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ABSTRACT

We report the magnetic anisotropy of kagome bilayer ferromagnet Fe;Sn probed by the bulk magnetometry and magnetic force microscopy
(MFM) on high-quality single crystals. The dependence of magnetization on the orientation of the external magnetic field reveals strong easy-
plane magnetocrystalline anisotropy and anisotropy of the saturation magnetization. The leading magnetocrystalline anisotropy constant shows a
monotonous increase from K; &~ —1.0 x 10°J/m? at 300K to —1.3 x 10°J/m? at 2K. Our ab initio electronic structure calculations yield the
value of total magnetic moment of 7.1 p/f.u. and a magnetocrystalline anisotropy energy density of —0.57 meV /f.u. (—1.62 x 10°J/m?) both
being in reasonable agreement with the experimental values. The MEM imaging reveals micrometer-scale magnetic vortices with weakly pinned
cores that vanish at the saturation field of ~3 T applied perpendicular to the kagome plane. The observed vortex-domain structure is well repro-
duced by the micromagnetic simulations, using the experimentally determined value of the anisotropy and exchange stiffness.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155295

Magnetic compounds with kagome-lattice arrangement of spins
have recently attracted much attention due to their unusual magnetic
and electronic properties related to the specific topology of their elec-
tronic band structures.' ® Recent theoretical and experimental studies
have demonstrated that the existence of flat bands, nodal points, and
nodal lines appearing close to the Fermi energy significantly affects
magnetic,” magneto-transport,'’”'* and magneto-optical *'® proper-
ties of kagome materials. They provide an exceptional platform to
study electronic band topology and its interplay with magnetic spin
and orbital degrees of freedom.

The precise quantification of magnetic anisotropy is the pre-
requisite to understand the diversity of magnetic spin structures,
for which kagome magnets offer a fertile ground.'” Moreover, the
magnetic anisotropy in interplay with the Dzyaloshinskii-Moriya
interaction, competing and frustrated exchanges, or dipole-dipole
interactions, can affect the spin textures, in the case of conven-
tional domain walls, vortices, and skyrmions.'® * The competition
between the magnetic anisotropy and dipole-dipole interaction
in the easy-axis magnets can stabilize magnetic bubbles and
skyrmions in finite magnetic fields.”'”***> The magnets with
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easy-plane anisotropy can develop magnetic vortices and anti-
vortices.”” "

In this paper, we investigate the magnetic anisotropy of the itin-
erant kagome system Fe;Sn, a member of iron stannides family
Fe,Sn,. Depending on the ratio of x : y, ie., the stacking of kagome
layers, these compounds realize different crystal structures and differ-
ent magnetic ground states. For example, FeSn crystallizes in a struc-
ture with P6/mmm space-group symmetry and below 365K, it is an
easy-plane antiferromagnet with ferromagnetic arrangement of spins
within each kagome layer.”' ** On the other hand, Fe;Sn, crystallizes
in the R3m symmetry with stacking kagome bi-layers separated by the
hexagonal tin layer’"”* and it is an easy-axis ferromagnet below
612 K.”” This compound shows skyrmion bubbles at room tempera-
ture®”* and a spin reorientation effect, when the easy axis of magneti-
zation gets tilted toward the kagome plane’* * at low temperatures.
A third type of the kagome stacking is realized in Fe;Sn, which has a
structure of P6;/mmc symmetry and exhibits ferromagnetic order
below 743 K.+

The crystal structure of FesSn is shown in Figs. 1(a) and 1(b).
The ab layer consists of a kagome lattice of two sizes of equilateral Fe
triangles with Sn atoms in the center of the kagome plane. The unit
cell of Fe;Sn contains two adjacent, laterally displaced kagome layers,
separated by half of the lattice constant along the ¢ axis. Early studies
reported a ferromagnetic behavior with spin moment oriented along
the ¢ axis.”>" In contrast, a recent analysis of magnetic properties of
Fe;Sn by Sales e al."’ and Fayyazi et al."' performed on field-oriented
polycrystalline powder and very small crystals with a mass of 10 ug,
implied predominantly in-plane orientation of the magnetization with
the magnitude of easy-plane anisotropy K; = —1.8 x 10°J/m> at
300K.

Here, we report the detailed magnetometry studies and micro-
scopic imaging of the magnetic domain pattern performed on high-
quality bulk single crystals of Fe;Sn. The experimental results are sup-
ported by ab initio electronic structure calculations and micromag-
netic simulations. A typical as-grown Fe;Sn crystal is shown in the
inset of Fig. 1(c). The energy-dispersive x-ray analysis found an excess

ARTICLE pubs.aip.org/aip/apl

of Fe < 1%, indicating a nearly ideal stoichiometry of our samples.
Single-crystal x-ray diffraction study revealed the hexagonal P65 /mmc
(#194) space group symmetry and showed no traces of impurity
phases. The structural parameters obtained from the single-crystal
refinement are summarized in the supplementary material.

The temperature-dependent magnetization measured on heating
in 1T applied along the a axis reveals a steep increase below 750 K
indicating the onset of ferromagnetic order, as shown in Fig. 1(c). The
Curie temperature of T¢ = 705 K was extracted from the minimum
in the temperature derivative of the magnetization [see the inset of Fig.
1(c)] and is close to the previously reported data for polycrystalline
samples.”"”*

Figure 1(d) shows the field-dependent magnetization curves,
M(H), measured at 2K for magnetic fields applied along three orthog-
onal directions. Two directions are in the ab plane, [1210] and [1010],
and the hexagonal ¢ axis (equivalently [0001]) is the third direction.
The magnetization within the ab plane reaches the saturation already
at ~1T. We found that the saturation in the ab plane is reached in
nearly the same field for H||[1010] and H||[1210], indicating very
small anisotropy in this plane. For fields along the ¢ axis, the saturation
takes place at higher fields, above 3 T.

The magnetocrystalline anisotropy constant (K,,) within the ac
plane was calculated from the hysteresis curves using an “area meth-
0d,”** considering the difference of the integrals féw * HdM for the field
orientations along the a and ¢ axes. We obtained the value of K,
= —1.27 x 10°J/m? at 2K, which decreases to —0.97 x 10° J/m? at
room temperature. As pointed out above, and shown in the inset of
Figs. 1(d) and S2, the anisotropy in the ab plane is very weak. The
sixth-order anisotropy constant calculated from the measurements in
the ab plane has the value of 2.3 x 10*J/m® at 2K and 1.8
% 10*J/m? at 300 K. Thus, the anisotropy in the ab plane is nearly two
orders of magnitude weaker than the anisotropy along ¢ axis, which
reveals the easy-plane character of the anisotropy in ferromagnetic
Fe;Sn.

The inset in Fig. 1(d) shows the temperature dependence of the
magnetization measured in 7 T. The value of the saturation moment is

(@) ©Fe @Sn © i
o %o %6 o9 °l ’l
N S A
a = =
b ¢ £ 4r = 5 i is-
2T 2 S -
s i s 2 o HJ|[1210]
212 ‘l, 2t s o H| [1010]
\;_3 6.0 e H| [0001] A
® T a =
s 2K 0 T (K) 300
O 500 600 700 800 ; _ oH . . . .
0 400 800 0 2 4 g
T (K) HoH (T)

FIG. 1. (a) Schematic representation of the crystal structure of layered Fe;Sn. Transparent and bold atoms are from different planes. (b) The Fe;Sn kagome lattices as viewed
along the ¢ axis. (c) The temperature-dependent magnetization of Fe3Sn single crystal measured in 1 T applied along the a axis. The up-right inset shows an as-grown Fe;Sn
single crystal on a millimeter-scale paper. The left-bottom inset shows the first derivative of the temperature-dependent magnetization with the Curie temperature T¢ as the
location of the minimum. (d) Magnetization curves measured at 2 K in magnetic fields applied in two directions in the ab plane and along the ¢ axis. The inset shows the tem-
perature dependence of the magnetization in 7 T for three crystallographic directions.
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2.27 up/Fe at 2K for field in the ab plane, which is ~2% larger than
the saturation value of the magnetization along the ¢ axis. Although
this difference is rather small, it cannot originate from the demagneti-
zation effects, since the sample has a circular shape in the ac plane (see
Fig. S1) and it is in a single domain state. Additional measurements
(not shown here) revealed that this difference is present up to fields as
high as 14 T suggesting its relation to orbital effect.

The angular dependence of the magnetization M(¢) was mea-
sured on the same cylindrical-shaped sample with similar demagneti-
zation factors in the ac plane. Figure 2(a) shows the M(¢) curves
measured in different magnetic fields at 300 K. Here, ¢ is the angle
spanned by the magnetic field and the ¢ axis [inset of Fig. 2(b)]. In low
fields, M(¢) exhibits a minimum in the field parallel to the ¢ axis and
a maximum in the field parallel to the a axis. With increasing magnetic
field, the difference between the values of the magnetization in these
directions is reduced. In fields above 2 T, M(¢) changes its functional
form. Upon saturation, a local maximum develops also for the field
applied along the ¢ axis and a minimum at the intermediate angles.
The anisotropy constants were determined from the fit to the M(¢)
curves measured in the fully spin polarized state to avoid complica-
tions due to the presence of the magnetic domains.

[c] la]
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FIG. 2. (a) Angular dependence of the magnetization measured in different fields at
300K. (b) The fit to the experimental data measured in 4 T. The inset shows a
schematic representation of the angular-dependent measurements within the ac-
plane. Here, 0 is the angle between the magnetization Ms and the ¢ axis, and ¢ is
the angle between the ¢ axis and applied magnetic field H.
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The angular dependence of the magnetization was fitted based
on commonly used phenomenological expression for the magneto-
crystalline anisotropy energy (MAE) for a hexagonal ferromagnet,

E4 = Kj sin?0 + K, sin?0 + K sin®6 cos 6\, 1)

where K, K, and Kj are the first-, second-, and third-order anisotropy
constants, respectively. 0 is the angle spanned by the magnetization
with the ¢ axis, while ¥ denotes the angle between the projection of
the magnetization to the ab plane and the a axis. In our fitting, the K3
term is neglected, since our data show that the in-plane anisotropy is
less than 2% of the total magnetic anisotropy, as already mentioned.

By minimizing the total energy per unit volume described as E
= E4 + Ez (where Ey is the Zeeman energy), one can derive the fitting
formula for the angular-dependent magnetization with K; and K, as
fit variables,

sin 20(K; + 2K, sin?0) = —H,/M? — Mﬁ, )

where M| is the projection of M; on the applied field, which is mea-
sured in the experiment [see inset of Fig. 2(b)], and H is the applied
magnetic field (4 T, single domain state).

The fit to the angular-dependent magnetization using Eq. (1)
describes well the angular dependence of M(¢) well over the whole
angular range except for the immediate vicinity of the ¢ axis, where it
overshoots the experimental data (not shown here). From the fit, we
derived the value of the first anisotropy constant K; = —1.46
x10°]/m? at 2 K, which is comparable with K; = —1.34 x 10°]/m?
determined by the Sucksmith-Thompson (S-T) method (see below).*
The experimentally observed difference of M; for fields parallel and
perpendicular to the ¢ axis indicates an anisotropy (~2 %) of the g-ten-
sor, i.e., imply orbital contributions to the magnetization. Here, it is
necessary to notice that if the g-tensor anisotropy is completely negligi-
ble, the magnetization should point parallel to the applied field in the
high-field limit; hence, 0 in Eq. (1) and ¢ in Fig. 2(b) would become
identical.

To account for the observed anisotropy of the saturation magne-
tization, we used the approach developed by Alameda et al. and
Bolyachkin et al.*** (described in the supplementary material). This
fit [red curve in Fig. 2(b)] improves the description of the experimental
data significantly for angles close to the ¢ axis. By introducing correc-
tions for the angular dependence of the saturation magnetization, the
amplitude of the first anisotropy constant K; decreased by about
8% and K, by about 50%. Figure 3(a) summarizes the temperature
dependence of the anisotropy constants K; and K,, as determined by
two independent methods: (a) from the fits to the angular dependence
of the magnetization measured in 4 T (marked as the R method) and
(b) calculated from the magnetization curves along the ¢ axis, follow-
ing the modified (S-T) method, which considers the anisotropy of the
saturation magnetization.”” Both methods yield very close values of K,
(K; = —1.08 x 10° and —1.01 x 10°]/m? at 300 K), which shows a
monotonous increase with decreasing temperature, and at 2 K, the val-
ues of —1.35 x 10° and —1.34 x 10°J/m> for R and S-T methods
are obtained, respectively. These results are in contrast to the non-
monotonous temperature-dependent behavior of the anisotropy
reported by Fayyazi et al’' On the other hand, the second-order
anisotropy constant, K, being positive shows weak temperature
dependence and is by approximately one order of magnitude lower
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FIG. 3. (a) Temperature-dependent anisotropy constants Ky and K, as determined
from the angular dependence of the magnetization (R) and by the
Sucksmith-Thompson (S-T) methods. (b) The magnetocrystalline anisotropy con-
stant K, determined by the “area method” (Ar) is plotted together with Ky + K;
taken from panel (a). Lines are guides to the eye.

than K;. At 300K, we obtained K, = 1.5 x 10° and 2.7 x 10*]/m?
using the R and S-T methods, respectively.

To validate our calculation of the magnetocrystalline anisot-
ropy in Fe;Sn, in Fig. 3(b), we compare the sum of K; + K5, as
determined using the R and the S-T methods, with the anisotropy
constant K, as calculated using the “area method” (Ar). The values
obtained by the three methods agree within 4% at all temperatures.
The reason for the difference in the values of K; + K, for these
methods is mainly related to different values of K,. The source of
error of K, constant is unclear and may be related to different data-
sets for fitting: high-field magnetization data in the saturated state
in the R method and low-field data in the S-T method. However,
the value of K, derived from the R method should be taken with
precaution because of larger experimental error due to nonlinear
extension of the rotator spring and change of its elasticity with
lowering temperature.

The density functional theory (DFT) self-consistent computations
reveal that in the ferromagnetic ground state, the preferable magnetiza-
tion direction lies within the ab-plane. In the ferromagnetic ground
state, the values of Fe spin/orbital moments are of about 2.31/0.07 1
and the induced anti-parallel spin moment on Sn-sites is of about 0.12
ug. The total magnetic moment per formula unit is 7.1 pi5/f.u. and is
in good agreement with the experiment. In addition, our calculated
MAE by comparing the energy of the in-plane and out-of-plane spin

ARTICLE pubs.aip.org/aip/apl

axes is of about —0.57 meV /f.u. (—1.62 x 10°]/m?), consistent with
our experiment.

The presented magnetization data demonstrate that our bulk
crystal behaves as an easy plane ferromagnet. We used magnetic force
microscopy (MFM) to image the local magnetic textures on an as-
grown ab-plane. The contact mode topography image, Fig. 4(a), shows
that the surface is largely flat and any changes in magnetic texture are
likely to originate from the magnetic order. Figure 4(b) shows a repre-
sentative MFM image of the virgin zero-field magnetic state. The most
striking features are the discontinuities at the center of lines of con-
verging contrast, which are signatures of vortex cores: The origin of
the contrast is analyzed in the micromagnetic section below.

To confirm that the microstructure represents the bulk behavior,
we apply the saturation magnetic field of 3 T, perpendicular to our
sample surface. Figure 4(c) shows that the sample has reached a
mono-domain state, as expected from the bulk data. While Fig. 4(c)
shows that there are a few remaining areas of magnetic contrast, these
correlate with the changes in the topography seen in Fig. 4(a), and so
are unlikely to be solely magnetic in origin. A subsequent scan, after
the field is removed, Fig. 4(d), shows that the vortexes have reformed
but at different positions and with different geometries, showing that
the vortex microstructure is not pinned, as expected for an easy plane
ferromagnet. The more angular geometry of vortex cores, see the high-
lighted square in Fig. 4(d), is associated with larger stray fields; this
likely indicates that the microstructure, at 100 K, has not fully relaxed
to the virgin state on the timescale of our measurements, tens of
minutes.

In order to directly connect the images on vortex-domain micro-
structures to our bulk measurements, we use micromagnetic simula-
tion. The micromagnetic parameters were determined based on the
bulk magnetometry data and are used as input parameters to compute
the mesoscale magnetic patterns, as shown in Fig. 4(e) (for details, see
the supplementary material). Here, the small arrows and the color
map represent the local orientation of the magnetization vector. The
pattern is typical for an easy-plane magnet, with sets of vortex—
antivortex pairs, one of which is highlighted in Fig. 4(f) showing the
continuous in-plane rotation of the magnetization.

The calculated MFM signal for this magnetization pattern
[Fig. 4(g)] is in good qualitative agreement with the observed zero-
field states, e.g., Figs. 4(b) and 4(d), showing a series of vortex points
connected by domain walls. The simulations also show that the con-
trast at the walls depends on the exact nature of the magnetization
reorientation: Some walls have very sharp bright-dark features, while
others have smoother transitions, again, as observed in the MFM data.
Note that the in-plane closure domains with an MFM are well
established for thin Permalloys films or thin flakes Van der Waals fer-
romagnets'>*” but is not common for bulk crystals with easy-plane
magnetocrystalline anisotropy.

In conclusion, we have grown high-quality bulk single crystals of
kagome bilayer ferromagnet Fe;Sn and performed magnetization and
MEM studies. The studies revealed a strong easy-plane anisotropy
characterized by the first-order anisotropy constant K; ~ —1.0
x10°J/m> at 300K and —1.3 x 10°J/m? at 2K. Three independent
methods applied for the calculation of anisotropy constants in our
work provide values that are in good agreement with each other. The
DFT self-consistent computations reveal the easy-plane preferable
magnetization direction and provide atom spin/orbital moments and

Appl. Phys. Lett. 123, 021901 (2023); doi: 10.1063/5.0155295
© Author(s) 2023

123, 021901-4

8€:1Z: L1 ¥20z Aenuer ||


pubs.aip.org/aip/apl

Applied Physics Letters

ARTICLE

pubs.aip.org/aip/apl

Af(Hz) o

o

FIG. 4. (a) Topographic image collected in contact mode on an as-grown Fes;Sn ab surface, also imaged in the MFM scans in panels (b), (c), and (d). (b)-(d) MFM images,
recorded at 100 K, showing the shift in resonance frequency of the cantilever: Light/dark colors show an increase/decrease in the resonance frequency. (b) Extended domain
walls meeting at vortex cores in the zero-field state. (c) Uniform MFM signal, observed except in the vicinity of topographic features, indicate uniform magnetization in 3 T. (d)
The zero-field state after field treatment hosts a high density of vortices, some of which are much more angular in structure. The difference between the fully relaxed vortex
structure (b) and the metastable structure shortly after the removal of a field (d) is highlighted by the dashed circle and square, respectively. (e) Micromagnetic simulations of
the local orientation of the magnetization (gray arrows), viewed down the c axis. The false color code (bottom right) indicates the in-plane orientation of the magnetization vec-
tor. The clockwise and anticlockwise arrows stand for vortex—antivortex pairs. (f) Magnified view of one of the closure structures (vortices) in (€). (g) MFM response calculated

for the domain pattern in panel (e).

MAE values consistent with the experiment. Our MFM study further
confirms the system to be an easy-plane ferromagnet that contains a
rich microstructure of the magnetization pattern dominated by (anti)-
vortices. The experimentally observed MEM contrast is well repro-
duced by the micromagnetic simulations, using experimentally
determined values of the magnetic interaction parameters. Overall,
our bulk and microscopic experimental studies provide a reliable
approach to quantify magnetic anisotropy and spin arrangement of
the itinerant ferromagnet Fe;Sn, which is an important step toward
understanding complex magnetism emerging in kagome magnets.

See the supplementary material for details of experimental proce-
dures, analytical and DFT calculation, and single-crystal XRD refinement.
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