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Abstract

Structural disorder, specifically cation site-mixing, fundamentally dictates the magnetic energy landscape

of van der Waals topological insulators. In this work, we resolve the real-space dynamics of the temperature-

driven ferromagnetic (FM) to antiferromagnetic (AFM) phase transition in the superlattice MnSb6Te10. We

demonstrate that MnSb antisite defects introduce competing interlayer exchange pathways, which trap the

system in a metastable FM state at low temperatures. Using cryogenic magnetic force microscopy (MFM),

we reveal that this state relaxes upon warming not through homogeneous melting, but via first-order spatial

fragmentation into microscale magnetic islands, eventually yielding the intrinsic AFM ground state. Monte

Carlo simulations based on a spatially inhomogeneous Heisenberg model reproduce these fragmentation

dynamics, identifying defect density as a deterministic control knob for the magnetic phase competition.

These results provide a comprehensive nanoscale picture of defect-modulated spin textures, establishing

structural site-mixing as a viable strategy for manipulating magnetic symmetry and engineering non-trivial

topological phases.
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1. Introduction

The discovery of magnetic topological insulators (MTIs) provides a fertile platform for investigating

novel quantum phenomena, such as the quantum anomalous Hall effect (QAHE), axion insulating states,

and magnetic Weyl semimetals [1–4]. Recently, the van der Waals (vdW) layered family Mn(Bi, Sb)2Te4

has attracted considerable interest due to its interlocking topological bands and intrinsic magnetic order

[5–9]. In an ideal stoichiometric lattice, these compounds typically stabilize in an A-type antiferromagnetic

(AFM) ground state, where adjacent magnetic septuple layers (SLs) are coupled antiferromagnetically,

yielding a compensated global net moment.

However, the intrinsic interlayer AFM coupling in these materials gives rise to highly complex mag-

netic orders, making it difficult to maintain magnetic moments in the out-of-plane direction. Because a

robust out-of-plane magnetization at zero magnetic field is a strict prerequisite for the QAHE, stabilizing

a robust QAHE in these intrinsic magnetic topological materials remains a major challenge [4,10,11]. Con-

sequently, introducing an out-of-plane ferromagnetic (FM) order into the system is essential to overcome

this limitation. To address this bottleneck, a superlattice strategy has been implemented by inserting

non-magnetic (Bi, Sb)2Te3 quintuple layers (QLs) as insulating spacers. This structural modulation effec-

tively increases the interlayer distance, causing the native interlayer AFM coupling to decay as a function

of the spacer thickness [8,12–15].

While this spacer engineering successfully weakens the host interlayer AFM interaction, it concurrently

establishes a highly competitive magnetic energy landscape that is sensitive to structural disorder. Due

to the chemical similarity between Mn and Sb, substantial cation antisite defects MnSb can form during

crystal growth, acting as local interlayer exchange pathways that introduce competing FM exchange

channels to modify the low-temperature magnetic state [13,16–21]. Because the energy barrier between

these competing configurations is small [14], this defect-induced FM order is thermally volatile, leading to

a spontaneous transition back to the AFM state upon warming [22–26]. Currently, investigations of this

defect-driven phase evolution rely primarily on bulk-averaged magnetometry, which spatially integrates

the signal and blurs the local spin textures governed by spatial fluctuations in defect density. Therefore,

it is imperative to utilize direct real-space imaging techniques to capture the nanoscale evolution of the

ferromagnetic to antiferromagnetic phase transition driven by thermal fluctuations [27].

Here, we combine high-field pulsed magnetization measurements, cryogenic magnetic force microscopy

(MFM), and Monte Carlo (MC) simulations to resolve how a field-prepared metastable FM state relaxes

into the AFM ground state in the vdW superlattice MnSb6Te10. High-field pulsed magnetization reveals

an effective ferrimagnetic configuration driven by antisite mixing defects. Furthermore, real-space MFM

imaging directly confirms the presence of this metastable FM state, demonstrating that it is reversibly
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switchable under small magnetic fields. During zero-field warming, rather than melting homogeneously,

this state fragments into smaller magnetic regions before the detectable stray-field contrast disappears

—a process consistent with relaxation toward a compensated AFM state. MC simulations reproduce

this qualitative behavior within a spatially inhomogeneous exchange model, establishing defect-mediated

metastability as the microscopic origin of the observed FM-to-AFM phase transition.

2. Competitive exchange coupling

MnSb6Te10 crystallizes in a layered vdW superlattice geometry, where the primary unit cell consists

of alternating stackings of one magnetic [MnSb2Te4] septuple layer [SL, (Te−Sb−Te−Mn−Te−Sb−Te)]

and two non-magnetic [Sb2Te3] quintuple layers [QL, (Te−Sb−Te−Sb−Te)] [14,25,26]. Within the SL

block, the local magnetic moments of individual Mn ions align parallel to each other due to the intralayer

ferromagnetic exchange interaction (J intra
FM ). Ideally, adjacent SLs are coupled via a weak, long-range

interlayer van der Waals exchange path dominated by an antiferromagnetic interaction (J1
AFM), yielding a

conventional A-type AFM arrangement as schematically illustrated in Fig. 1a, where black arrows denote

the equilibrium spin directions along the c-axis.

However, the interlayer magnetic exchange in this lattice is highly susceptible to local perturbations

from cation site mixing. As shown in Fig. 1b, this structural disorder manifests as MnSb antisite defects

[16–19,28–30], where a fraction of Mn ions vacate the host main layer (MnMn) to substitute native Sb

sites within the lattice spacer. These MnSb ions fundamentally alter the local exchange network by

introducing competing interlayer coupling channels: a local antiferromagnetic interaction (J2
AFM) between

host MnMn spins and interlayer MnSb defects, and a short-range ferromagnetic interaction (J3
FM) between

neighboring MnSb defects. Together, these defect-mediated pathways encourage the MnMn moments to

align ferromagnetically across the vdW gaps. Once a critical defect density is surpassed, these emergent

FM interactions overpower the pristine interlayer AFM coupling (J1
AFM). Because the intralayer FM

coupling strongly dominates over the interlayer interactions, the atomic-scale coexistence of FM and AFM

phases is suppressed; consequently, neighboring septuple layers lock into a parallel alignment, ensuring

the formation of a globally uniform FM state at low temperatures.

Low-field isothermal magnetization M–H loops parallel to the c-axis reveal a distinct temperature-

driven transition from a low-temperature FM state to a high-temperature AFM ground state in Fig. 1c. At

2 K, the system exhibits a magnetic hysteresis loop with a coercive field of ∼ 0.02 T. Upon warming past

4 K, the hysteresis loop systematically contracts and closes, marking the disappearance of the remanent

magnetization as the system evolves into the ordered bulk AFM phase below Néel temperature TN ≈ 13 K.

The observed temperature-driven transition points to an underlying exchange competition that re-

quires quantifying the MnSb antisite defect density. As shown in Fig. 1d, high-field pulsed magnetometry

up to 56 T was employed to isolate these defect contributions, with the pulsed-field measurements cali-

brated against superconducting quantum interference device (SQUID) data in the low-field overlap region.

In the low-field regime at 2 K, the magnetization reaches a plateau of M1 ≈ 1.9 µB/f.u.. We attribute
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this reduced magnetic moment to the antiparallel coupling between the host MnMn spins and the in-

terlayer MnSb defects (mediated by J2
AFM), which generates a ferrimagnetic net moment expressed as

M1 = Mmain − Mdefect [20,31]. When the external pulsed field is increased into the ultra-high regime,

a magnetization plateau emerges above 55 T, yielding a saturation magnetization of M2 ≈ 6.5 µB/f.u.,

which corresponds to a completely polarized state where all Mn moments align parallel to the magnetic

field M2 = Mmain +Mdefect. Through the decoupling of these two distinct field-driven regimes, the relative

fraction of misallocated spins within the total magnetic network (x) can be mathematically isolated via:

x = Mdefect
M2

= M2−M1

2M2
. This evaluation yields an effective magnetic fraction of x ≈ 0.354, corresponding

to a chemical stoichiometry of (Mn1–xSbx)(Sb6–xMnx)Te10 under strict conservation of the total magnetic

mass.

Because the apparent high-field moment, M2 ≈ 6.5 µB/f.u., exceeds the spin-only value expected

for an isolated high-spin Mn2+ ion, the estimated MnSb-related contribution should be interpreted as an

effective magnetic fraction rather than a direct crystallographic antisite occupancy. And this excess may

partly arise from additional contributions to the measured high-field magnetization, such as a possible

ferromagnetic MnSb secondary phase and a field-dependent paramagnetic background. This effective

estimate nevertheless points to a strongly site-mixed magnetic lattice, providing a material basis for the

defect-sensitive FM–AFM competition and motivating a real-space examination of the low-temperature

FM state.

3. MFM imaging

Direct real-space magnetic imaging is vital for elucidating the relationship between the microscopic

distribution of antisite defects and local domain reversal dynamics [27,32–35]. MFM measurements were

conducted on the pristine cleavage surface of MnSb6Te10 at a base temperature of 1.7 K with a fixed tip

lift height of 200 nm (Fig. 2a). Initial polarization at −0.10 T establishes a stable, downward-aligned

M− state that persists at 0 T, characterizing a single-domain remanent FM configuration. A distinct

region (white dashed box) displays diminished FM contrast at zero field; this suggests locally attenuated

ferromagnetism, likely resulting from a deficient local density of MnSb antisite defects.

Sweeping the field to positive values reveals M+ domain nucleation near +0.016 T as isolated high-

frequency contrast features. As the field increases, these nuclei expand and merge through domain-wall

motion, with the scanned region reaching a nearly switched state by +0.022 T. The domain fragmentation

is most pronounced near the coercive field, a trend quantified by the RMS frequency roughness which

exhibits a distinct maximum at +0.021 T (Fig. 2c). We estimate M/Ms from the MFM images using a

two-state domain model. The normalized RMS contrast reaches its maximum when oppositely magnetized

domains occupy approximately equal areas and decreases as either orientation becomes dominant; this

contrast is converted into the magnitude of M/Ms. Its sign is assigned from the mean MFM signal

using the saturated images as polarity references. The detailed calculation is provided in the Supporting

Information S1. While the local magnetization curve reconstructed from MFM contrast is qualitatively
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consistent with the bulk SQUID loop (Fig. 2b), the quantitative discrepancies underscore the sensitivity of

the reversal process to lateral fluctuations in defect density. Notably, the region marked by the dashed box

exhibits delayed switching; this confirms a locally suppressed FM state. These measurements collectively

demonstrate that the low-temperature magnetic state is a reversibly switchable FM phase characterized by

nanoscale magnetic inhomogeneity (see Supplementary Fig. S1 for complete MFM sequences and analysis).

To investigate the real-space dynamics of the thermal FM-to-AFM transition, temperature-dependent

MFM imaging was conducted under zero external field, as shown in Fig. 3a. The domain pattern was

prepared at 1.7 K by polarizing the sample at −0.10 T, stepping forward to +0.016 T to maximize

domain contrast, and reducing back to 0 T. During heating, the MFM tip was maintained at a constant

lift height of 600 nm to suppress tip-induced magnetic perturbations, ensuring a purely thermally driven

spin reorientation.

To quantify the thermal relaxation process, the RMS magnetic signal (frequency shift δf) was ex-

tracted from the MFM images and plotted as the purple curve in Fig. 3b. The temperature dependence of

δfrms, which scales with the spatial variance of local magnetic stray fields, reveals a multi-stage relaxation

profile. During the initial warming stage, the roughness remains nearly constant, indicating that the

local pinning potential from the dense MnSb antisite network stabilizes the remanent FM order against

mild thermal fluctuations. Upon further warming, the stray-field landscape is rapidly suppressed within a

narrow temperature window between 2.3 and 4.0 K. In this regime, the continuous FM textures fragment

into microscale magnetic islands—a clear signature of first-order phase transition behavior characterized

by the coexistence of FM and AFM domain textures. Above 4.0 K, the MFM contrast vanishes, con-

sistent with the loss of the field-prepared FM state and the emergence of a more compensated magnetic

configuration. The 12 Kmagnetization curve retains a field-dependent plateau, whereas the 15 K curve

is paramagnetic-like Fig. 1c, supporting the presence of magnetic order in the intermediate-temperature

regime. This morphological evolution is quantitatively supported by domain-counting, area-fraction, and

fractal-dimension analyses (Supplementary Fig. S2). These observations demonstrate that thermal fluc-

tuations in this range overcome the local pinning barrier, causing the extended FM texture to lose spatial

coherence and relax via first-order fragmentation toward the compensated AFM ground state.

At higher temperatures, the MFM frequency contrast flattens further and approaches the MFM noise

floor. The temperature-dependent RMS roughness (purple curve in Fig. 3b) closely tracks the suppression

of the zero-field remanent magnetization measured by SQUID (red curve). Because this contrast loss

occurs well below the bulk Néel temperature (TN ≈ 13 K), it signifies the extinction of the metastable

FM order rather than a transition to a paramagnetic (PM) state. This homogeneous low-contrast MFM

landscape is therefore consistent with the recovery of the compensated AFM ground state, where the net

stray field is strongly suppressed. Collectively, the magnetization and MFM observations are consistent

with relaxation from the field-prepared FM state toward an AFM- dominant state below the magnetic

ordering temperature, as also supported by the negative interlayer correlations in the Monte Carlo model.
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4. MC simulations

To rationalize this relaxation pathway, we performed classical MC simulations using a minimal layered

spin model. We employed a 32 × 32 × 2 lattice with intralayer FM coupling and site-dependent interlayer

exchange. Pristine regions favor AFM interlayer alignment, whereas defect sites introduce FM-favored

exchange paths. The Hamiltonian of the system is expressed as:

H = −Jin
∑

⟨i,j⟩,γ

Si,γ · Sj,γ −
∑
i

Jout(i) Si,1 · Si,2 −
∑
i,γ

K(Sz
i,γ)

2
(1)

where Si,γ is the three-dimensional normalized classical spin vector at site i on layer γ = 1, 2. The

parameter Jin = 1.0 represents the intrinsic intralayer nearest-neighbor FM exchange coupling. To model

the experimental magnetic disorder, we introduced a spatially inhomogeneous interlayer coupling Jout(i):

pristine sites are coupled via the native AFM interaction (Jout = −0.10), while at randomly distributed

MnSb antisite locations (with defect concentration pd), this is replaced by a local FM interaction (Jout =

0.08). The final term accounts for the easy-axis single-ion anisotropy (K = 0.10) along the z-axis. All

parameters are given in dimensionless units. The simulations were initialized from a fully polarized FM

state and thermally evolved to mimic field-prepared sample warming.

Because |Jin| ≫ |Jout|, the intralayer ferromagnetic order is significantly more robust than the inter-

layer interactions. This hierarchy suppresses atomic-scale phase separation, effectively forcing the layers

to behave as collective macro-moments. Consequently, the system stabilizes in either a global FM- or

AFM-dominant state, with the transition between them tuned by the defect density pd. This competitive

magnetic landscape is represented by the energy schematic in Fig. 4c, where the intrinsic AFM configu-

ration resides at the global energy minimum, while the defect-driven FM order acts as a metastable local

minimum. Field polarization prepares the system in the metastable FM state, and subsequent thermal

activation provides the pathway to escape this energy well and relax into the intrinsic AFM ground state.

To identify the magnetic phases, we utilized the interlayer spin correlation function, defined as

Cinter = ⟨Si,1 · Si,2⟩. This metric serves as a phenomenological indicator of the interlayer magnetic align-

ment: positive and negative values signify FM- and AFM-dominant correlations, respectively, while values

approaching zero reflect a thermally disordered, PM-like state.

We used Cinter to track the thermal evolution of the FM-initialized state at a representative defect

fraction of pd = 35%. As shown in Fig. 4h, Cinter is positive at low temperatures, reflecting the FM-

dominant interlayer order inherited from the initial state. Warming the system leads to an abrupt sign

reversal of Cinter near T ≈ 0.51, marking a crossover from FM- to AFM-dominant correlations. This sharp

transition is a characteristic signature of a first-order phase transition, consistent with the spatial domain

coexistence observed in our MFM experiments. At higher temperatures (T ≈ 0.8), Cinter asymptotically

approaches zero, indicating that thermal fluctuations have suppressed the magnetic order into a disordered,

PM-like phase.

Figure 4d–g presents the real-space evolution of the lattice. Fig. 4d displays the defect map, with black

sites representing FM-favored interlayer exchange channels embedded within the native AFM background.
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Figs. 4e–g visualize the spatial distribution of the local interlayer spin correlation (Si,1 · Si,2) at pd = 35%

across selected temperatures. Using a color scale where yellow signifies local FM interlayer alignment

(Cinter ≈ 1) and dark blue indicates local AFM alignment (Cinter ≈ −1), we observe a clear transition:

at T = 0.10, the system maintains a single-domain FM-dominant state; by T = 0.53, it has effectively

switched to an AFM-dominant configuration; at T = 1.0, the distribution becomes randomized, reflecting

the loss of interlayer correlations in the disordered PM-like phase.

The dependency on defect density is summarized in Fig. 4i, mapping Cinter(T ) across varying pd. At

low defect densities, the system remains in an AFM-dominant state at low temperatures, whereas high

defect densities stabilize the FM order up to the PM transition. In the intermediate regime (pd ≈ 20%–

50%), the system enters a competitive landscape where the field-prepared FM state is metastable and

becomes unstable upon warming (see Supplementary Fig. S3). Here, relaxation occurs via a spatially

fragmented intermediate texture before the recovery of AFM-dominant correlations. This establishes a

microscopic mechanism where spatially inhomogeneous defect-mediated exchange traps the system in a

metastable FM state, with thermal activation facilitating the transition to the AFM ground state.

5. Conclusion

In conclusion, we have resolved the real-space dynamics of the defect-driven FM-to-AFM phase tran-

sition in the vdW superlattice MnSb6Te10, identifying cation site-mixing as a deterministic parameter

for tuning the underlying magnetic energy landscape. Our analysis demonstrates that the defect density

(pd) acts as a critical control knob: the concentration of MnSb antisite defects dictates the stability of

the metastable FM state, with an optimal defect window facilitating the tunable FM-to-AFM relaxation

observed here. High-field magnetization measurements quantified this site-mixing, while cryogenic MFM

provided real-space evidence of a metastable FM state sustained by defect-mediated interlayer interactions.

Temperature-dependent MFM further captured the first-order thermal relaxation process, where contin-

uous FM domains fragment into microscopic islands before the system recovers its intrinsic, compensated

AFM state—a mechanism corroborated by our spatially inhomogeneous Heisenberg model simulations.

Crucially, these findings establish that controlling defect density offers a viable framework for manip-

ulating magnetic symmetry in topological materials. At low temperatures, the defect-stabilized FM align-

ment breaks time-reversal symmetry, creating a state compatible with Weyl semimetal or Chern insulator

phases. Upon warming into the intrinsic AFM state, the restoration of combined time-reversal and inver-

sion symmetry (PT ) sets up a baseline for axion insulating behavior [3,25,36]. The energetic proximity

between these distinct magnetic configurations, coupled with their sensitivity to defect-mediated exchange,

provides an encouraging blueprint for dynamically gating non-trivial quantum states. By leveraging struc-

tural site-mixing as a tuning parameter, our work points toward customizable, nanoscale spin-topology

device architectures.
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Appendix A: Experimental methods

Crystal growth

High-quality single crystals of MnSb6Te10 were grown using a self-flux method. High-purity Mn pieces

(Macklin, 99.999%), Sb powders (Macklin, 99.999%), and Te powders (Macklin, 99.999%) were mixed in

a molar ratio of 1:8:13, loaded into an evacuated quartz tube, and sealed. The mixture was heated to

973 K, held for 10 hours, then cooled to 898 K over 10 hours, followed by further cooling to 873 K over

another 10 hours, after which the melt was rapidly centrifuged. This yielded single crystals with typical

dimensions of 3× 3× 0.1mm3 at the bottom of the crucible.

Bulk magnetization measurements

The low-field bulk magnetizations were measured by using a commercial Magnetic Property Measure-

ment System (MPMS-3).Pulsed-field magnetization was performed at the Wuhan National High Magnetic

Field Center (WHMFC) in a 65 T magnet with a pulse duration time of 10 ms. Magnetization was mea-

sured by a standard induction method using a compensated coaxial pick-up coil, during which the induced

voltage was integrated over time to obtain the magnetization. The absolute values of magnetization were

calibrated against low-field data measured in the MPMS-3 SQUID magnetometer.

MFM measurements

MFM images were acquired using a commercial cryogenic AFM system (Attodry2100) with commer-

cial magnetic probes (resonance frequency ≈ 75 kHz, force constant ≈ 2.8 N/m). The MFM signal, which

corresponds to the change in cantilever resonant frequency, is proportional to the out-of-plane stray field

gradient. Electrostatic interactions were minimized by nulling the tip–surface contact potential difference.

Field-dependent MFM images were acquired at a lift height of 200 nm to resolve domain nucleation and

reversal. Temperature-dependent images were acquired at 600 nm to reduce perturbation of the magnetic

state by the MFM tip during warming.
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图 1: Defect-sensitive FM–AFM competition in MnSb6Te10. (a) Ideal layered structure of MnSb6Te10,

consisting of one magnetic MnSb2Te4 septuple layer separated by two nonmagnetic Sb2Te3 quintuple

layers. The intralayer FM exchange J intra
FM aligns Mn moments within each septuple layer, whereas the

native interlayer AFM coupling J1
AFM favors antiparallel alignment between neighboring magnetic layers.

(b) Schematic structure containing MnSb antisite defects. Defect moments located in the spacer region

introduce additional exchange pathways, including local MnMn–MnSb coupling J2
AFM and defect-mediated

FM correlations J3
FM, which can compete with the native interlayer AFM coupling. (c) Temperature-

dependent M–H loops measured with the magnetic field applied along the c axis. A remanent FM-like

response appears at low temperature and is suppressed upon warming within the AFM-ordered regime. (d)

Pulsed-field magnetization measured up to 56 T at 2 K. Within an effective ferrimagnetic decomposition

model, the low-field and high-field magnetization plateaus, M1 and M2, are used to estimate an effective

MnSb antisite population of approximately 35.4%.
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图 2: Magnetization reversal of the metastable FM state at 1.7 K. (a) Cryogenic MFM images of

MnSb6Te10 measured at 1.7 K under an out-of-plane magnetic field swept from −0.10 T to +0.10 T.

After initialization at −0.10 T, the magnetic contrast is retained at zero field, indicating a remanent

single-domain-like M− configuration. Upon sweeping to positive fields, reversed M+ domains nucleate,

expand, and merge until nearly complete reversal. The dashed box marks a region with reduced contrast

at zero field and delayed switching, suggesting local magnetic inhomogeneity. The color scale is 3 Hz, and

the scale bar is 5 µm. (b) Normalized local magnetization M/Ms reconstructed from the MFM contrast

and compared with the bulk magnetization loop at 2 K. The two measurements give consistent switching

behavior, with a coercive field of approximately 0.021 T. (c) RMS frequency roughness extracted from

the MFM images as a function of magnetic field, showing a maximum near +0.021 T where half of the

magnetization is reversed.
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图 3: Zero-field thermal fragmentation of the field-prepared FM state. (a) Temperature-dependent MFM

images acquired at zero external field after preparing a remanent FM multidomain state at 1.7 K. The

initial state was prepared by polarizing the sample at −0.10 T, sweeping to +0.016 T to generate strong

domain contrast near the reversal regime, and returning to zero field before warming. Upon warming, the

extended FM domains progressively fragment into smaller regions, the MFM contrast weakens, and the

image eventually becomes nearly homogeneous. Since this evolution occurs below the Néel temperature,

the loss of stray-field contrast is consistent with relaxation toward a compensated AFM configuration

rather than a paramagnetic transition. The color scale is 1.3 Hz, the scale bar is 5 µm, and the lift

height is 600 nm. (b) Temperature dependence of the RMS frequency roughness extracted from the MFM

images, compared with the zero-field remanent magnetization measured by SQUID. The inset schematic

demonstrates the domain fragmentation during the FM-to-AFM phase transition.
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图 4: Monte Carlo simulation of metastable FM relaxation. (a,b) Schematic spin configurations generated

within the same competing interlayer exchange framework. The model includes intralayer FM exchange,

native interlayer AFM coupling, and defect-mediated exchange pathways associated with MnSb antisite

sites. Under the same set of competing interactions, the system can exhibit either (a) an AFM-dominant

configuration or (b) an FM-dominant configuration, depending on the resulting balance of interlayer

correlations. (c) Schematic magnetic energy landscape as a function of magnetic configuration or interlayer

correlation. The AFM-favored configuration is represented as the global energy minimum, whereas the

defect-associated FM configuration is represented as a metastable minimum. Thermal activation provides

a possible pathway for relaxation from the metastable FM configuration toward the AFM ground state. (d)

Representative defect map used in the simulation with a defect concentration of pd = 35%. (e–g) Spatial

maps of the simulated interlayer spin dot product at representative temperatures T = 0.10, 0.53, and 1.00,

respectively. The simulation is initialized from a fully polarized FM single-domain state to mimic the field-

prepared state in the MFM experiment. Upon warming, the initially FM-dominant interlayer correlation

becomes spatially fragmented and evolves toward AFM-dominant correlations; at higher temperature,

the correlation becomes strongly reduced and spatially disordered. (h) Temperature dependence of the

averaged interlayer spin correlation, Cinter, at pd = 35%. This curve shows a crossover from a defect-

associated FM-dominant configuration to an AFM-dominant configuration, followed by a reduction of the

averaged interlayer correlation at higher temperature. (i) Simulated temperature dependence at different

defect density of the averaged interlayer spin correlation, Cinter. The black dashed line marks pd = 35%,

corresponding to the line cut shown in panel (h).
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