ThsoFeso target alloy,
consistent with the commonly reported preferential incorporation of Fe during depo-
sition of amorphous TbFe thin films [53, 54]. This behaviour can be explained by the
higher vapour pressure of Fe relative to Tbh near the alloy melting temperature of
1500 K [61]. At 1600 K, the vapour pressures of Fe and Tb have been reported as
9.61 x10~! Pa and 5.85 x10~2 Pa, respectively [62]. At a particular temperature, the
element with the higher vapour pressure evaporates more readily than the one with
the lower vapour pressure, leading to a higher concentration of that element in the
atomic flux arriving at the substrate and, consequently, in the deposited film.

Table 1 Estimated parameters such as stoichiometry, rms roughness (Rq),domain width ()),
uniaxial anisotropy (K ), Coercivity (H.), Spontaneous magnetization (Ms).

Film thickness  Stoichiometry Rq » (nm) Ky H. Mg
(nm) (atomic %) (nm) (x10°J/m3) (mT) (kA/m)

30 Tb17.6Feg2.4 0.15 307(£38) 0.4 216.7 185

100 Tb17.8Fega.2 0.33 322(£31) 0.43 384.4 186

The microscopic analysis of the 30 and 100 nm films are shown in figure 7?7, and the
corresponding root-mean-square roughness (R,) extracted from AFM measurements
is listed in table 1. The AFM images of 30 and 100 nm showed that the value of the
(Rg) is less than 1 nm, indicating that the film surfaces are very smooth with a uni-
form, continuous morphology and minimal height fluctuations. MFM measurements
were conducted after the samples were demagnetized using an OOP magnetic field
of strength 600 mT. Both films exhibit characteristic labyrinth-like domain patterns
with high magnetic phase contrasts. To reduce topographic artifacts in the magnetic
phase signal, arising from the combined influence of short-range van der Waals forces
and long-range magnetic interactions, the measurements were conducted at a constant
lift height of 20 nm. The quantitative analysis of the domain patterns was performed
using the two-dimensional Fourier transform (2D-FFT) of the MFM images. The
corresponding isotropic power spectral density (PSD) profiles, shown in Figure 2(c),
provide the characteristic domain periodicity. The peak in the PSD curve, obtained
through Lorentzian fitting, corresponds to the inverse of the periodicity, while half of
this value defines the domain size (). The associated error bars are derived from the
full width at half maximum (FWHM) of the fit. Table 1 lists the extracted domain
sizes for each film thickness. The circular FFT maps (insets of Fig.3c) confirm that the
domains are isotropically distributed, with no preferred orientation, consistent with
the complex morphology observed in the two films.
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Fig. 2 Normalized (a) AFM, (b) MFM images after demagnetization for TbFe films of varying
thickness, and the corresponding thickness values are indicated in the top right corner of AFM images.
A consistent scale bar of 2 pm is maintained across all the images, and c)The 2D isotropic power
spectral density profile, along with the corresponding 2D-FFT pattern of the MFM images, is shown
as insets for 30 and 100 nm TbFe films.

Field-dependent MFM measurements were performed to understand the magnetic
domains evolution in both films. An external OOP magnetic field, up to a maximum
of 200 mT, was applied to the 30 nm and 100 nm TbFe films using a calibrated MFG.
The corresponding changes in domain structure at different field strengths were then
imaged by MFM. Upon applying the field to a specific threshold value, magnetization
reversal of the domains was observed, transitioning from up to down magnetization.
This phenomenon remained consistent across repeated measurements, with both film
thicknesses exhibiting reliable, reproducible full-domain switching. As the field was
further increased, the magnetic domains successively fragmented and coalesced, lead-
ing to the formation of a single-domain state aligned with the external field. These
results demonstrate the strong PMA and uniform switching behavior of ThFe films,
and provide insight into the domain dynamics as a function of applied field and film
thickness.



Fig. 3 MFM images showing domain reversal as a function of applied OOP magnetic field for TbFe
films of thickness (a) 30 nm and (b) 100 nm. The corresponding field values are indicated in the
upper right corner of each image; the inset circles in a and b highlight representative regions where
the local domain reversal has occurred. and all MFM images share a common scale bar of 1 pm.

For the 30 nm film, the application of an external magnetic field resulted in abrupt,
complete domain reversal at a single critical field. In contrast, the 100 nm film dis-
played a more complex reversal process: domains entered a viscous, metastable state
and continued to evolve over a range of applied fields before achieving full reversal.
Domain reversal was examined in detail by taking MFM images at 1 mT field inter-
vals for both the 30 and 100 nm TbFe films, as shown in fig. 3. In the 30 nm film,
the domain pattern remained unchanged up to 25 mT, then switched completely at
26 mT, indicating an abrupt, all-at-once reversal rather than a gradual nucleation pro-
cess. The 100 nm film, however, behaved differently: once the field exceeded 19 mT,
the domains entered a viscous metastable state at 20 mT, which persisted up to
22 mT; only at 23 mT did the magnetization fully reverse. This difference arises from
the increased density and strength of domain-wall pinning centers in thicker films,
which hinder domain-wall motion and give rise to a multi-step reversal mechanism. As
film thickness increases, the domain structure becomes progressively more complex,
and intermediate domain states are stabilized over a broader field range, indicating
increased coercivity and pinning effects.

To understand the differences in magnetization reversal mechanisms between the
30 nm and 100 nm films, the switching field distributions (dM/dH) of both samples
were systematically analyzed and compared. From fig. 4, the dM/dH reveals distinct
reversal pathways in the two films. The 30 nm film exhibits highly symmetrical and
sharply peaked profiles for both magnetization branches, characteristic of an abrupt
reversal process. In this regime, magnetization switching occurs collectively through
coherent domain wall motion, where strong PMA stabilizes domains and promotes
rapid propagation once nucleation is triggered. In contrast, the 100 nm film displays
a noticeably broader distribution, indicative of a viscous reversal mechanism. Here,
magnetization changes progressively as the applied field is swept, with local variations
in microstructure and compositional inhomogeneity introducing a spread of switching



fields. Domain walls encounter pinning centers such as defects, grain boundaries, or
thickness-induced irregularities, which hinder their motion and force partial rotation of
magnetic moments before complete reversal occurs. This defect-mediated process can
produce broadened profiles, highlighting the gradual, non-coherent nature of viscous
reversal [63]. The broadening of the switching field distribution is further consistent
with inter-granular dipolar interactions, wherein stray fields from neighboring grains
introduce local variations in the effective switching field and stabilize intermediate
domain states, thereby promoting a viscous, non-coherent reversal process. Together,
these contrasting behaviors emphasize that abrupt reversal arises when anisotropy-
driven domain wall motion dominates, while viscous reversal emerges when pinning
and microstructural disorder govern the dynamics. The transition observed between
the 30 nm and 100 nm TbFe films thus reflects the evolving interplay between film
microstructure, domain dynamics, and magnetization reversal processes as a function
of thickness [64, 65].

a)30 nm e Data b)100 nm @ Data
- — Fit
1k

dM/dH

-1

Normalized magnetization
o
L]

Normalized magnetization
o

—400 —200 O 200 400 —600 —400 —209 0 200 400 600
Field (mT) Field (mT)
Fig. 4 The switching-field distributions dM/dH and the corresponding magnetic hysteresis loops of

TbFe films with thicknesses of (a) 30 nm and (b) 100 nm. The dot symbols denote the experimental
data, and the solid lines represent the fitted integrated switching-field distributions.

Figure 5 illustrates the evolution of up magnetization and down magnetization in
the 30 nm TbFe film as a function of the applied OOP magnetic field. At low magnetic
fields, the film predominantly exhibits up magnetization, with down magnetization
remaining limited. Notably, a rapid and complete reversal of magnetic domains occurs
between the fields 20 mT and 30 mT, with the up magnetization abruptly decreas-
ing and the down magnetization increasing correspondingly. Including representative
domain images in the graph provides clear visual evidence of this transition, showing
the film’s complete shift from an up magnetization to a down magnetization within
this field window. With further increase in the field, the sample approaches magnetic



saturation, where down magnetization dominates nearly the entire region. These find-
ings highlight the sharp, efficient switching behavior of the ThFe film, signifying its
strong PMA and highly mobile domain walls in response to applied external magnetic
fields.
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Fig. 5 Evolution of spin-up and spin-down domain areas in the 30 nm TbFe film under increasing
positive out-of-plane magnetic field. Stars indicate the characteristic field values corresponding to
reversal onset for each polarity. Domain images correspond to applied fields of (a) 0 mT, (b) 20 mT,
and (c¢) 30 mT. At 20 and 30 mT, nearly complete reversal of the labyrinth domains is observed;
The inset boxes in (b) and (c) highlight representative regions where the local domain reversal has
occurred.

Upon examining the magnetization reversal in TbFe thin films under positive
and negative OOP magnetic fields, we observed distinct domain behaviors. In a
positive OOP field, the domains undergo complete magnetization reversal at a spe-
cific field value; upon further increasing the field, the reversed domains fragment
and then gradually reach a stable single-domain state. In contrast, when a nega-
tive OOP field is applied, there is no analogous one-step reversal at a specific field;
instead, the domains progressively become unstable and fragmented with increasing
field strength, and gradually settle into a single domain. Figure 6 illustrates magnetic
domain images acquired under positive and negative magnetic fields at various field
strengths in different regions of the 30 nm film. A clear asymmetry in domain evolution
is observed. Rather than following the ideal, symmetric coherent rotation predicted
by the Stoner—Wohlfarth model, the films exhibit behavior more consistent with a
Kondorsky-type mechanism, in which domain-wall motion and pinning dominate the
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switching process [67]. Here, in this case, defects and microstructural inhomogeneities
can act as pinning sites, making reversal easier for one field polarity and more strongly
hindered for the opposite field polarity. The resulting direction-dependent asymmetry
suggests that the pinning centers and intrinsic anisotropy within the film play a key
role in determining the magnetization-reversal pathway.

The asymmetry in magnetization reversal between positive and negative field polar-
ities can be understood in terms of nucleation density. When a positive magnetic field
is applied, numerous nucleation sites form across the film, providing multiple centers
for reversed domains to initiate and expand. The high density of nucleation points
facilitates complete domain reversal as these domains grow and coalesce, though sat-
uration is achieved only at relatively higher fields, around +140 mT, due to the need
to overcome pinning and drive domain wall motion. In contrast, under negative field
polarity, nucleation sites are fewer, limiting the initiation of reversed domains. As a
result, no large-scale domain reversal is observed, and the magnetization aligns more
directly with the applied field, leading to saturation at a lower field of approximately
—120 mT. This polarity-dependent difference is clearly demonstrated in the MFM
images presented in Figure 6, which highlight the contrasting nucleation behavior.

Here, in an applied field of 140 mT, the smallest domain size mapped from the
MFM line profile is 137 nm. Beyond this field, the domain features approach the
intrinsic resolution limit of the MFM tip, which is determined by the probe radius and
coating thickness, the convolution of the tip stray field with the sample stray field,
the tip—sample lift height, and the stability of the tip magnetization [68]. Under these
conditions, reliable imaging is typically restricted to features larger than 130 nm, and
as domains shrink below this threshold, the tip response becomes broadened, reduc-
ing quantitative accuracy. The application of an external OOP magnetic field further
complicates resolution by modifying the tip magnetization state and altering its effec-
tive stray field profile, while simultaneously driving domain wall motion, nucleation,
and fragmentation within the sample. These coupled effects make fine domain struc-
tures increasingly difficult to resolve, and the domains progressively coalesce until the
film approaches magnetic saturation.
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Fig. 6 OOP hysteresis loop of the 30 nm TbFe film and the black line traces the magnetic field sweep
used during MFM imaging of the demagnetized sample, with discrete points labeled 1-11 denoting
the applied OOP magnetic field values. The zero-field MFM images shown adjacent to the loop were
recorded at different spatial positions of the sample during measurements, with the left-side image
corresponding to the positive-field sequence and the right-side image to the negative-field sequence.
Below the loop, the sequence of MFM images illustrates domain evolution under increasing positive
and negative external magnetic fields. The specific field value is indicated in the upper right corner
of each image. All images share a common scale bar of 1 ym across the full set of field values.

XPS depth profiling was performed to probe the microscopic origin of reversal
asymmetry in the 30-nm TbFe film. The sample was sequentially etched for 300 s, 420
s, and 480 s, and wide spectra were collected at each stage. Fig.7a shows the XPS wide
spectra for the 30 nm TbFe spectra (black) and spectra collected after etching for 300
s (red), 420 s (blue) and 480 s (green), highlighting the evolution of Fe and Tb films
with depth. The relative contribution of each element was quantified by analyzing the
peak area of fitting the Shirley background corrected fine scans of XPS spectra for Fe
(core-shell) and Tb (core-level) using CasaXPS [REF] software [69].

The time-dependent variation in the peak areas of Th and Fe is shown in Figure 7b,
revealing a clear chemical imbalance across the 30 nm TbFe film: the Fe signal dimin-
ishes rapidly with depth, while Tb intensity rises and eventually stabilizes [70]. This
non-uniform distribution indicates chemical inhomogeneity within the stack, which
naturally introduces defects and local anisotropy variations. Such irregularities act as
pinning centers, shaping how domains nucleate and propagate under an applied field.

When the field is applied in the positive polarity, reversal proceeds through Fe-rich
regions. The Fe sublattice, with its relatively weak spin—orbit coupling (SOC), presents
a lower exchange threshold. Within the Elliott—Yafet framework, conduction electrons
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in Fe experience only modest spin—orbit mixing, which increases the likelihood of spin-
flip scattering events [71]. These spin flips reduce the energetic barrier for domain
nucleation, allowing many nucleation sites to form and enabling complete reversal
across the film [72].

In contrast, under negative polarity, the reversal pathway is forced through Th-
rich regions. The Tb sublattice is dominated by strong SOC; this coupling reduces
the flexibility of spin states and raises the energetic threshold for spin reorientation
[73, 74]. In the EY picture, this strong SOC suppresses spin flip scattering because spin
states are more rigidly locked, raising the exchange threshold required for reversal.
As a result, nucleation is sparse, domain walls encounter stronger pinning, and rever-
sal remains incomplete [75]. Thus, the observed asymmetry in magnetization reversal
is not simply a magnetic artifact but emerges from the interplay between chemical
inhomogeneity (Fe/Th imbalance), defect-mediated pinning centers, and the intrin-
sic sublattice-dependent SOC captured by the Elliott—Yafet mechanism. Together,
these factors define the reversal pathway and explain why one field polarity supports
abundant nucleation and full reversal, while the opposite polarity is hindered.
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Fig. 7 (a) Wide XPS spectra of the TbFe film before etching and after 300 s and 480 s etching.
(b) Variation of Tb and Fe peak areas with etching time (300 s, 420 s, and 480 s), obtained from
high-resolution spectra using CasaXPS with Shirley-background subtraction.

4 Conclusion

We systematically studied the effect of thickness and magnetic field on domain evo-
lution and magnetization reversal in single-layer TbFe thin films deposited by the
electron-beam evaporation technique. M—H measurements showed strong PMA with
wasp-waisted OOP hysteresis loops. EDS analysis confirmed nearly identical stoi-
chiometries for both TbFe films. Films showed labyrinth-like domain patterns after
demagnetization. The domain evolution of both films was examined by applying pos-
itive and negative OOP magnetic fields. Under the positive OOP field, both films
showed complete magnetization reversal. The 30 nm film reversed abruptly with a
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narrow, symmetric switching-field distribution, whereas the 100 nm film reversed grad-
ually through a viscous metastable domain state, with a broader distribution. Under
both positive and negative OOP magnetic fields, films showed distinct, asymmet-
ric domain evolution, with reversal behavior consistent with the Kondorsky model.
XPS depth profiling establishes that compositional inhomogeneity and Fe/Tbh imbal-
ance across the TbhFe film introduce defect-mediated pinning and sublattice-specific
anisotropy, thereby providing a microscopic basis for the observed reversal asymme-
try. These results show that tuning thickness and application of magnetic field in
ThbFe single layers enable precise control of PMA, domain behavior, and magnetiza-
tion reversal, facilitating their application in spintronic and memory devices where
precise domain control and reversible switching are essential.
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