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We investigated temperature-driven spin reorientation (SR) in the itinerant kagome magnet Fe;Sn, using
high-resolution synchrotron x-ray diffraction, neutron diffraction, magnetometry, and magnetic force microscopy
(MFM), further supported by phenomenological analysis. Our study reveals a crossover from the state with
easy-plane anisotropy to the high-temperature state with uniaxial easy-axis anisotropy taking place between ~40
and 130 K through an intermediate easy-cone (or tilted spin) state. This state, induced by the interplay between
the anisotropy constants K; and K, is clearly manifested in the thermal evolution of the magnetic structure
factor, which reveals a gradual change of the SR angle 6 between 40 and 130 K. We also found that the SR is
accompanied by a magnetoelastic effect. Zero-field MFM images across the SR range show a transformation in
surface magnetic patterns from a dendritic structure at 120 K to domain-wall-dominated MFM contrast at 40 K.

Our analysis suggests that the SR and associated microstructural transformations are the results of competing

first- and second-order anisotropy constants.

DOI: 10.1103/PhysRevB.111.184442

I. INTRODUCTION

In anisotropic magnetic materials, the easy axis of magne-
tization denotes the direction along which magnetic moments
align, minimizing the internal energy of the system [1]. The
interplay between magnetocrystalline anisotropy, dipolar, and
Dzyaloshinskii-Moriya interactions (DMI) might lead to a
reorientation of magnetic moments [2,3]. The possibility of
controlling magnetic degrees of freedom through the interplay
between different types of interactions has been the focus of
extensive studies in recent decades [4—7]. This has been exten-
sively studied for thin films and multilayered structures where
long-range magnetic dipolar interaction dominates, forcing
magnetic moments to follow shape anisotropy [8]. On the
other hand, in RE-TM magnets (RE = Pr, Nd, Gd, Tb, Dy,
and Ho; TM = Mn, Fe, and Co) the competition between
the anisotropies of rare-earth and transition-metal sublattices
drives the so-called spin reorientation (SR) transition [9-12],
where the direction of the easy axis of magnetization rotates
from one crystallographic axis to another with varying the
temperature. Moreover, temperature-induced changes in the
local environment and magnetic interactions between ions at
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different Wyckoff positions due to symmetry change can also
induce spin reorientation effects [13].

Depending on whether the easy axis shifts abruptly or
rotates continuously between crystal symmetry axes, the re-
orientation is characterized as a first- or second-order phase
transition, respectively, or can even be a smooth crossover
[14]. A first-order magnetic transition is usually accompanied
by a hysteresis in the magnetization and substantial changes in
the magnetic entropy [15—17]. In contrast, second-order phase
transitions can be traced as distinct anomalies in the magnetic
susceptibility, while crossovers may not be accompanied by
any sharp anomaly in thermodynamic quantities [15,18,19].

Recently, there has been growing interest in materials ex-
hibiting SR, where the orientation of the easy axis can be
influenced by a range of intrinsic and extrinsic factors, in-
cluding chemical composition [20,21], shape [8], magnetic
field [22-24], external pressure [25,26], strain [27,28], and
light [29,30]. These factors often involve significant changes
in the magnetic and electronic properties of materials and
lead to the emergence of novel quantum phenomena. In par-
ticular, in several noncentrosymmetric magnets, it has been
demonstrated that the interplay between DMI and magnetic
anisotropy is crucial for stabilizing topologically protected
(anti)skyrmion states [5,21,31-37]. Lorentz force microscopy
studies on Nd,Fe 4B have revealed the formation of mag-
netic bubbles with zero topological number and magnetic

©2025 American Physical Society
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FIG. 1. Crystal structure and high-resolution powder x-ray synchrotron diffraction for Fe;Sn,. (a) Schematic representation of the
rhombohedral R3m crystal structure [45]. (b) Temperature dependence of the lattice parameters a and c. (c) Temperature variation of the
ratio ¢/a and the unit-cell volume. The vertical dashed lines in panels (b) and (c) indicate the changes in the slope at the spin-reorientation
temperature Tsg. (d)—(f) Experimental profiles of the (114), (210), and (205) Bragg reflections as measured at different temperatures by
high-resolution synchrotron powder XRD. The same color code is used in panels (d)—(f).

skyrmions induced by SR [38]. Moreover, the enhancement
of magnetoresistance, topological, and anomalous Hall ef-
fects have been reported near the SR transition in various
two-dimensional van der Waals magnets [7,39,40], rare-earth
topological kagome magnets of RMngSng-type [41,42], and
Heusler magnets [43]. These phenomena are attributed to
changes in Berry curvature caused by spin reorientation [44].

Here, we investigate the SR effect in the itinerant kagome
magnet Fe;Sn,. The crystal structure consists of bilayers of
Fes;Sn kagome networks separated by hexagonal Sn layers
and stacked along the ¢ axis [see Fig. 1(a)], corresponding
to the rhombohedral R3m space group [45]. Fe;Sn; is ferro-
magnetic below 650 K and its magnetic anisotropy is reported
to change from the easy axis above 250 K to the easy plane
below 60 K [46-49]. This material has recently attracted much
attention as a host for massive Dirac fermionic states [50],
Weyl nodes [51], topological flat bands [52], and helical nodal
lines [53]. The interplay between the electronic band topology
and magnetism gives rise to prominent phenomena, includ-
ing large anomalous and topological Hall effects [50,54],
magneto-optical effects [51,53], and topologically protected
skyrmionic bubbles [55,56]. Moreover, recent advancements
in the field have suggested that Fe;Sn, manifests anomalous
charge carrier behavior and strong orbital contribution to the
magnetism and transport properties [57—60].

Despite intense studies using various measurement tech-
niques such as magnetization, ac susceptibility, neutron
diffraction, magnetic force microscopy (MFM) [61-65],
optical spectroscopy [51], Raman scattering [49,64], and mag-
netotransport measurements [66—68], the mechanism of spin
reorientation in Fe;Sn, remains unclear. Specifically, whether
the transition is gradual or abrupt, its origin and its impact
on the magnetic domain configuration are still debated. Given
that the interplay between topologically nontrivial band struc-
ture and magnetization is expected to play a crucial role in
the electronic response in Fe;Sn, [69-71], it is essential to
clarify the origin of the SR and understand the accompanying
variations in spin texture with temperature and magnetic field.

In this study, we investigated the temperature-driven SR in
the topological kagome ferromagnet Fe;Sn, through a com-
bination of experimental techniques and phenomenological
analysis. The temperature dependence of the anisotropy con-
stants K and K, the evolution of the magnetic structure factor
Mgq(T), and MFM imaging indicate that the high-temperature
state, with uniaxial easy-axis anisotropy, transforms to a
mixed state before developing an in-plane magnetization state
at low temperatures, consistent with easy-plane anisotropy.
This transformation is characterized by a gradual change of
the angle 6 spanned by the magnetization and the ¢ axis,
taking place between ~40 and 130 K. The zero-field MFM
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images across the SR range show strong variation in mag-
netic contrast. Phenomenological analysis suggests that the
SR and associated microstructural transformations are caused
by competing anisotropy constants K; and Kj.

II. EXPERIMENTAL DETAILS

Single crystals of Fe;Sn, have been grown by the chem-
ical transport reaction method using preliminary synthesized
polycrystalline material and iodine as a transport agent. The
growth was carried out in a two-zone horizontal furnace in a
temperature range between 670 and 740 °C. Shiny hexagonal
crystals with dimensions up to 4 mm along the largest side
were obtained in the hot part of the ampule. The chemical
composition of the samples was checked by energy-dispersive
x-ray spectroscopy analysis utilizing the ZEISS Crossbeam
550 system.

High-resolution x-ray diffraction (XRD) data were col-
lected on the polycrystalline sample of Fe;Sn,. The measure-
ments were performed in the transmission geometry of the
ID22 beamline at the European Synchrotron Radiation Facil-
ity (ESRF, Grenoble, France) using the multianalyzer setup
[72,73]. The wavelength of 0.354 32 A was calibrated with a
silicon standard (NIST, 640c). The sample temperature was
stabilized with the liquid-helium-cooled cryostat. To reduce
the effect of beam heating, the capillary was kept open at one
end and exposed to the helium-flow atmosphere. The Rietveld
refinement was performed using the JANA2006 program [74].

Magnetic properties were studied with the SQUID magne-
tometer (MPMS 3, Quantum Design) in the temperature range
of 2-400 K and magnetic fields up to 7 T.

Neutron diffraction data were collected on the EIGER
triple-axis instrument (PSI, Switzerland) with a neutron wave-
length of 2.36 A [75]. A few single crystals were coaligned to
increase the total sample mass. The backscattering Laue x-ray
showed that the relative misalignment between the individual
crystals does not exceed 1 deg. The sample was inserted into
the cryostat by its vertical [100] axis, placing the reciprocal
(HHL) plane in the horizontal scattering plane. A graphite
filter was placed after the sample to suppress the higher-order
harmonics.

To investigate the magnetic domain textures of Fe;Snj,
we perform MFM on an attocube attoAFM 1, equipped with
a superconducting magnet, and cooled by a liquid-helium
cryostat. The sample environment has ca. 150 mbar of He as
an exchange gas. PPP-MFMR nanosensor probes were used;
these have a hard magnetic coating and a radius of curvature of
<50 nm. Once each temperature was reached, the equipment
was allowed to thermalize for about an hour to ensure full
thermal equilibrium. Data were collected in a single pass with
the tip lifted 200 nm above the defined contact point, and the
pixel size is 20 nm. The images show changes in frequency,
recorded via a phase-sensitive feedback loop, and, as usual,
the image contrast is proportional to the gradient of the stray
magnetic field at the tip [76].

III. RESULTS AND DISCUSSION

Figures 1(b) and 1(c) show the structural parameters de-
rived from the Rietveld refinement of the XRD data between

300 and 10 K. The cell parameter a decreases by ~3%, while
¢ decreases by ~2% [see Fig. 1(b)]. Both parameters exhibit a
change in the slope below 120 K, which is also reflected in the
temperature evolution of the ¢/a ratio and the unit-cell volume
V, Fig. 1(c), indicating a magnetoelastic response to the spin
reorientation. Importantly, the reflection width changes only
marginally between 300 and 10 K, and none of the reflections
splits on cooling [see Figs. 1(d) and 1(e)]. Therefore, no
deviation from the trigonal symmetry is observed down to the
lowest measured temperatures.

Recent studies of Mn3;Sn and Fe;Ge kagome magnets and
two-dimensional Fe,GeTe, have also reported slight changes
in structural parameters, such as the lattice constants a and
¢, the c/a ratio, and the unit cell volume V at the spin re-
orientation [77-79]. These changes were attributed to thermal
expansion of the lattice and may contribute to variations in
magnetic anisotropy, thereby driving the spin reorientation
[80].

Figures 2(a) and 2(b) show the isothermal magnetization
curves of Fe;Sn, measured for magnetic fields applied in
different orientations: within the ab plane, along the a axis
(in-plane), and along the ¢ axis (out-of-plane). At 2 K, full
saturation of magnetization M, along the a axis is achieved
in fields of ~0.1 T, while along the c¢ axis, the saturation
requires approximately 1 T. The M, values calculated at 5 T
are 2.09 p,/Fe and 2.17 ug /Fe for H||a and H]||c, respectively.
With increasing temperature, the saturation field increases
for H||a and decreases for H||c. The initial susceptibility
extracted from fields close to zero, x;, measured for H||a and
Hj|c is shown in Fig. 2(c).

The temperature-dependent magnetization for H||a was
measured in various fields and using various cooling pro-
tocols. Figure 2(d) shows a continuous increase of mag-
netization as the temperature decreases to 60 K, saturating
below this temperature. Unlike the findings in Ref. [63], our
data show gradual variation with temperature without abrupt
changes between 400 and 2 K. The zero field-cooled magne-
tization and field-cooled magnetization measurements display
only minor hysteresis, which can be likely attributed to the
dynamics of magnetic microstructures described later.

Next, we discuss the uniaxial crystal anisotropy energy
density (E,) that for the hexagonal system is usually expressed
as a power series of the form [81]

Ey= Zl{n sin?" 6 . 1)

Here, K, is the uniaxial anisotropy constant of order n and
0 is the angle between M and the c¢ axis. In particular,
in a thombohedral system, the ¢ axis is the axis of three-
fold rotational symmetry, and the total energy density is
expressed as

E, = K, sin” 0 + K> sin* 6 + K5 cos 0 sin® 0 cos 3¢, (2)

where the angle ¢ is the azimuthal angle in the ab plane.

The anisotropy energy minimization in the presence of
an external applied field provides the equilibrium direction
of magnetization. In the limit of zero external field, the total
anisotropy energy is mainly determined by K, =~ K| + K.
This K,, constant can be estimated directly from the experi-
mental data as the difference between the energy necessary
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FIG. 2. SQUID magnetometry data of ferromagnetic Fe;Sn,. (a) Magnetization curves vs magnetic field applied along the a axis and
(b) along the ¢ axis, respectively. (c) Temperature dependence of differential magnetic susceptibility extracted from zero-magnetic-field
measurements for H||a and H||c. (d) Zero-field-cooled (ZFC), field-cooled (FC), and field-heated (FH) magnetization as a function of the
temperature measured in fields of 10 and 40 mT applied along the a axis. (e) The temperature dependence of energy of magnetization for E,
and E, used for calculating the uniaxial anisotropy constant K. (f) The temperature dependence of the spin reorientation angle 6’ calculated
from the magnetization in H; = 5 Oe. The inset of panel (f) includes an optical image of the ab plane of the as-grown Fe;Sn, crystal on a

millimeter scale.

to saturate the magnetization along the two orthogonal
directions:

Me Me
K,=E,—E.= f H;dM, — H;dM.. 3)
0 0
This approach known as the “area method” [82] has
been applied previously, e.g., for the easy-plane kagome
ferromagnet Fe;Sn [83].

Figure 2(e) presents the temperature dependence of the
energies E, and E, used to calculate the uniaxial anisotropy
constant K,,. Here, the magnetization was corrected for the de-
magnetization factor, H; = H — DM, where H is the applied
external magnetic field, D represents the demagnetization
coefficient, and M is the magnetization. The effect of demag-
netization on the magnetization curves measured for different
directions is shown in Fig. 6. E, decreases with a decrease in
temperature, while E, increases, reflecting the change of the
anisotropy. At 120 K, the integrals have equal values, indi-
cating that the same energy is required to align the magnetic
moment along the a or ¢ axes. Consequently, K, = 0 at this
temperature [see Fig. 3(a)]. At temperatures below 120 K, K|,
is negative, reaching —35 kJ/m? at 2 K, while at temperatures
above 120 K, K, is positive and reaches 57 kJ/m? at 400 K.
The calculated K3 constant is ~1 kJ/m? at 2 K, indicating neg-
ligible basal plane anisotropy in Fe;Sn,. The latter is further

supported by the absence of a 60° periodicity in the angular
dependence of the magnetization within the ab plane.

Figure 3(a) shows the temperature dependence of the
anisotropy constants K, K, and K. In the temperature range
where the orientation of moments is well-defined, we also cal-
culated K| and K, independently by the Sucksmith-Thompson
(S-T) method fitting the S-T isotherms M/H = f(M?) [84].
At 2 K, K| is negative (easy-plane anisotropy) and reaches
~ —75 kJ/m? [see Fig. 3(a)]. At high temperatures, K] is
positive (easy-axis anisotropy) and reaches ~55 kJ/m? at
400 K. In contrast, K, remains positive throughout the whole
temperature range. At 2 K, K, has a value ~30 kJ/m3.
These values are in agreement with the results reported in
Ref. [62]. However, at the intermediate temperatures, 50 K
< T <€ 150 K, the S-T isotherms show strong nonlinear-
ity and this method gives nonreliable values of anisotropy
constants.

In the following, we present an approach for extracting
anisotropy constants when the S-T isotherms become non-
linear. The minimization of magnetic free energy described
in Eq. (1), with respect to the reorientation angle 6 (being
the order parameter), gives the equilibrium configuration.
In this case, the relation between the zero-field differential
susceptibility for H||c and the anisotropy constants, the satu-
ration magnetization for H||c, and the demagnetization has the
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FIG. 3. (a) Temperature dependence of the anisotropy con-
stants K,, K;, and K, obtained by the area method and
Eq. (4) (open symbols). The closed symbols show K; and K,
obtained by the Sucksmith-Thompson method. (b) Temperature
dependence of the spin reorientation angle 6, as calculated
using K; and K,. The insets show schematically the spin ar-
rangement in easy-plane (EP), easy-cone (EC), and easy-axis
(EA) states.

following form (see Appendix A):

MZ(T)

XD = D) — 20k, + 2K

“

The resulting temperature dependence of K; and K, is shown
in Fig. 3(a). Below 50 K, the values of K; and K, agree well
with those obtained by the S-T method, corroborating the data
obtained through our approach. Considering the small con-
tribution of K3 cos 6 sin® 6 cos 3¢ to the total energy density,
including such a term will act as a small correction to the
Eq. (4) (see Appendix B).

When K3 is negligibly small, there is no preferred az-
imuthal direction, suggesting that the magnetic spin structure
can adopt an easy-cone state with degenerate orientations
around the c axis. In this scenario, the interplay between K
and K, governs the transition from the easy-axis (EA) to the
easy-plane (EP) state via the easy-cone (EC) state [82,85]. In
the EC state, the easy direction of the magnetization is tilted
away from both the hexagonal axis and the hexagonal plane,
i.e., 0 < 6 < 90°, and the rotation angle is defined by 6(T') =
arcsiny/—K; /2K, [11]. Figure 3(b) shows the temperature
dependence of 6, indicating that the transition from EP to EC
takes place at Tsg; =~ 40 K, when the condition —K; = 2K,
is satisfied. Upon heating in the easy-cone state, the magnetic
moments rotate gradually from the a axis towards the ¢ axis.
At Tsgr = 130 K, K| changes sign, defining the transition to

(a (b)
1
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: ©
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2 2
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So2
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FIG. 4. Neutron diffraction. (a) The rocking-scan intensity of the
(003) Bragg peak at different temperatures. The data were offset for
clarity by the dashed lines. (b) The temperature dependence of the
integrated intensity (area) of the (003) Bragg peak. The inset shows
the calculated spin reorientation angle 6. The red curve is a guide to
an eye.

the easy-axis state. Such a transition at Tsg; and Tgg; is of a
second order [85].

The angle of SR was additionally calculated from the
ratio of low-field magnetization for H||a and H||c for the
internal magnetic field H; =5 Oe using the relation 6’ =
arctan(M,/M.) [see Fig. 2(f)]. The calculated 6’ also shows
gradual decrease with increasing temperature, being in qual-
itative agreement with our magnetization and the Mossbauer
studies [48].

For an independent quantification of the SR angle, we
performed single-crystal neutron diffraction experiments.
According to the neutron polarization factor, the scattering
intensity vanishes when the neutron momentum transfer Q
aligns with the magnetic structure factor Mq. Therefore, it
is convenient to track the in-plane projection of the spin upon
its canting by the intensity of the allowed Bragg peaks of the
indexes (00L), where L = 3,6, 9, ..., 3n. Indeed, when the
spins are strictly oriented along the ¢ axis, the (O0L) peaks
contain only the nuclear intensity and no magnetic contribu-
tion. As soon as the spins deviate from the c axis, the Q || Mg
condition is no longer fulfilled, and a finite magnetic intensity
o Sap appears on top of the nuclear Bragg peaks.

Figure 4(a) shows the intensity of the Bragg peak (003)
collected by rotating the crystal around its [100] at a fixed
detector angle of 260 = 41.21° (rocking scan). As can be seen,
the measurements reveal almost identical Bragg peaks at 285
and 135 K, whereas the peak intensity significantly increases
at a lower temperature of 5 K. To analyze its temperature
evolution, we plotted the total intensity integrated over the
rocking angle of the [003] peak in Fig. 4(b). The flat curve
from room temperature down to ~130 K suggests the spins
remain along the ¢ axis and only the temperature-independent
nuclear intensity is recorded. Below this temperature, the
intensity shows a gradual increase over a wide temperature
range down to ~40 K, after which it saturates. Assuming that
the spins are fully in-plane at the lowest temperature and that
the magnitude of the magnetic moment does not significantly
change below Tgg, we can follow the temperature dependence
of the SR by the 6 angle (8 =0 when M || ¢) estimated
from neutron diffraction, as shown in the inset of Fig. 4(b).
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FIG. 5. Evolution of the magnetic domain patterns illustrated
using MFM contrasts. Panel (a) shows dendritelike domains with
an out-of-plane component of magnetization measured at 120 K.
Panel (b) shows a stripe domain pattern forming at 80 K. Panel
(c) illustrates the lack of out-of-plane contrast at 40 K.

This rotation of magnetic moments from the ¢ axis to the
a axis should lower the symmetry by breaking the threefold
rotational symmetry for any 8 > 0. The fact that the symmetry
lowering from the trigonal state to an orthorhombic state has
not been observed by our high-resolution x-ray study may be
due to (a) the weakness of the corresponding distortion and/or
(b) the restoring of the trigonal symmetry in the macroscopic
sense due to the coexistence of the energetically equivalent six
domains of the EP state.

For an independent confirmation of the SR in our Fe;Sn,
single crystals, the magnetic domain patterns were imaged by
MFM in zero field on the as-grown ab plane of the crystal
shown in the inset of Fig. 2(f). Figure 5(a) shows the MFM
pattern at 120 K, revealing a dendritelike fern contrast. This
is similar to the domain pattern at 300 K which previous
work showed to arise from magnetization pointing upward
and downward along the ¢ axis (see, e.g., Refs. [56,62,63]).
We note that the fern pattern is caused by surface branching of
the underlying domains, and therefore the domain patterns ob-
served here with MFM in Fe;Sn; do not reflect the magnetic
microstructure in the bulk. Indeed, such dendritelike domain
patterns have been reported to be characteristic of uniaxial
easy-axis magnets [86]. With cooling down to 80 K, where
the magnetic easy axis is already tilted away from the ¢ axis
according to our magnetometry and neutron diffraction re-
sults, the MFM contrast undergoes gradual changes, namely,
the dendritelike structure transforms to a more simple stripe
domain pattern. Similar transformation of magnetic domains
in Fe;Sn, thin plates was reported to result from tilting of
spins away from the ¢ axis [87]. With further cooling to
40 K, the stripe pattern vanishes. In fact, in Fig. 5(c) the mag-
netic contrast caused by out-of-plane stray fields disappears,
indicating that the sample becomes in-plane magnetized. In
that case, vortices and antivotices (also termed in-plane flux
closure domains) are expected to form, as shown for the easy-
plane ferromagnet Fe;Sn [83]. These results are qualitatively
in agreement with MFM results reported in Refs. [63,65] and
clearly demonstrate the onset of SR from a high-temperature
easy-axis state to a low-temperature easy-plane state.

A quantitative analysis of the magnetic behavior at the
micrometer-length scale is usually obtained by micromagnetic
simulations, which can provide a comprehensive description
of MFM images. In combination with density functional
theory, these simulations can consider various forms of ex-
change interactions and anisotropies. While here we focus

on the analysis of the temperature-dependent SR process,
MFM imaging is only used to provide another independent
confirmation of the SR. A multiscale approach reproducing
the magnetic patterns observed in zero as well as finite mag-
netic fields will be presented in a forthcoming work.

IV. CONCLUSION

In conclusion, we have investigated the temperature-driven
spin reorientation in the topological kagome ferromagnet
Fe;Sn, by high-resolution synchrotron x-ray diffraction,
magnetometry, neutron diffraction, and MFM techniques sup-
ported by phenomenological analysis of magnetic anisotropy.
Our study reveals an intermediate easy-cone state that appears
during the reorientation from the easy-plane state towards the
easy-axis state. Although spin reorientation is accompanied
by a weak magnetoelastic effect, no lowering of the crystal
symmetry from trigonal could be resolved down to the lowest
temperatures. The temperature dependence of the first- and
second-order anisotropy constants, K; and K, and the evo-
lution of the magnetic structure factor Mq(7') show that the
easy-cone state is stable between Tgg; =~ 40 K and Tgsro ~
130 K. The spin reorientation angle 6, determined from the
magnetometry and neutron diffraction data, exhibits a grad-
ual change between Tgg; and Tsgry. Furthermore, zero-field
MFM images across the SR range evidence a transformation
in magnetic contrast, from a dendritic structure at 120 K to
well-defined domain walls at 40 K, providing a direct visual-
ization of spin reorientation in Fe3Sn,. Our phenomenological
analysis highlights the dominant role of competition between
anisotropy constants. These findings provide a clear insight
into the nature and dynamics of spin reorientation in topolog-
ical magnet Fe;Sn,, highlighting its fundamental role in the
evolution of magnetic anisotropy.
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APPENDIX A: THE FORMULA OF DIFFERENTIAL
SUSCEPTIBILITY

In the following we present a brief description of the
derivation of Eq. (4). To simplify formulas, we introduce
the reduced parameters: k = K; /K, A = M;H/K>, and B =
DM?/(2K>). The free energy is a functional of applied field
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and temperature and contains besides the Zeeman term the
demagnetization energy contribution:

E — Ky

2

=ksin? 0 + sin* @ — A cos8 + Bcos> 6.
(AD)

The substitution with a variable y = cos 8 = M| /M, leads
the free energy into a fourth-order expression in y. The

J

E[k,A,B]=

equilibrium configuration for the orientation of the magnetic
moments is found by minimization with respect to the re-
orientation angle 6 = arccosy. Conventionally, this angle is
measured with respect to the ¢ axis. The partial derivative
with respect to y, dE[k, A, B]/dy = 0, therefore produces a
third-order equation that is analytically solvable. Two of its
complex solutions are discarded, and the real solution has an
analytical form:

—48 + 24B — 24k

[4324 + /186624A% + 4(—48 + 24B — 24k)*]'/3
y = -

12 x 2173

The above equation represents, in fact, the reduced mag-
netization M| /M, with M, being the magnetization along the
applied field and M, the saturated magnetization (as described
in the main text). Accordingly, the differential susceptibility is
computed as a derivative of magnetization with respect to the
applied field:

dMy _ M7 dy
), Ty = S0 Moy
dH ~ K, dA

(A2)
Within the reduced variables taking the derivative with respect
to the variable A, dy /dA, finally the limit A — 0 gives

(k, A, B)| = i !
X ’ ’ A—0 — K2 2(—2+B—k).

(A3)
Inserting back the forms of the reduced variables B and k leads
to the form presented as Eq. (4).

APPENDIX B: THREEFOLD ANISOTROPY
CORRECTIONS

In a more general framework considering also the possibil-
ity of the existence of threefold in-plane anisotropy, we derive
in the following the corrections to the static susceptibility.
The total energy density for a rhombohedral system reads as
follows:

Eglk,A, B,C] = E[k, A, B] + C cos 0 sin® 0, B1)

with C = (K3/K;)cos3¢, where ¢ is the azimuthal angle
and E[k, A, B] has the form of Eq. (Al). In most cases,
the (K3) contribution is orders of magnitude smaller than K;
and K;. A complication in solving for the additional term
of energy density constitutes the product term cos 6 (sin ).
We considered the decomposition of this product in terms
of Legendre polynomials [P;(cos@)] up to the sixth order:
(sin@) ~ 1 — %c0529 + %cos“@ + %00569, and we took a
further simplification up to its second term. Following a simi-
lar prescription by introducing the variable y and solving for
the variable y, the equation d0E[k, A, B, C]/dy = 0 provides
us a third-order equation in y, similarly with one real and

6 x 22/3[432A + /186624A% + 4( — 48 + 24B — 24k)3]1/3

(

two complex solutions. For the physical (real) solution, the
corresponding susceptibility is obtained in vanishing fields
according to Eq. (A2). In order to reveal the correction due
to the additional term proportional to C in the energy density,
we further expand the susceptibility in series for small C
values. As the first order cancels, the second-order correction
to Eq. (A3) is

x(k,A,B,C)|as0 =~ x(k, A, B)|aso

M?3 —4+3B -3k

S—— % (B2
K, 8 (—2+ B —k)* B2)

+

Thus, we have shown that the threefold in-plane anisotropy
addition is possible and this provides second-order correction
to the static susceptibilities. However, considering the small-
ness of K3, the C correction can be neglected in the case of
Fe3sn2.

APPENDIX C: DEMAGNETIZATION EFFECT

Figure 6 presents the experimental as-measured magneti-
zation curves [M (H,y, )] in comparison with magnetization as
a function of the internal magnetic field [M (H;)] calculated as
H; = H — DM. This figure demonstrates the dominant effect
of demagnetization for H|c.

2+t J 2
E L’GE _HOHex
i — HoHex i — TR
21 —1oH; T 1 A
S S

Hllc Hlla
0 __T=2K] 0 , T=2K]
0.0 0.5 1.0 1.5 0.0 0.1 0.2
koM (T) HoH (T)

FIG. 6. Demagnetization effect on the magnetization curves of
Fe;Sn,. woH,, stands for external magnetic field and uoH; is the
internal magnetic field.
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