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Topological Spin Textures in an Insulating van der Waals

Ferromagnet
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Charudatta M. Phatak, Duan Ruihuan, Liu Zheng, Kostya S. Novoselov,

Elton J. G. Santos,* and Maciej Koperski*

Generation and control of topological spin textures constitutes one of the
most exciting challenges of modern spintronics given their potential
applications in information storage technologies. Of particular interest are
magnetic insulators, which due to low damping, absence of Joule heating and
reduced dissipation can provide energy-efficient spin-textures platform. Here,
it is demonstrated that the interplay between sample thickness, external
magnetic fields, and optical excitations can generate a prolific paramount of
spin textures, and their coexistence in insulating CrBr; van der Waals (vdW)
ferromagnets. Using high-resolution magnetic force microscopy and
large-scale micromagnetic simulation methods, the existence of a large region
in T-B phase diagram is demonstrated where different stripe domains,
skyrmion crystals, and magnetic domains exist and can be intrinsically
selected or transformed to each-other via a phase-switch mechanism. Lorentz
transmission electron microscopy unveils the mixed chirality of the magnetic
textures that are of Bloch-type at given conditions but can be further
manipulated into Néel-type or hybrid-type via thickness-engineering. The
topological phase transformation between the different magnetic objects can
be further inspected by standard photoluminescence optical probes resolved
by circular polarization indicative of an existence of exciton-skyrmion coupling
mechanism. The findings identify vdW magnetic insulators as a promising
framework of materials for the manipulation and generation of highly ordered
skyrmion lattices relevant for device integration at the atomic level.

1. Introduction

Over the past few years skyrmions became
an extensively researched topic in mag-
netism. As they present themselves as topo-
logical magnetic objects, they hold great
promise as potential building blocks for
new memory devices (like racetrack mem-
ory), neuromorphic computing, and other
spintronics application due to their stability
and specific characteristics.'™* Skyrmions
are usually observed in chiral,>7! polar!®-1°]
magnets as well at interfaces!!! where
Dzyaloshinskii-Moriya interaction (DMI)
is sizeable. This interaction is responsi-
ble for the spin canting of the textures
and favors the formation of chiral bub-
bles within the right combination of crystal
structure (e.g., non-centrosymmetric) and
magnetic parameters (e.g., spin anisotropy,
exchange constants, and dipolar interac-
tions). In many instances most of the ma-
terials hosting such magnetic objects are
metallic thin films(®%18] and metal/heavy
metal hetero-structures!'#%!!l that intrin-
sically suffer from high heat generation
and Ohmic losses due to the conduc-
tion electrons when used in memory
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applications. In this context, semiconducting and insulating
compounds with electronic bandgaps!'®1%-?2) might provide
an energy-efficient solution despite of additional phenomena
through topological insulator properties.[?! However, most of the
insulators developing spin-textures show complex crystal struc-
ture and chemical properties (e.g., VOSe,O;, GaV,Seg, GaV,Ss,
Cu,08e0;) that hamper practical implementations in ultrathin,
open-source, low power-consumption skyrmionic platforms.

2D vdW magnetic layers demonstrated a number of peculiar
properties(2*-?7] not present in materials exhibiting uniquely co-
valent or ionic bonds. The 2D systems offered a fruitful realm
of investigations of magnetic phenomena at different phases,
atomic thicknesses, and under different external excitations
not easily accessible or achievable in more conventional mag-
netic crystals. Recently, a few vdW magnets, i.e., Fe; _ GeTe,,
Fe; _ ,GeTe,,Cr,Ge, Te,, and CrCl;, demonstrated the possibility
of sustaining topological spin textures!!*1428-33] ynder different
scenarios from magnetic bubbles,3*3°] stripe domains!*®) up to
topological quasiparticles, such as skyrmions!!3142931:37-39] and
merons.332] These evidences provide a vast territory for explo-
ration either in more fundamental levels, in terms of the ba-
sic interactions dictating the formation of magnetic textures in
confined two-dimensions, or in functional applications where
the control of spin textures in devices is the ultimate step. It is
a common supposition that the formation of chiral spin struc-
tures is generally more prone to crystals without space inversion
symmetry where substantial DMI can be developed. Similar ap-
proach is also valid for vdW interfaces where the lack of inver-
sion symmetry gives rise to interfacial DMI whose magnitude
may be enhanced by the spin-orbit coupling from the under-
neath substrate.”®40] These non-centrosymmetric guidelines li-
aised with the presence of DMI have been influencing the search
of topological spin textures broadly. However, recent experimen-
tal investigations proved the possibility of skyrmion formation in
centrosymmetric 2D crystals.[13142731-3341] [ndeed, it is unclear
whether materials holding spatial inversion symmetry, negligi-
ble DMI and displaying insulating or semiconducting properties
can generate spin textures under different driving forces (e.g.,
magnetic fields, currents). Moreover, the use of common light
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probes of continuous wave excitation (non-time resolved) to in-
spect, generate, and manipulate topological spin objects on 2D
vdW compounds has so far been elusive.

Here, we showed that insulating CrBr; vdW ferromagnet con-
stitutes such an unconventional skyrmionic system with a high
degree of tunability with magnetic fields, temperature gradients,
and laser excitations. Using low-temperature magnetic force
microscopy (MFM), Lorentz transmission electron microscopy
(LTEM), and photoluminescence (PL) spectroscopy measure-
ments, we demonstrated that several magnetic phases involving
skyrmions and stripe domains coexist. Upon variation of tem-
perature, magnetic field, and sample thickness, the topological
character of the textures itself can be manipulated inducing the
formation of ordered skyrmion lattices of different types, e.g.,
Bloch, Néel and hybrids, and their reversible transformation. Mi-
cromagnetic simulations reproduce closely the variety of magne-
tization textures in different physical conditions and point to the
cooperative effect between dipolar interactions, spin anisotropy,
and exchange fields as the main driving force for the phase trans-
formation. This magnetic-texture-switch process occurs at almost
the entire range of temperatures where CrBr; is magnetic and
provides a practical approach to create, detect, and manipulate
information with topological characteristics.

2. Results

2.1. Stripe Domains, Skyrmion Crystal, and Chirality

In this study, we inspected the magnetic and optoelectronic prop-
erties of mechanically exfoliated CrBr, films deposited on SiO, /Si
substrate. The magnetization textures forming in the samples
were inspected via high resolution (30 nm) MFM as well as by
LTEM at cryogenic temperatures. As expected in ferromagnetic
materials, the magnetic domains in CrBr; depended on the his-
tory of the previously applied magnetic field at varying temper-
atures. When the sample was cooled down to the base temper-
ature of 1.7 K in zero-field cooling (ZFC) mode, the CrBr; films
adopted a ground state characterized by stripe magnetic domains
(Figure 1a). Such configuration is typical for materials with an
out-of-plane easy axis of magnetization.!'*?”34 The structure also
had magnetic bubbles, and donut-like magnetic structures inter-
acting with curled stripe domains in contrast to monodomains
commonly found in 2D magnetsP****] in the limit of atomic
thickness. The magnetic textures dominated by stripe patterns
barely changed under the influence of external magnetic fields.
The domains slightly increased or decreased their size at an ap-
plied magnetic field (50 mT in Figure 1b) but their geometry re-
mained mostly unaffected. Only fields close to saturation (>150
mT) were able to create bubbles or substantially modify the stripe
domains initially stabilised via ZFC (Figure S4, Supporting In-
formation). This implies formation of highly stable magnetic
ground state resilient against thermal and field perturbations for
the stripe domain patterns.

The magnetic configurations were starkly different upon field-
cooling (FC) procedures. The FC magnetic field of 50 mT trig-
gered a nucleation and growth of a skyrmion crystal (SkX) with
a well ordered hexagonal lattice (Figure 1c). The perfect peri-
odic arrangement of the skyrmions was confirmed via the fast
Fourier transformed (FFT) image (Figure 1d) that demonstrated
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Figure 1. Skyrmion lattice in CrBr;. a—c) Experimental magnetic force microscopy (MFM) images of the magnetic structures stabilised in CrBr; at various
field conditions at 1.68 K. Stripe domains (a) were obtained at zero field cooling (ZFC), and were very stable under applied fields (50 mT in b) once they
were initially created in (a). Nucleation of a skyrmion lattice (c) was achieved through field cooling (FC) at 50 mT. In the MFM measurements, the tip
was kept at 40 nm distance away from the sample surface. d) Fast Fourier transform (FFT) pattern of (c) demonstrated the highly ordered hexagonal
arrangement of the skyrmion achieved via FC-diven lattice growth. e-g) Micromagnetic simulation revealed the magnetization textures of the system
at the same conditions as in the experimental MFM images in (a—c), respectively. h) Local view of the demagnetizing field along in-plane components
of the magnetization (M, ,) is shown for skyrmions from (g). The variations of M, , along the bubbles indicated Bloch-type skyrmions (Figure S12,
Supporting Information). i) Lorentz transmission electron microscopy (LTEM) image of stripe domains was recorded with defocus length Az =-2 mm
after FC the sample to 13 K'in a 100 mT out-of-plane field. j) LTEM image of bubble domains was recorded with Az = -0.7 mm after FC the sample
to 14 K in a 30 mT field. k) Reconstructed phase map of (j) showed clear Bloch bubble domains characterised by mixed chirality. |) In-plane magnetic
induction map of the boxed region indicated in (k). The white scale bar on (a—c), (e-g), and (i—k) corresponds to 0.5 um, whereas on the FFT pattern in
(d) it corresponds to 5 um~". The MFM measurements and simulations were done for 175 nm thick CrBr; film, LTEM - for 110 nm thick sample.

a hexagon in the inverse space indicative of ordered spin quasi-
particles with a lattice spacing of ~250 nm. The statistical dis-
tribution of the skyrmion sizes revealed small variations of their
diameters (120-130 nm for 175 nm thick CrBr; films). Rarely,
individual larger skyrmions exceeding significantly the typical
size for a particular thickness of the CrBr; film had emerged
(see Figure 2e-g; Figure S7, Supporting Information). These
irregularities induced the formation of magnetic vacancies in
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their vicinity, leading to distortions and defects in the overall
skyrmion lattice. Notably, these magnetic vacancies were not as-
sociated with inherent crystalline defects or pinning sites intrin-
sically present in ferromagnetic crystals. Instead, they are asso-
ciated to the reconstruction of the skyrmionic lattices after ther-
mal cycling with the initial formation of stripe domains of differ-
ent widths but evolving into localised spin textures of different
sizes.
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Figure 2. Thickness-dependent spin textures. a) Spin textures sizes versus film'’s thickness for magnetic domains (blue dots), skyrmion crystals - SkX
(white dots) obtained from MFM measurements and micromagnetic simulations (red dots). The trend arising from Kittel's law (dashed line) is presented
as a frame of reference. Three different regimes hosting different types of skyrmions at varied thickness were identified: ultrathin, intermediate and bulk-
like. b—d) MFM scans of the stripe domains for samples with different thicknesses (50 nm, 190 nm, 765 nm) at ZFC, respectively. e-g) Skyrmion
lattice obtained for samples with different thicknesses (120, 170, and 290 nm) after FC at 50 mT, respectively. The scale bar in all MFM images (b-g)
corresponds to 1 um. MFM measurements were done at 1.67 K. h—j) Simulated topological textures at 1.67 K for different thicknesses (20, 100, and 200
nm) demonstrated Néel-like, hybrid and Bloch-like skyrmions, respectively.
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To provide further understating of the formation of the stripe
magnetic domains and skyrmions in CrBr;, we have undertaken
large-scale micromagnetic simulations including the fundamen-
tal interactions in the spin Hamiltonian: the exchange energies,
magnetic anisotropy, DMI, and dipolar interactions (see Experi-
mental Section for the details of the computational procedures).
In the calculations, we mimicked the experimental protocols
defining the history of the samples exposure to similar physical
conditions. That is, we began from a randomized spin state at the
temperature significantly exceeding the Curie temperature (T =
200 K), and slowly cooled down the system in steps of 5 K for 10
ns at each step in the absence or presence of a magnetic field. The
total computation time for each simulation was within 400—1000
ns, which guarantees that each ground-state is fully converged.
Strikingly, we could reproduce qualitatively similar features of
the magnetic textures as observed experimentally (Figure le-h).
The simulations captured the formation of the stripe domains,
skyrmion lattice with different texture sizes, modifications of the
stripe domain patterns with magnetic field, and the high stabil-
ity of the magnetic ground-state with the applied field. The simu-
lated magnetic textures were sensibly dependent on the inclusion
of magnetic fields during field cooling at various initial tempera-
tures considered.

We found that the skyrmions nucleated randomly over the
CrBr, film (Figure 1g,h), and their distribution over the skyrmion
lattice occurred stochastically following the energy minimization
of the system. The different skyrmion size as observed in the
measurements was remnant of the different widths of the stripe
domains initially created at early stages of the thermal equilibra-
tion but evolved into localized bubbles and skyrmions afterward.
The formation of skyrmions and SkX via FC procedures was due
to the competition of dipolar fields and exchange energy through-
out the surface. Figure S13 (Supporting Information) shows that
DMI has a marginal effect on the formation of topological spin
textures in CrBr; as the skyrmion lattice emerged in its absence.
This observation became more pronounced in the films of in-
creasing thickness (beyond 50—70 nm) as dipole-dipole interac-
tions were found to play a dominant role in the formation of the
magnetic order. DMI was found necessary to reproduce the evo-
lution of the size of the stripe domains and skyrmions with an
applied magnetic field, but it was not the driving factor in their
formation. The skyrmion chirality was elucidated by LTEM mea-
surements (Figure 1i-l). Through phase-contrast electron mi-
croscopy of spin textures, we replicated the images of stripe do-
mains and SkX similarly as in the MFM probing, but with an ad-
ditional information about local spin orientations in terms of the
mixed chirality of the skyrmions (Figure 1jk). Skyrmions with
opposite chiralities (seen in LTEM images as dark and bright
disks) were generated in CrBr; exhibiting a disordered pattern.
In certain regions of the sample, local chirality common to a
few skyrmions is stabilized at short length-scales (< 0.7 ym) in
the form of clusters of co-oriented skyrmions. At the thickness
studied in LTEM experiments (%110 nm), the skyrmions mani-
fested as quasiparticles consistent with Bloch-type spin textures
in agreement with micromagnetic simulations (Figure S13, Sup-
porting Information). In these textures, the spins wrap clockwise
or counter-clockwise around the skyrmion core (Figure 1h,]) de-
pending on the balance of the different interactions involved. The
calculation of the topological charge S, (Figure S15, Supporting
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Information) resulted in a magnitude of Sy, ~ —0.97 per bubble,
demonstrating that the simulated textures are close to a perfect
skyrmion scenario. However, the mixed chiralities due to weak
DMI contributions imply that the magnetic textures in the in-
vestigated samples might also be associated to skyrmionic bub-
bles with an enlarged core compared to an ideal skyrmion.[**] In
this case, the mixed chirality would follow the dipolar interactions
present in the system, since a single helicity due to a fixed DMI is
absent. This also suggests that thickness effects may play a role
in the stabilization of the magnetic objects.

2.2. Thickness Dependence of Stripe Domains and Skyrmion
Crystals

We observed that the size of both the stripe domains and bub-
ble textures (w) are strongly correlated with the thickness (t) of
the CrBr, films. Figure 2a illustrates the tendency of decreasing
the size of stripes (Figure 2b—d), and SkX structures (Figure 2e—f)
with the reduction of t. This behavior is obtained via both MFM
measurements (ZFC, and FC at 50 mT) and micromagnetic sim-
ulations for the range of samples studied, which also followed

a simple Kittel's law (e.g., w  v/t, dashed line in Figure 2a).
However, as the thickness reaches t < 25 nm, the trend rapidly
reversed as the strong confinement changes the stability of the
domain structure and associated spin textures. This behavior is
in agreement with earlier theories and experimental reports!*>+#¢]
that pointed out the competition between magnetostatic and do-
main wall energies as one of the main ingredients.[*’*8] Other
additional effects at the few-layer limit, such as pinning or local-
ized strains,!**) might become important on the stabilisation of
the magnetic structures and could contribute to the divergence
of Kittel's law. Such pinning centers were directly observed in bi-
layer CrBr; with NV-center magnetometry!**) with characteristic
size of the pinned domains around several hundreds of nanome-
ters.

The reproduction of the t-dependent sizes of the magnetiza-
tion textures in micromagnetic simulations required t-dependent
exchange constants as indicated in Table S2 (Supporting Infor-
mation). The unique evolution of the magnetization textures
with film thickness resulted in the identification of three dif-
ferent regimes characterised by specific characteristics of the
magnetic structure and the formation of the skyrmions: ultra-
thin (Néel-like, t = 3 — 25 nm), intermediate (hybrid, t = 28 —
105 nm) and bulk-like (Bloch-like, t > 110 nm). Note that be-
low 3 nm the system is in monodomain regime and skyrmions
are not formed. Figure 2h—j shows the real space magnetiza-
tion from micromagnetic simulations at different thicknesses
(20, 100, and 200 nm) of the SkX generated at the surface
with specific spin arrangements. It is worth mentioning that
at t < 20 nm the exchange energy dominates all other en-
ergy terms. This interesting feature can be used to accurately
determine the strength of the exchange constant for CrBr;,
which is a common practice in the micromagnetic thin film
community.*#] For example, the frequency of spin waves un-
dergoes a rapid increase towards infinity when approaching the
exchange dominated region, as the thickness is decreased.l*’]
We can currently only speculate why this approach worked,
but a larger effective exchange energy may indicate important
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Figure 3. Coexistence of skyrmions, stripe domains and magnetic texturesona T— B phase diagram. a) Phase diagram for the magnetic field (mT) versus
temperature (K) was constructed based on magnetic force microscopy and micromagnetic 5|mulat|ons to demonstrate several phases involving skyrmion
lattice (SkX), stripe ferromagnetic domains (FM), and their coexistence, e.g., Stripes + SkX. FC was used to stabilize ferromagnetic phases that contain
skyrmion components. Paramagnetic (PM) state is shown for reference. b-h) Comparison between MFM measurements (left) and micromagnetic
simulation (right) at specific conditions of temperature, field, and cooling protocols (FC, ZFC) marked with stars on the phase diagram: b) stripe
domains after FC at 150 mT at 1.7 K; c) coexistence of stripes and skyrmions in case of FC done at 100 and 135 mT at 1.7 K; d) SkX after FC at 50 mT
at 1.7 K; e) coexistence of stripes and skyrmions in case of smaller FC done at 10 mT and 1.7 K; f) stripe domains in case of ZFC and 1.7 K; g) stripe
domains with reduced magnetization at 30 K; h) reemergence of stripe configuration in case of FC at 50 mT at higher temperatures of 33 K. Scale bar is

0.5 um.

energy contributions from surface or interlayer pinning, which
could become larger with stacking of additional layers.

2.3. T — B Phase Diagram

The overall picture of the spin textures stabilized in CrBr; can be
thoroughly described via a T — B phase diagram including both
ZFC and FC cases (Figure 3a). The extreme cases in the form
of stripe domains, skyrmion lattice, and the hybrid scenarios in-
volving their coexistence were soundly captured by both MFM
and micromagnetic calculations (Figure 3b-h). In the ZFC case,
only stripe domains were observed in the temperature range up
to the Curie point (%37 K). With the increase in temperature,
the geometry of the pattern was preserved, while the contrast be-
tween the opposite domain regions decreased due to the ther-
mal fluctuations and consequent reduction of the magnetization
(Figure 3f,g). The stripe domains vanished close to the param-
agnetic phase (PM) around 35 K, attributed here to the limited
sensitivity from the tip of the MFM cantilever. In the presence
of a magnetic field, the threshold temperature of stripe-domain
disappearance decreases in agreement with well-known M(T) =
M(0)(1 — (T/T,)*?) dependence for ferromagnetic materials.[“8)
The finite field also leads to modifications in the geometry of
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the magnetic structures. The stripe domains increase in their
size in a manner that the domains co-oriented with the external
field overcome anti-oriented stripe domains, eventually leaving
several isolated bubbles at the fields close to the saturation (See
Figure S4, Supporting Information).

The formation of non-trivial topological spin textures in well
ordered SkX, occurred due to FC with fields within 25-75
mT (Figure 3d). SkX’s are energetically stable in a large range
of temperatures (1.7-30 K) preserving the point lattices (e.g.,
skyrmions) and their arrangements. At higher temperatures
(e.g., 33 K), stripe domains were found to be preferable with-
out the nucleation of skyrmions (Figure 3h), which is closely
reproduced by the micromagnetic simulations. Strikingly, the
FC protocol undertaken at magnetic fields outside of the SkX
range, i.e., below 25 mT or above 75 mT, leads to hybrid mag-
netization patterns involving the coexistence of skyrmions and
stripe domains in the surface. MFM and simulated magneti-
zation images demonstrate examples of such configurations at
10 mT (Figure 3e) and 100 mT (Figure 3c) with different ra-
tio of stripe domains to skyrmions. At higher magnetic fields
(>100 mT) using FC, the magnetic order reenters into the stripe-
dominant phase, which differs to similar situation at ZFC (e.g.,
Figure 3f,g) in terms of the field-induced modification of the
domain sizes (Figure 3b) and the reduced saturation field. The
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system was found to become completely magnetized (e.g., FM)
at a magnetic field of 200 mT via FC. The specific details of the
phase diagram inherently depend on the thickness of the CrBr,
films (e.g., where each phase might be stabilized). Nevertheless,
in a simple view, the saturation field correlates well with the thick-
ness of the sample, thereby increasing the value of magnetic
fields in FC required for the formation of SkX in thicker sam-
ples. It is noteworthy that each phase can be transformed into
each other by tuning the field and temperature at an FC or ZFC
situation. This indicates flexibility on the manipulation of a de-
termined magnetic phase toward applications.

2.4. Using Photoluminescence to Probe Spin-Textures in CrBr,

CrBr; as an insulator with planar ionic bonds, interlayer van
der Waals coupling, and a host to a prolific number of spin tex-
tures, offers a unique platform to investigate the interplay be-
tween skyrmions and standard optoelectronic excitations. The
strong correlations in the electronic system give rise to a large
single-particle bandgap and large exciton binding energy.**! This
led to the observation of excitons localized down to a single
CrBr; molecule limit in the form of mixed Frenkel and charge-
transfer excitations. Consequently, the excitonic spin was found
to be coupled with magnetization, enabling exciton spin pump-
ing mechanisms.[5%>1]

Here, we devised a protocol to observe the impact of
skyrmions on the ferromagnetic hysteresis loops through
magneto-photoluminescence spectroscopy resolved by circular
polarization. The PL intensity curves, indicative of the magne-
tization averaged over the laser spot, were obtained using the fol-
lowing procedure. Initially, a field cooling process was performed
at a specific magnetic field. Subsequently, the magnetic field was
swept unidirectionally until saturation was reached, while simul-
taneously exciting the system with circularly polarized light and
continuously monitoring the emitted light. Once the saturation
was achieved, the full hysteresis loop was recorded. The sample
was then heated above Curie’s temperature, and another FC pro-
cess was conducted in the same magnetic field. Following this,
the magnetic field was swept in the opposite direction, until sat-
uration was reached and the full hysteresis loop was recorded
again for comparison. The experiment was done for several val-
ues of the FC field providing insights into how the initial state of
the system influenced the behavior of the sample magnetization
in the magnetic field.

Figure 4a—c displays the normalized PL intensity for three dif-
ferent cases of initial conditions highlighted by the orange dot at
0T, 50 mT, and 120 mT, respectively. ZFC case with the usual strip
domain configuration (Figure 4a) showed a symmetrical behav-
ior of the black curve along both directions, with a saturation field
of 200 mT. For the full hysteresis loop (blue and red curves in
Figure 4a) saturation field is slightly larger, #225 mT. This slight
increase in saturation field is expected, as an additional magnetic
field is necessary to compensate for any remnant magnetization
in the system. For the case with 50 mT FC corresponding to
the SkX scenario (Figure 4b), the hysteresis loop exhibited no-
table changes. Initially, in the vicinity of the starting point, the
magnetization tends to maintain its state, displaying minimal
changes with the applied field. As the field increases, the shape

Adv. Mater. 2024, 36, 2311949 2311949 (7 of 11)

www.advmat.de

of the curve becomes convex, attempting to follow the red and
blue curves of the full hysteresis loop. Importantly, the curve is
non-symmetric, with a significantly higher saturation field at one
end. This asymmetry in the saturation field is a distinct feature
of the SkX presence, in agreement with MFM measurements
demonstrating that the orientation of the magnetization within
skyrmionic bubbles is opposite to the direction of the FC field
(see. Figure 4e for a schematic representation of the magnetiza-
tion orientation and Figure 4f-n for MFM images of SkX at differ-
ent external magnetic fields). For FC at 125 mT (Figure 4c), when
the ground state is characterized by stripes, the black curve also
exhibits asymmetries and looks distorted near the initial field.
However, the saturation field is not as high as in the case of SkX.
MEFM scans of ZFC stripe domains and SkX behavior in the ex-
ternal magnetic field at 1.7 K can be found in Figures S4 and
S5 (Supporting Information). It correlates with the observations
from the PL intensity hysteresis curves.

A detailed summary of these magneto-optical measurements
can be constructed via a phase diagram involving the saturation
field and the applied FC field (Figure 4d). Such diagram was
built from the MFM images (color-coded map) and the saturation
field extracted from the magneto-PL spectroscopy (white open
dots). The plot illustrates the dependence of the saturation field
on the FC field and the corresponding initial state for one di-
rection of the applied field. It is evident that the field required
to fully magnetize the sample is highest in the case of the pres-
ence of the skyrmion lattice (>240 mT), which originally existed
in the range of 25-75 mT for the investigated sample’s thickness
without the laser excitations (Figure 3a). The scenario involving
stripe-skyrmion coexistence, as well as the case with stripe do-
mains obtained during the FC experiment at higher fields, no
longer exhibited the effect of an enhanced saturation field. The
observed increase in the saturation field for skyrmions could be
explained by their higher stability compared to other magnetic
domains and constitutes unambiguous evidence of skyrmion—
exciton coupling. As the magnetic field was increased, the con-
centration of skyrmions decreased (as observed in MFM im-
ages in Figure 4f-n), but the spin configuration of the remain-
ing skyrmions remains preserved. However, when an opposite
magnetic field was applied, there came a point where a “burst”
occurred, and the skyrmions started to transform into bubbles.
This transition led to a more volatile magnetic structure, as bub-
ble domains are not characterized by the enhanced stability of
skyrmions. Consequently, at higher magnetic fields, the system
reached saturation at the usual, lower value. In this context, the
probing of complex nanoscale magnetic objects via diffraction-
limited optical techniques under continuous-wave laser excita-
tion constitutes an appealing alternative towards detection and
manipulation of magnetic topological states.

3. Conclusion

Our results pointed out CrBr; as a unique platform for host-
ing a skyrmion crystal stabilized via the interplay between dipo-
lar field and exchange energy in an insulating environment.
The weak interlayer vdW coupling enabled us to characterize
the emerging magnetization textures in a broad range of film
thicknesses, temperatures, and magnetic fields. These details
provide a thorough picture of the mechanisms responsible for
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Figure 4. Photoluminescence intensity hysteresis loops revealing exciton—skyrmion coupling. Polarization—resolved normalized photoluminescence
intensities captured from 170 nm thick CrBr; crystal during sweeping of the magnetic field. a—c) PL intensity as a function of a magnetic field for
various cooling protocols: FC (a), 50 mT FC (b), and 125 mT FC (a). The magnetic field was swept several times in different directions as indicated
by the color-coded arrows. The orange spot indicates the value of the magnetic field during FC and marks the starting point of the sweep for each
experiment. d) Saturation field values for cases of different FC fields superimposed the phase diagram previously derived from magnetic force microscopy
measurements. €) Schematic representation of magnetization arrangement in skyrmions relative to the direction of the FC field. f-n) MFM images of
SkX, stabilized by 50 mT FC procedure, as a function of the external magnetic field directed opposite (f-i) or along (j—n) the magnetization of the

skyrmions. The magnetization of skyrmions was always oriented in the opposite direction to the FC field. The scale bar corresponds to T um.

stabilizing vastly different magnetic states determined by the
physical conditions and the history of the sample. Some spin
features such as dipole-stabilized Bloch-type skyrmion lattices
with mixed chiralities display negligible Dzyaloshinskii-Moriya
interactions. This presents as an exciting opportunity to engineer
the formation and controllability of topological spin-textures on-
demand accordingly to the target application. The 2D insulat-
ing character of CrBr, crystals will facilitate the integration of
such hosts of skyrmionic lattices with memory and computing
technology.’] Further control knobs could be developed based
on topological charge with significantly improved energy man-
agement and optical access enabled by large electronic band
gap. It is important to remark that the formation of non-trivial
magnetic textures on 2D vdW magnets has been almost exclu-
sively reported so far on metallic materials (e.g., Fe, _,GeTe,,
Fe; _ ,GeTe,), and a small-band gap semiconductor (Cr,Ge,Te),
see Table S3 (Supporting Information) for a detailed review. The
discovery of a broad horizon of topological magnetic objects and

Adv. Mater. 2024, 36, 2311949 2311949 (8 of 11)

their manipulation via different external driving forces in CrBr,
magnets opens a pathway for the development of low-power con-
sumption device platforms. The next challenge however is to sub-
stantially increase the critical temperature of the magnetic order-
ing but keeping the outstanding spin features observed in our
work. As the transition temperature of CrBr, is lower relatively
to other 2D magnets,[®’] one of the foreseen research directions
would be the enhancement of their magnetic stability to room
temperature, where real applications can be achieved. In princi-
ple, such process can be achieved via molecular intercalation.>?!

4. Experimental Section and Computational
Methods

Sample Fabrication: The study was carried out comparatively using
commercial CrBrs crystals purchased from HQ graphene and CrBr; crys-
tals grown via a procedure described below. Both types of crystal exhibited
the same types of magnetization texture and magneto-optical response in
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identical physical conditions. Thin CrBr; was mechanically exfoliated on
polydimethylsiloxane substrates in an inert gas glove box with a water and
oxygen concentration of less than 0.5 ppm. CrBr; flakes were transferred
on a pre-patterned gold electrode or on SiO,/Si substrate at room tem-
perature. The thicknesses of CrBr; flakes were first identified by optical
contrast and then more precisely measured with an atomic force micro-
scope (AFM). Thin layers were additionally encapsulated with few nm of
hBN or graphite to prevent degradation. The samples were exposed to air
for less than 10-15 min before being transferred to helium environment
in the cryostat probe. Furthermore, the exposure of the samples to light
was limited, as CrX; compounds demonstrated higher degradation rates
under illumination. Detailed information on the structure of the samples
and basic characterization including optical and atomic force microscopy
imaging, height profiling, Raman scattering and photoluminescence spec-
troscopy are presented in Figures S2 and S3 (Supporting Information).

Crystal Growth: The stoichiometric ratio of Cr powder and Br, liquid
was loaded into a silica tube, the end of which was immersed in liquid
nitrogen to prevent Br, evaporation. The tube was then pumped to a pres-
sure <107' Pa and sealed. It was gradually heated for 3 days to 1000 °C
and kept under such conditions for three days. Ultimately, bulk CrBr; sin-
gle crystals were obtained in the tube.

Magnetic Force Microscopy: AFM and MFM measurements were per-
formed using an attocube attoDRY 2100 closed-cycle cryogenic micro-
scope with a base temperature of 1.66 K, equipped with a 9 T supercon-
ducting magnet. Silicon probes with magnetic CoCr-coating, with spring
constant k of 2.5-5 N m~!, and resonance frequency of 87-91 kHz
(Nanoscope MFMR, MFMR-LM with lower magnetic moment and also
SSS-MFMR for higher resolution for very thin samples) were used. The
probes were magnetized at room temperature using a neodymium mag-
net. In the measurements, the magnetic contrast was observed in both
tapping and non-contact lift modes in the phase signal. In non-contact
regime the cantilever was held at constant height (lift) from 20 to 300 nm
depending on the sample thickness and interaction with the domains. It
was chosen to maximize sensitivity and reduce dragging of the domains
due to interaction with MFM tip. Overall, lift was 20-30 nm for samples
with thickness below 100 nm, for thicker samples lift was 50-80 nm. At
magnetic fields close to saturation lift was increased up to 300 nm to re-
duce dragging effects. During the measurements the magnetic field was
applied in out-of-plane direction.

Photoluminescence Measurements: Photoluminescence experiments
were carried out in the same attocube attoDRY 2100 closed-cycle cryogenic
system. Samples were mounted on piezoelectric stages allowing x—y—z po-
sitioning. The measurements were performed in a backscattering geom-
etry, using a continuous wave excitation at 730 nm, with a laser power of
~50 uW. The laser light was focused using an objective lens with a nu-
merical aperture of 0.82 yielding a spot of ~1 um in diameter. The light
emitted from the sample was collimated by the same objective and scat-
tered by a 0.75-m spectrometer equipped with a 150 grooves mm™ grat-
ing and a charge-coupled device camera. The magnetic field was applied to
the sample in the out-of-plane direction through superconducting coils. In
magneto-PL experiments, the sample was excited with circularly polarized
laser light realized with a 4 /4 wave plate placed in the excitation path.

Micromagnetic Simulations: To support the experimental results, mi-
cromagnetic simulations of CrBry magnetic ground states were carried out
using MuMax3.53] The value for saturation magnetization was set to M, =
270 kA m', in accordance with measured values at low temperature.[54]
The uniaxial magnetic anisotropy constant was assumed to be K, = 86
k) m=3 along the out-of-plane direction, which has been reported for bulk
material.[>*] A global exchange stiffness was estimated from the exponen-
tial rise of domain size to be A,, = Te-12 | m~, which is within the range of
reported values 10712-10~1 | m~" for CrBr;.[*3] The continuum interfacial
DMI constant D = 0.15 X 1073 | m~2 was derived from its ASD counter-

part as follows Dy = aaz%, where a and a, are the lattice parameters in
3

the atomic and interlayer plane, respectively, and Dy = 0.22 meV.[>’]
Brown’s thermal equation was incorporated into the simulation by run-

ning the Landau-Lifshitz equation in the time-domain for 10 ns at different

values of temperature. The experimentally measured thermal variation of
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M;(T) was incorporated into the simulation using data in Ref. [54] (see
Supporting Information). The corresponding values for K, (T) were deter-
mined from the equation [K, /K, (T)] = [M,/M,(T)]? that predicts a rapidly
decaying uniaxial magnetocrystalline anisotropy with increasing temper-
ature. The thermal variation of DMI and A,, were estimated from their
mean field approximations, which predict an approximately squared de-
pendence [M, /M, (T)]2.5657] Subject to this set of equations, the simula-
tions indicated that stripe domains were more stable than skyrmions at
higher temperatures, followed by a stable ferromagnetic phase. This be-
havior was also observed when adopting more rapidly decaying models
of interfacial DMI.I%8] The agreement between simulation and experiment
can be enhanced by incorporating structural defects and pinning effects
into the simulations.

Lorentz Transmission Electron Microscopy: LTEM samples were created
by dry-exfoliating CrBr; flakes from a bulk crystal onto a silicon nitride TEM
membrane and were then capped with 2 nm of sputtered Pt to prevent
charging in the TEM and degradation. Cryo-LTEM imaging was performed
using a JEOL JEM-2100F TEM instrument using a Gatan double-tilt lig-
uid helium holder. Imaging was performed in Lorentz mode, which has
a residual magnetic field of 155 Oe. The magnetic field along the beam
direction was increased by exciting the objective lens. The total electron
phase shift through the material was reconstructed using the transport of
intensity method and the open-source PyLorentz software.l>°! After LTEM
imaging, the sample was measured to be 2100 nm thick using atomic
force microscopy.

Supporting Information

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