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Kagome lattice materials attract growing interest for their topological properties and flat-bands
in electronic structure. We present comprehensive study on the anisotropy and out-of-plane electric
transport in Fe3Sn2, a metal with bilayer of Fe kagome planes and with massive Dirac fermions
that features high-temperature non-collinear magnetic structure and magnetic skyrmions. For the
electrical current path along the c-axis, in micron-size crystals, we found a large topological Hall
effect (THE) over a wide temperature range down to spin-glass state. Twofold and fourfold angular
magnetoresistance are observed for different magnetic phases, reflecting the competition of magnetic
interactions and magnetic anisotropy in kagome lattice that preserve robust THE for inter kagome-
bilayer currents. This provides new insight into the anisotropy in Fe3Sn2, of interest in skyrmionic-
bubble application-related micron-size devices.

Intrinsic anisotropy is one of the most important
questions to be addressed in diverse scientific disci-
plines including topological and correlated electron
nanotechnology [1–7]. Strong electronic correlations
and topology with strong spin-orbit coupling (SOC) are
widely recognized as fundamental sources of novel states
of matter and technologically important material prop-
erties [8–14]. Topological Hall Effect (THE) and angular
magnetoresistance are quintessential embodiment of this
concept. Moreover, skyrmion spin textures with a local
spin chirality will induce a Berry phase to the wave func-
tion of conduction electrons and then make additional
contribution to the Hall resistivity ρxy [15–18]. Since
this additional contribution to the Hall effect originates
from the topological spin texture, the term topological
Hall effect is coined. THE has been observed in metallic
skyrmion-hosting materials which show non-collinear
ferromagnetic spin structure [19–21]. On the other hand,
anisotropic magnetoresistance (AMR) in ferromagnets
depends on the orientation of the magnetization with
respect to the electric current direction in the mate-
rial. It is sensitive to electronic structure, frustrated
interactions, spin-orbit coupling, and magnetocrystalline
anisotropy that also affect magnetic domain structure
and consequently skyrmionic bubbles [22–27]. Although
AMR and THE are rather important to assess the po-
tential applications of skyrmions as information carriers
in magnetic information storage and processing devices,
the understanding of their microsopic mechanism and
underlaying anisotropy related to spin-orbit coupling is
still poor.

The kagome structure is a hexagonal mesh lattice
which is named after the traditional Japanese woven
bamboo pattern. Materials with a kagome structure ex-
hibit many exotic physical properties such as quantum
spin liquid, topological insulating states, Dirac or Weyl

fermions, and magnetic skyrmions [25, 28–31]. In par-
ticular, for the geometrically frustrated kagome bilayer
metallic Fe3Sn2 magnet, a large anomalous Hall effect
(AHE) and massive Dirac fermions have been reported
[32, 33]. In addition, recent studies on Fe3Sn2 have con-
firmed that topological spin textures exist over wide tem-
perature and magnetic field (T -B) regions and a many-
body spin-orbit tunability emerges at low temperature
[25, 34, 35]. Stable skyrmionic spin textures in Fe3Sn2
appear at the room temperature and can be manipulated
by confinement in real devices [26, 27, 34, 36–38], which
is of considerable importance. Whereas Hall effect and
its possible topological contribution have been investi-
gated before in bulk crystals of Fe3Sn2 [32, 39–41], such
studies have all been undertaken for the in-plane current
flow and magnetic field applied along the c-axis.

In this letter, we have studied interlayer transport
by using focused ion beam (FIB) nanofabrication for
the precise current path along the c-axis and in the
hexagonal plane of micron-size Fe3Sn2, commonly
used in applications [26, 27]. We not only delineate
anisotropy of the Hall tensor by directional transport,
but we also show for the first time the existence of THE
and skyrmion bubbles when the magnetic field is applied
in the hexagonal plane for the out-of-plane direction
of current. Surprisingly, large THE is observed in the
temperature region where magnetic skyrmions form,
as well as at lower temperature where geometrically
frustrated magnet enters the spin-glass state. Then, for
the in-plane magnetic field direction, we present indirect
insight into magnetocrystalline anisotropy and exchange
interactions via angular magnetoresistance. We observe
a fourfold AMR in a wide temperature and field range.
The evolution of fourfold to twofold AMR [42–46] is
consistent with the spin-reorientation due to magnetic
anisotropy and the competition of magnetic interactions.
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FIG. 1. The construction and photos of Hall bars for the
current flows both along the c-axis (S1) and in plane (S2) (a-
c). I is the direction of electrical current and V 1, V 2 and V 3
are leads for voltage measurement. (d) Resistivity for both
samples. We show bulk ab plane resistivity for comparison.
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FIG. 2. Magnetization vs B for crystal before nanofabricaton
for magnetic field B//ab plane (a) and B//c axis (b). MR
and ρxy vs B for S1 and S2 (c-f). Insets in (e,f) show enlarged
5 K data. (a-b) and (c-f) use the same legend, respectively.

As the crystal surface is vertical to the c-axis [47–50],
the FIB system is used for preparing Hall bars with
long sides along in-plane and out-of-plane direction, as
shown in Figure 1(a)-(c). The sample with out-of-plane
long side is labeled S1 for current path along the c-axis
and the sample with long in-plane direction is S2 for

current path in the ab-plane. The longitudinal resistance
measured as Rxx = (V1 − V2)/I, and Hall resistance
measured as Rxy = (V3 − V 1)/I are converted to resis-
tivity using ρ = RA/l where A is a crosssection and l is a
current path distance. The Hall and magnetoresistance
of S1 are ρzy and ρxx, respectively, as shown in figures.
For consistency and in order to avoid confusion, we
use ρxx and ρxy to denote the magnetoresistance and
Hall effect for both S1 and S2 in the text. Figure 1(d)
shows the longitudinal resistivity under 0 and 9 T fields
for both samples. Both samples show good metallic
resistivity.

Figures on the left column of Figure 2 [Figure 2(a),
2(c) and 2(e)] show measurements relevant to sample S1.
Figure 2(a) is the magnetization (M), measured on a
crystal before device fabrication, with the magnetic field
B parallel to the ab-plane, which is the same magnetic
field direction applied to sample S1 during current flows
[Fig. 1(b)]. Figure 2(c) and 2(e) are measurement on
S1 and show the magnetic field dependence at several
temperatures of the magnetoresistance (MR) and the
Hall resistivity, respectively. MR is defined as [ρxx(B)-
ρxx(0)]/ρxx(0)×100. The images on the right column in
Figure 2 [Figure 2(b), 2(d) and 2(f)] are the equivalent
images to the ones on the left column, but applied to S2
where current path is confined by FIB in the hexagonal
plane. The data of S2 are consistent with the reported
measurements where the current was flowing in ab-plane
of bulk crystal [32]. For both S1 and S2, the magne-
tization saturates at relatively low field. In a magnetic
material, the total Hall resistivity is described as the sum
of three terms:

ρxy = ρNxy + ρAxy + ρTxy

= R0B + SHρ2M + ρTxy
(1)

where ρNxy is the normal Hall resistivity due to the
Lorentz force and R0 is the ordinary Hall coefficient
[18, 51]. ρAxy is the anomalous Hall resistivity which
gives rise to the anomalous Hall effect that contains
both an intrinsic Berry phase-related contribution and
an extrinsic side jump and skew scattering-related
contribution. For the intrinsic AHE, SH is a constant
because intrinsic anomalous Hall conductivity is linearly
proportional to M [18, 47, 52]. The last term ρTxy is the
topological Hall resistivity from the non-collinear spin
texture with non-zero scalar spin chirality [15–18].

R0 derived from S1 is positive, indicating dominant
hole-like carriers for the out-of-plane conduction. This
is opposite to the results of S2 where R0 is negative
indicating electron-type carriers, in agreement with a
previous report [32]. The apparent carrier density n0

calculated from R0 is shown in Figure 3(a). Opposite
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FIG. 3. Temperature dependence of (a) the apparent carrier density and (b) SH for both samples. (c) and (d) show ρTxy as

function of B at selected temperatures for S1 and S2 respectively. The contour plots correspond to (e) ρTxy,S1(T,B) and (f)

ρTxy,S2(T, B) for T between 5 K and 300 K and B from 0 to 1.8 T. The open symbols represent critical fields of different magnetic
phases from Ref. 25. The field direction of the regenerated phase diagram is B//c. Color intensity maps show results in this
work. (g) and (h) show Lorentz transmission electron microscopy (LTEM) images taken at 300 K and 104 K, respectively, with
defocus value +576 µm. The inset in (g) shows the spin configuration.

signs for in-plane and out-of-plane carriers indicate
strong anisotropy in the electronic structure. Both
SH for S1 and S2 are positive [Figure 3(b)]. The
former is about 5 times of the latter at T > 100 K.
Its absolute value is comparable with those in typical
ferromagnetic (FM) materials and other kagome metals,
such as Fe (0.06 V −1), MnSi (−0.19V −1), Mn3Sn
(0.07 − 0.24V −1), YMn6Sn6 (0.04 − 0.07V −1), and
Co3Sn2S2 (0.05V −1) [53–56]. In our measurements,
the in-plane Hall resistivity (S2) shows almost no
AHE at low temperature [47] while the AHE not only
exists in out-of-plane measurements at low temperature,
but also gives a large SH around 1V −1 [Figure 3(b), [47]].

ρTxy is estimated by subtracting ρNxy and ρAxy [47]. As

shown in Figure 3(c) and (d), ρTxy has non-zero values
only at low field regime for both samples. When the
field is high, which leads to a fully polarized state,
ρTxy vanishes and the other two terms dominate. In
low magnetic fields, at temperature higher than 100
K, the absolute value of ρTxy increases with increasing

temperature, reaching the maximum values of ρT,max
xy,S1

=

-1.35 µΩcm and ρT,max
xy,S2

= -0.54 µΩcm. The maximum
value for S2 is consistent with a former report but the
behavior differs from report above T = 200K. ρTxy,S2

shows another positive peak to the right of the negative
peak with a maximum positive intensity of 0.24 µΩcm
at 300 K [40]. The difference of critical B values with
the former report may come from the reduced sample
size. This suggests the THE in Fe3Sn2 sample S2 for

B along the c-axis may come from both topological
nontrivial state and non-collinear/non-coplanar spin
configuration in real space [57]. At lower temperature,
ρTxy,S2

disappears just like ρAxy whereas ρTxy,S1
for S1 still

exhibits a peak value of -0.77 µΩcm.

The relationship between field-induced magnetic struc-
ture and emergent anisotropy becomes clear if we com-
pare the field range of non-zero ρTxy [Figure 3(e,f)] with
the reported phase diagram where magnetic field B//c
[Figure 3(f) open symbols] [25]. For ρTxy,S1

, the current is
along the c-axis and the field is inside the ab-plane. When
the temperature decreases below 100 K, the magnetic
anisotropy for Fe3Sn2 changes its easy orientation direc-
tion from c-axis to ab-plane [58]. With increasing field
and magnetic anisotropy, the spin glass is destroyed and
this may lead to non-collinear/non-coplanar spin configu-
ration which contributes to the THE. In the region above
T ≈ 125 K, ρTxy only shows large values in the bubble
or skyrmion bubble phases where topologically nontriv-
ial magnetic structures with large spin chirality exist. In
Figure 3(e), the contour plots show a clear boundary (yel-
low area). As the magnetic phase diagram for B//ab is
hitherto unknown, our results show possible areas where
topological nontrivial phases may exist. For ρTxy,S2

, the
negative peak is in the bubble phase while the positive
peak is in the skyrmion bubble phase.

In order to study the spin-reorientation and possible
topological nontrivial spin structure in S1, which will
give an intuitive understanding of the THE, we show
the Lorentz transmission electron microscopy (LTEM)
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images taken at 300 K and 104 K in Figure 3(g) and (h),
respectively. Based on the electron diffraction patterns
[47], the c-axis is indicated in the images. At 300 K
[Figure 3(g)], stripe domains with spin directions along
the c-axis are separated by either bright or dark lines.
Yellow arrows indicate spin directions for domains.
The bright and dark lines are domain walls with the
out-of-plane spins (spin directions are in the imaging
direction). At the sample edge, small triangular domain
indicated with a rectangle in Fig. 3(g) can be considered
as a precursor of skyrmionic bubble when viewed along
the c-axis. Upon cooling to 104 K, the domain walls
rotate about 90◦ without changing the domain wall
contrast (bright or dark). In addition, the triangular
bubbles are rotated by 90◦, indicated with green circles.
The 90◦ rotation of domain walls and bubbles indicates
a clear 90◦ spin reorientation transition. The spin
reorientation occurs in the range of temperature from
170 K to 110 K upon cooling. In this TEM sample, the
spin reorients from the c-axis to the [1120] direction (an
in-plane direction in thin TEM lamella). As a result, the
skyrmionic bubbles in the ab-plane at room temperature
will be destabilized across the 90◦ spin reorientation
transition, consistent with our THE measurements.
Skyrmionic bubbles may form in the plane perpendicular
to the c-axis below the 90◦ spin reorientation transition.
We note that the triangular domain [Fig. 3(g) inset] has
a singular Bloch point where two antiparallel domains
and two side domain walls meet. This spin configuration
is similar to the chiral bobber structures in FeGe [59],
coexisting with skyrmion phases over large magnetic
field and temperature range.

For insight into the contributions of magnetic interac-
tions to electronic transport, we studied the AMR for
sample S1 (Figure 4). The relationship between current,
magnetic field, and rotation direction is shown in Figure
4(a). When the field is perpendicular to the current, θ is
0◦. Figure 4(a) is a magnetic phase diagram from Ref.
25. We selected eight points P1-P8 at different magnetic
phases and the AMR results for these points are shown
in Figure 4(b)-(i). A fourfold AMR is clearly revealed
at several points. There is assymetry, i.e. the values at
0◦ and 360◦ are different from 180◦ at low temperature
which may come from the magnetic anisotropy [47]. The
AMR in cubic crystals can be fitted by a phenomenolog-
ical model [23, 60]:

ρxx(θ) = C0 + C1cos
2θ + C2cos

4θ (2)

In order to introduce the magnetic anisotropy and
fit the observed data, we add another phenomenological
term into this model:

ρxx(θ) = C0 + C1cos
2θ + C2cos

4θ + C3sin
2θ (3)

As the AMR depends on the orientation of the mag-
netization with respect to the electric current direction,
it is important to confirm the magnetic ground state of
the system [61]. The ground state of Fe3Sn2 honeycomb
lattice is determined by the relation between competi-
tion of ferromagnetic (FM) and antiferromagnetic (AFM)
exchange interactions and magnetic anisotropy which
may come from Kitaev-type interactions [62]. Mag-
netic anisotropy changes with temperature and there is
a spin glass to FM state/skyrmionic state transition,
where both magnetic interactions competition and ex-
change anisotropy exist. That could explain the evolu-
tion of AMR behavior. Both P1 and P2 points are in the
spin glass state where the competition of exchange in-
teractions is strong and there is an easy-plane (ab-plane)
anisotropy. With increasing field from P2 (0.8 T) to P1
(9 T), when the external magnetic field is strong enough
to overcome the magnetocrystalline anisotropy field, the
spin distribution should be completely determined by
the field direction which favors FM spin configuration.
This is equivalent to increasing ratio factor α that mea-
sures the relative magnitude of FM and AFM exchanges,
with fixed anisotropy factor µ that measures the Kitaev
exchange anisotropy along the c-axis, see [47]. Hence,
the ground state changes from twofold to fourfold state.
When temperature increases from P2 (45 K) to P4 (85
K), the spin rotates from inside the ab-plane to along
the c-axis and the peak of the change occurs at ≈ 120
K around P6. Then the twofold to fourfold AMR [black
arrows in Figure 4(i)] evolution could be explained by
the increasing magnetic anisotropy in P7 and P8, respec-
tively. Figure S4 in [47] shows the approximate evolu-
tion of exchange interactions competition and magnetic
anisotropy among the eight selected points.

In summary, we present comprehensive study of elec-
tronic transport anisotropy in micron-size Fe3Sn2 crys-
tals with emphasis on hitherto unknown kagome inter-
layer transport for current path along the c-axis. Dif-
ferent from the in-plane transverse resistivity, the out-of-
plane Hall effect shows both AHE and THE at even lower
temperature where the system enters the spin glass state.
These findings indicate that the kagome magnetic met-
als show unique anisotropic topological features not only
in momentum space but also in real space. Moreover,
the AMR where current path is confined along the c-axis
shows fourfold symmetry and evolution between fourfold
and twofold symmetry which could be explained by the
competing interactions within the exchange-anisotropic
Kitaev-Heisenberg model [62]. Our results deepen the
understanding of the asymmetric magnetic interaction
and topological chirality on the topological Hall compo-
nent in mesoscopic crystals which is important in future
functional device design.

Work at BNL is supported by the Office of Basic En-
ergy Sciences, Materials Sciences and Engineering Di-
vision, U.S. DOE under Contract No. DE-SC0012704.
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