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We report on the anisotropic electronic properties of the metallic kagome ferromagnet Fe;Sn, as revealed
by magnetotransport studies on single-crystalline samples and material-specific ab initio calculations. The
longitudinal resistivity shows a remarkable anisotropy, where surprisingly the resistivity perpendicular to the
kagome planes (p..) is about three times lower than the in-plane resistivity (p,,). The ordinary Hall constants
are negative for the magnetic field applied parallel to the H||c and positive for H||a, indicating the coexistence
of electron- and hole-like carriers at the Fermi surface. The anomalous Hall resistivity (pf}) shows large values
over a wide temperature range and exhibits a significant anisotropy ratio (poxy/0y), With p,, = 8 u2cm and
02y = 3.2 uf2 cm at room temperature. Our study reveals that the anisotropy ratio scales almost linearly with the
magnetocrystalline anisotropy constant (K,) over a broad temperature range (2 K < T < 300 K), indicating
that spin-orbit coupling is the underlying mechanism driving both the anisotropic transport properties and
the magnetocrystalline anisotropy energy. Material-specific ab initio calculations further demonstrate that the
magnetic reconstruction of bands near the Fermi level, induced by the spin-orbit coupling, is predominantly
responsible for the anisotropic behavior of the Berry curvature and, consequently, the large anomalous Hall
effect observed in Fe;Sn. These results provide valuable insight into the complex interplay between charge
transport and magnetism in kagome magnets, emphasizing the strong manifestation of spin-orbit coupling on

kagome lattices.

DOI: 10.1103/PhysRevB.110.094407

I. INTRODUCTION

Correlated kagome magnets, extensively investigated as
possible candidates of quantum spin-liquid [1,2], have re-
cently been recognized as a versatile platform to investigate
the interplay between the topology of the electronic band
structure and magnetism [3—7]. The ability of the kagome
lattice to host magnetic ions with various spin and orbital
degrees of freedom also offers a large flexibility in the exper-
imental realization of these novel states. The most prominent
topological phenomena recently discovered in materials with
kagome structure are: topological superconductivity [8], the
Lifshitz transition [9], the anomalous Hall effect (AHE) in
antiferromagnets [10,11], giant anomalous Hall, Nernst, and
magneto-optical effects in ferromagnets [12—17], spin-ice
state [18], and skyrmionic bubbles [19-21].

Spin-orbit coupling (SOC) has long been established to
play a crucial role in the magnetic and electronic properties
of kagome magnets [4,22,23]. SOC governs the anisotropic
behavior of the magnetization and also influences the charge
and thermal transport [15,24]. Band-structure calculations
have demonstrated that SOC can modify the dispersion of
energy bands, particularly strongly affecting bands near lin-
ear band crossings, such as nodal points and nodal lines
[4,17]. Subsequently, an enhancement of the Berry curvature
takes place resulting in a giant transverse charge and thermal
transport [24]. Very recent observations of large anomalous
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Hall and Nernst effects in kagome magnets like Co3;Sn,S;
[12,17,25], Mn3Sn [26], FesSn [15], and Fe;Sn, [13,16]
were assigned to have a topological origin. The nontrivial
band topology was also invoked for explanation of the gi-
ant “anomalous” anisotropy of the longitudinal conductivity
discovered in the paramagnetic kagome metal CoSn, where
the interplane conductivity is by a factor of 60 higher than
the in-plane conductivity [27]. Here, the term “anomalous”
is used to distinguish it from the conventional anisotropy of
the conductivity of quasi-2D layered materials, where the
interplane conductivity is significantly lower than the in-
plane conductivity [28-31]. It is worth to mention that the
“anomalous” anisotropy of the longitudinal conductivity was
recently found also in several other kagome magnetic metals
[10,18,27,32-35]. However, the ‘“anomalous” conductivity
anisotropy observed in kagome metals is not yet well
understood.

In addition to the anisotropy of the longitudinal conductiv-
ity, the anisotropy of AHE was also widely studied in anti-
ferromagnets with chiral spin structure Mn3X [10,11,36,37]
and rare-earth kagome magnets RMngSng [30,38]. Signifi-
cant anisotropy in the anomalous Hall resistivities, pfv / p?y,
was also recently reported for related kagome ferromagnet
Fe;Sn; and hexagonal noncollinear magnet FesSnjz [33,39].
The origin of the anisotropy of the anomalous Hall effect in
metallic kagome magnets is still an open issue.

©2024 American Physical Society
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FIG. 1. Optical images and Laue x-ray diffraction patterns of the ab (a) and ac planes (b) of Fe;Sn single crystals. White lines correspond
to the scale of 1 mm. (c) Breathing kagome lattice of Fe triangles of two distinct sizes (marked by orange and purple colors) with Sn atoms
located at the center of Fe hexagons. (d) Location of the Fe and Sn atoms in the ac plane. Fe atoms are colored in green, while Sn atoms
within and out of the unit cell are colored in grey and light gray, respectively. () Magnetization curves measured at 2 K (transparent colors)
and 300 K (bold colors) in magnetic fields applied along the a and ¢ axes. The inset shows the magnetization in 7 T for different temperatures.
(f) Temperature dependence of the longitudinal resistivity p,, (red, left axis) and p.. (blue, right axis) for single-crystalline Fe;Sn. The dashed

lines show the resistivity data in 9 T.

Here we focus on the anisotropy of charge transport, both
in terms of the longitudinal and transverse conductivity, in
the ferromagnetic kagome metal Fe;Sn. It crystallizes in a
hexagonal structure, with space group P6;/mmc, in which
Fe ions form a kagome lattice in the ab plane, while Sn
ions occupy the center of the hexagon [see Fig. 1(c)]. The
primitive unit cell of Fe;Sn is composed of kagome bilayers
stacked along the ¢ axis, Fig. 1(d). Strong spin-orbit coupling
in Fe;Sn is manifested via significant easy-plane magne-
tocrystalline anisotropy [40]. The first anisotropy constant K,
has a value of —1.3 x 10°J/m> at 2 K, which is the largest
among the Fe-Sn ferromagnets. Moreover, based on such
strong magnetocrystalline anisotropy, the DFT band-structure
calculations predicted an anomalous Hall conductivity (AHC)
o =757 Q7' cm™! for Fe;Sn to be also the largest among
the Fe-Sn family [41].

The first experimental Hall effect reported by Chen et al.
[15] on polycrystalline sample Fe;g7Sn; o3 (with Fe defi-
ciency) indeed revealed large anomalous Hall conductivity
afy ~ 500 Q'em™! (at 200 K) as an average over the
in-plane and interplane orientation. The DFT calculations of
AHC were in good agreement with the experimental data. The
large intrinsic AHC in Fe3Sn was suggested to originate from
the nodal plane producing Berry curvature enhanced along
the hexagonal frame near the Fermi level [15]. Belbase et al.
[42] recently reported the Hall effect on a single-crystalline
sample measured in conventional configuration with current
I||a and magnetic field H||c. They obtained a value of og, ~
500 Q~'cm~! at 200 K. Their DFT calculations revealed
the Weyl nodes near the Fermi energy and yielded for the
intrinsic AHC values of o, ~ 702 Q~'cm™' and o)} ~
482 Q 'cm™'. Low et al. [43] measured the Hall effect
on a single-crystalline sample Fe; 9gSn (with deficit of Fe)
in configuration I||c, H]||a, and reported a value of az’; =
425 Q' cm™! at 250 K. From the analysis of the anomalous
Hall conductivity they estimated the value of the intrinsic

AHC to be 24 =425 Q' em™', which is close to o7, result-
ing from the DFT calculations of Belbase et al. The authors
also noted that, at low temperatures, the extrinsic contribution
to the AHE as a result of skew scattering is comparable to the
intrinsic AHE.

In this study we investigate experimentally the charge
transport properties of single-crystalline Fes sSn;_s (8§ =
0.02; 0.03) measured for different configurations and com-
pare our results with those reported in Refs. [15,42,43].
We uncovered anisotropy in the longitudinal conductivities
and anomalous Hall effect in Fe;Sn. In addition, our band-
structure calculations reveal the anisotropy in the Berry
curvature distribution for different magnetization directions.

II. METHODS

A. Experimental details

Fe3;Sn single crystals have been grown using the chemical
transport reactions method using iodine as a transport agent
[40]. Well-shaped rectangular samples with dimensions up to
2 mm along the largest side were obtained [see Figs. 1(a)
and 1(b)]. The chemical composition of the samples was
checked by energy dispersive x-ray spectroscopy (EDS) anal-
ysis utilizing the ZEISS Crossbeam 550 system. The average
concentration of Fe and Sn, measured for 10 samples from
the same batch, yields a composition of Fe3 go(1)Sng 9g(1). The
composition of the two largest samples selected for transport
measurements, Fesg3Sngg7 (S1, py) and FesgpSngog (S2,
p2z), revealed slight excess of Fe. The crystal orientation was
checked by the Laue x-ray diffraction [see Figs. 1(a) and 1(b)].

The magnetic properties of S1 and S2 were studied by the
SQUID magnetometer (MPMS 3, Quantum Design) in the
temperature range 2-300 K and magnetic fields up to 7 T.
The main panel of Fig. 1(d) shows the magnetization curves
measured at 2 K and 300 K for two main crystallographic
axes, MJla and M]|e, respectively. The inset of Fig. 1(d)
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FIG. 2. Field dependencies of the Hall resistivities oy, (a) and p., (b) measured at different temperatures for single-crystalline FessSn;_s.
The color code is valid for both configurations. Insets in the right bottom corners show the measurement configuration with respect to applied

current /;, magnetic field H; and measured Hall voltage V.

shows the temperature dependence of magnetization in 7 T
for samples S1 (M||a) and S2 (M]|c). The hysteresis curves
and magnetization in 7 T reproduce well the data reported
in Ref. [40].

Transport properties were investigated by the four-probe
method using the resistivity option of the PPMS system
(Quantum Design) at temperatures between 2 and 300 K in
magnetic fields up to 9 T. Current and potential contacts were
made with silver paint. The ratio of length to lateral size of
samples was larger than three, which eliminates the shunting
effect of the current contacts [44] that is inevitably present
in the measurements on samples of small size. A current of
I = 5 mA (with an excitation frequency of 8 Hz) was applied
in the kagome ab- (I||a, p,,) and inter ac planes (I||e, p,;) of
the respective samples. Hall resistivity p;; was measured for
three different configurations: (i) py, with I||a, H||c; (i1) o
withI||e, H L a, and (iii) p,, with I||c, H||a. The coordination
for Hall resistivity was chosen such that i and j show the
directions of the applied current and measured Hall voltage
on the orthogonal basis x, y, z, where the x and z axes are
parallel to the crystallographic a and ¢ axes, while the y axis
is perpendicular to both (see inset of Fig. 2).

B. Computational details

We calculate the AHC and the corresponding Berry curva-
ture using a three-step procedure, as described below. First,
the electron density is obtained within the framework of
density functional theory (DFT) [45,46]. All DFT calcula-
tions were performed using projector-augmented plane wave
method (PAW) [47] as implemented in the VASP (version
6.4.2) code [48,49]. The valence states were 4s'3d”3p'° for
Fe, and 5s25p2 for Sn, respectively. The 3p states in Fe
were treated as semi-core, and 4d in Sn were kept frozen
in the core. The exchange-correlation term in the effective
Kohn-Sham potential was approximated according to the
Perdew-Burke-Ernzerhof parametrization for solids (PBEsol)
of the generalized gradient approximation (GGA) [50]. The
plane-wave kinetic energy cutoff was 400 eV and convergence
of the self-consistent cycle was assumed when the total en-
ergy changes were less then 10~% eV. We use experimentally

obtained lattice parameters from Ref. [40]. The integration
in the Brillouin zone (BZ) was done on a 12 x 12 x 12 I'-
centered grid. Smaller k grids were not able to achieve
convergence. The ferromagnetic state with the magnetization
along the ¢ axis was modeled by initializing the local magnetic
moments on Fe site along the ¢ axis and on Sn site in the
opposite direction. The same was done for the magnetization
along the a axis. Both cases were studied with and without
SOC.

Next, we construct a tight-binding model (TB) using the
wannerization procedure [51] as implemented in Wannier90
toolkit [52]. The Kohn-Sham states were projected on a set of
Wannier functions (WF). The basis set for the construction
of the WFs was composed of px, py, p;, dxy, dy;, dyz, dp,
d_,» orbitals on Fe site, and s, p,, py, p, orbitals on Sn site,
respectively. This resulted in the overall number of 112 WFs.
The quality of the obtained WFs was checked by examining
the band structure of our TB model against the bare bands
from DFT as well as the other available DFT results [42]. We
found the resulting TB band structure to be in a very close
match with both DFT band structures, indicating a reliable
quality of the constructed WFs.

Last, we calculate the AHC and Berry curvature using
Wanniertools software package [53]. The AHC was calculated
by Wannier interpolation on a 151 x 151 x 151 mesh [54].
Different components of the Berry curvature Q7 (k) (y =
{x, y, z}) were studied by examining their distribution in dif-
ferent (ky, k,) planes in the BZ for various constant k, values.
These calculations were performed on a 221 x 221 x 1 k
grid. Changing the grids for AHC and Berry curvature cal-
culations for slightly more or less dense showed essentially
no changes to the results.

III. RESULTS AND DISCUSSION
A. Longitudinal resistivity

The temperature dependence of the longitudinal resistivity
P and p,, are shown in Fig. 1(e). Both in-plane p,, and
interplane p,, resistivities have a metal-like temperature de-
pendence and residual resistivity ratio (RRR) p300x/02x = 3,

094407-3



LILIAN PRODAN et al.

PHYSICAL REVIEW B 110, 094407 (2024)

8 F—e—xy

| —a— 27X

| —=— 7y

A (uQ2 cm)
N

1]

N

| | .(a)l

o

0 100 200 300
T(K)

P Xy
[ ™2y
- —— Fit
I a=1.4
a=1.7
R )
1 10
p, (107*Q cm)

FIG. 3. Temperature dependence of the anomalous Hall resistivity pf_‘j (a), anomalous Hall coefficient Rf‘/. (b), and ordinary Hall coefficient
Rf; (c) calculated for different configurations in single-crystalline Fe;,s;Sn;_s. (d) Logarithmic plot of off-diagonal pf} and longitudinal p#

resistivity. The « values represent the slope of linear fit.

similar to those reported in Refs. [42,43] and for the inter-
plane transport in Fe;Sn, [33]. We found that the interplane
resistivity is significantly lower than the resistivity in the
kagome plane that seems to be counterintuitive for a kagome
layer-based system and will be discussed later. The temper-
ature dependence of the resistivity was fitted by p; — piio =
o x T", where p;o is the residual resistivity. For p,,, we
determined the values of the power exponent n = 2.1(1) for
temperatures below 60 K and 1.2(1) at temperatures above
200 K. Larger values of n were obtained for p., 2.5(1)
and 1.5(1), respectively. The exponent at low temperatures
suggests Fermi-liquid behavior and gradual change towards
electron-phonon scattering at high temperatures. The essential
difference between the exponents for p,, and p., indicates
distinct transport mechanisms along these two directions.
The application of a magnetic field perpendicular to I
(transverse magnetoresistance) has a minor effect on the re-
sistivity for both configurations [dashed lines in Fig. 1(e)]: the
magnetoresistance is less than 2% in a field of 9 T at 300 K.
Interestingly, at high temperatures the magnetoresistance has
a negative sign for both directions, while at low temperatures
it changes to positive only for the in-plane configuration.
The change of sign of magnetoresistance has previously been
observed in similar kagome materials such as Fe3Sn, [55,56]
and elemental 3d ferromagnets [57]. This effect has been
attributed to the interplay between magnetic scattering at high
temperatures and the dominant role of the Lorenz force on
carrier motion at low temperatures. This observation once
again indicates the competition between two effects in the
charge transport of Fe;Sn in different temperature regimes.

B. Hall resistivity

Further, we discuss the Hall resistivity p;; = V; d/1;, which
is calculated from the measured Hall voltage V; generated by
the magnetic field H; applied transversely to the current I;
in a sample with thickness d. In ferromagnetic compounds
the Hall resistivity is described as p;; = pg + pf} =RoH +
R4 M. Here, ,08 is the ordinary Hall resistivity, p;‘} is the
anomalous Hall resistivity, while Ry and R, are the ordinary
and anomalous Hall coefficients, H is the applied magnetic

field and M is the magnetization. The absolute accuracy of
our measurements is ~10%.

The prominent feature of the Hall effect revealed by our
study is the anisotropic behavior of the anomalous Hall
resistivity p. We found that the Hall resistivity p,, saturates
in fields above 3 T, while p., and p, above 1 T [Figs. 2(a) and
2(b)]. The saturation fields of the AHE match with those in
the magnetization and reflect the strong easy-plane anisotropy
of FesSn [40]. The anomalous Hall resistivities calculated by
extrapolation of the data from the high fields to H = 0 show
a ratio of ,ofy / ,og, of about 2.5 at room temperature, which
increases up to 3.5 down to 2 K, Fig. 6(a) below. Namely,
at 300 K the calculated anomalous Hall resistivities are
o, =8uem, pf =3.2uQcm, and pf, = 3.6u2cm. The
temperature dependencies of the anomalous Hall resistivities
pjf‘y, p?, and pg, are shown in Fig. 3(a). The difference
between the out-of-plane Hall resistivities, o, and oy, is
within the measurement accuracy.

The anomalous Hall coefficients R}, = pfj/M were cal-
culated using the experimental magnetization at saturation
for both (MJ|a) and (M]|c) orientations [see Fig. 3(b) and
inset of Fig. 1(e)]. Similar to anomalous Hall resistivities, the
anomalous Hall coefficients Rfy and R‘;‘y also exhibit signif-
icant anisotropic effects, with a ratio of approximately 3.4 at
2 K and 2.2 at 300 K. Note that the nonzero values of R4 at2 K
suggest noticeable extrinsic contribution to the AHE related
to disorder and impurities, which in our case dominates in the
kagome plane.

Interestingly, we found that the ordinary Hall effect has a
different sign for the two configurations: negative for py, and
positive for p., and p.,. This implies the coexistence of both
electron and hole charge carriers, where electrons dominate
for the I||a, and holes dominate for I||c. The ordinary Hall
coefficient Ry was calculated from the slope of the high-field
part of the Hall isotherm in fields far above magnetic satura-
tion (in the field range 6-9 T for p,, and 3-5 T for p,, and o).
For in-plane transport, the ordinary Hall coefficient Rxoy has a
negative sign, Fig. 3(c). At 2 K, the value of Ry corresponds
to electron concentration of 9 x 10?! cm~ and is close to
1.2 x 102 cm™3 reported in Ref. [42] for the sample with a
similar orientation. With increasing temperature, the absolute
value of Ry decreases and tends to change sign at temperatures
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FIG. 4. (a) Temperature dependence of the anomalous Hall
conductivity af} calculated for two directions. o{? vs longitudinal
conductivity o2 for the in-plane (b) and interplane o,,0,, (c) con-
figurations. The dashed-green lines show the extrapolation of the

low-temperature part of AHC.

above 300 K. It differs from Ref. [42], where the sign change
of Ry was found to take place around 200 K. The ordinary
Hall coefficient Rg, for the out-of-plane transport has a pos-
itive sign and is almost temperature independent. Its value
corresponds to the hole concentration of 3 x 10*2 cm™3, sim-
ilar to that reported in Ref. [43] for the same orientation.
Band-structure calculations show that various bands cross the
Fermi energy in Fe;Sn. This is likely reflected in the differ-
ent signs of the ordinary Hall coefficient, as a consequence
of the different curvatures of the bands at the Fermi level,
i.e., the coexistence of electron- and hole-like carriers at the
Fermi surface. Similar observation was recently reported for
Fe3sn2 [33]

Figure 3(d) shows the logarithmic plot of log(p;;) =
flog(p;;)] revealing a slope « =~ 1.4 for I||a and 1.7 for
I||c. The large difference in the value of the exponent « in the
later case indicates that the contribution of the quadratic term
related to the Berry curvature and/or side-jump mechanisms
is larger for the interplane transport.

A

The anomalous Hall conductivity of; is calculated

according to the expression 03 = —pf}/[(piipjj + (,0{} )?]. As
a consequence of symmetry p,, = pxr, and p,, # p... For
convenience we plot in Fig. 4(a) the |afj‘.| as function of the
temperature. Note that our data analysis uses the positive
values of the anomalous conductivities as explained in [58].
The afj‘- for all orientations manifests a monotonic, almost
linear increase with decreasing temperature. At 2 K, the AHC
values in our samples reach a maximum of 340 Q~'cm™!
for Ufy, 263Q 'em~! for (7;}, and 296Q 'cm~! for
A

0, These values are in very good agreement with

values of cri’} ~200Q 'em™!, ofy ~350Q 'em™!, and
Og ~260Q 'cm~! reported in Refs. [1542,43] for
the lowest temperatures. However, the most notable is
the contrasting difference in the temperature behavior of
the anomalous Hall conductivity of our samples and those
studied in Refs. [15,42,43], which show a nearly temperature-
independent behavior of AHC upon cooling from 250 down to
150 K followed by a strong decrease below 150 K. The reason
for the different temperature dependence of the anomalous
Hall effect is unclear and may be related to the different off-
stoichiometry of the samples prepared by different methods.

C. Ab initio calculations of anomalous Hall conductivity
and Berry curvature

In order to gain further insight into the observed conduc-
tivity anisotropy, we have performed ab initio calculations of
the Berry curvature (27) and AHC. The results are shown
in Fig. 5.

As one can see, there is a noticeable difference between
the shapes of oy,(E) and oy, (E) [Fig. 5(a)], indicating
a significant anisotropy for moments along the a (M]|
[100]) and ¢ axes (M]|| [001]). We find a higher value for
oy, =521Q 'em™! than for oy, =479 Q 'em™!, which
is in disagreement with our experimental findings. Note
that our calculations were performed using the perfect
stoichiometry Fe;Sn unlike the measurements performed on
the experimental samples Fes;;sSn;_s, with § = 0.02, 0.03.
The theoretical values of AHC depend on the accuracy of
the computed position of the Fermi level. In fact, as seen
in Fig. 5(a), 0 (E) and o, (E) cross just below the Fermi
energy, hence slight hole doping would lead to oy, > oy, in
the vicinity of Fermi level, as observed experimentally. This
sensitivity of the Hall conductivities to the stoichiometry of
samples may cause the difference between the experimental
results reported here and in Refs. [15,42,43]. On theoretical
side, the inclusion of substitution disorder (the presence of §)
even at the simplest level (e.g., virtual crystal approximation
[59]) would lead to a shift of the Fermi level and consequently
to a qualitatively different anisotropy of AHC.

Additional information concerning the origin of the AHC
anisotropy is obtained looking at the Berry curvature distribu-
tion in the Brillouin zone (BZ). This was done by scanning
the entire BZ and calculating Berry curvature within (ky, k)
planes at different k, values. A similar strategy was also em-
ployed in Ref. [15]. By doing so, we were able to identify a
region of k, values, roughly 0.05 < &, < 0.13, in which there
is a dominant contribution of the positive values of the Berry
curvature. Figures 5(b) and 5(c) depict Berry curvature distri-
bution in the (k,, ky) plane at k; = 0.11. When magnetization
is set along the c¢ axis, typical features of the ©2° include a large
positive contribution in the vicinity of the I" point as well as
the appearance of the hotspots at the BZ boundaries (U} — Ug
points in Ref. [15]), Fig. 5(b). In the case of magnetization
along the a axis, we observe even larger hotspots of positive
Q* component of the Berry curvature at the BZ boundaries,
Fig. 5(c). The main qualitative difference is the absence of
the large contribution in the vicinity of the BZ center that
was present when the magnetization was set along the ¢ axis.
Such difference in the Berry curvature distribution for two
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FIG. 5. Calculated AHC (a) and Berry curvature with (b), (c) and
without (d), (e) SOC in Fe;Sn. Red and blue colors in (b)—(e) indicate
the positive and negative values of the y component of the Berry
curvature 7, respectively. The (k,, k,) cuts were made at k, = 0.11.

different magnetization orientations signals an intrinsic origin
of the observed anisotropy in the anomalous Hall effect of
Fe;Sn. At the same time, this also reflects the sensitivity of the
electronic states to the magnetization direction, i.e., indicating
the reconstruction of the band structure driven by an external
magnetic field.

D. Anisotropic charge transport

In this section we discuss the anisotropic charge transport
properties of single-crystalline Fe; sSn;_s (with § = 0.02
and 0.03) in relation with the numerical calculations. Fig-
ure 6(a) shows the temperature dependence of the anisotropy
ratio for the longitudinal resistivity p., / p,, and the anoma-
lous Hall resistivity pf) / of,. The anisotropy ratio py / pz;
exhibits a nonmonotonic dependence with temperature reveal-
ing a broad maximum at around 150 K, Fig. 6(a). At this
temperature, the ratio py, / p,; & 3 and decreases to about
2.7 at both higher (300 K) and lower (2 K) temperatures.

N30t
3
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0 100 200 300
T (K)
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QU L ]
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FIG. 6. Temperature dependence of the anisotropy ratio of the
longitudinal resistivity Pax/ P2z (blue scale) and of the anomalous Hall
resistivity pn / ,o (orange scale) for single-crystalline Fe3+BSn1 _5»
(a). (b) The anleotropy ratio of anomalous Hall resistivity pw / p Vs
uniaxial anisotropy constant K, reproduced from Ref. [40]. Green
line represents the linear fit to the experimental data.

This indicates the difference in the transition region for the
longitudinal in-plane and interplane transport, in which the
electron-electron scattering is suppressed by the scattering on
phonons.

It is necessary to note that the “anomalous” anisotropy
of the longitudinal resistivity, namely that the interlayer re-
sistivity is smaller than the intralayer one, has been already
reported for the other kagome magnets, e.g., paramagnetic
CoSn and YCrgGeg [27,34], chiral antiferromagnets Mn3X
(X = Sn, Ge) [10,60], spin-spiral YMngSnyGe, [35], spin-ice
HoAgGe [18], antiferromagnetic FeSn [32,61], and ferromag-
netic Fe3Sn, [33]. The origin of this phenomena is not yet
settled. Huang et al. [27] proposed that the anisotropy in the
longitudinal resistivity of CoSn is due to the existence of
flat-band electronic states with large effective masses and sup-
pressed kinetic energy within the kagome layers. On the other
hand, Sales er al. [32] suggested an enhanced conductivity
along the ¢ axis through the Sn ions. An alternative expla-
nation for the anisotropic conductivity in FeSn was recently
proposed in Ref. [61]. In FeSn, it was suggested that the
anisotropy of optical conductivity for both the in-plane and
interplane polarization is dominated by interlayer transitions
between kagome layers through the adjacent Sn-buffer layers.
Interestingly, previous electronic band-structure calculation
for FeSn and Fe3;Snj; also reported the presence of flat bands
[5,62], which supports the proposal of Huang efal. [27].
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However, our band-structure calculations, as well as previous
ones for Fe;Sn [15,41,42] did not reveal such flat bands in
the vicinity of the Fermi level. Moreover, as one can see in
Fig. 1(d), Fe;Sn does not have a Sn-buffer plane, while the
conductivity through Sn ions is less probable due to large
Sn-Sn distance as shown for the related compound FeSn in
Ref. [61]. Additional studies are necessary to reveal the origin
of the conductivity anisotropy.

We found that ratios of the anomalous Hall resistivities
Pxy/ pzy and py./p,. exhibit different temperature dependen-
cies, in Fig. 6(a). The experimental temperature dependence
of K, was also reported previously [40], thus the almost-linear
functional dependence p,,/ p.y[K,] has temperature as implicit
parameter Fig. 6(b). This relation suggests that the large value
of the anomalous Hall resistivity is governed by the spin-orbit
coupling (which is the largest within the Fe-Sn kagome metals
family [40]) besides the nontrivial temperature dependence.

To demonstrate the contribution of spin-orbit coupling to
the large anomalous Hall effect in Fe;Sn we investigate the
role of the SOC in the contributions to the Berry curvature
and, consequently, in the observed anisotropy in the anoma-
lous Hall effect. For this reason we perform an additional set
of calculations with SOC turned off. The resulting AHC is
shown in Fig. 5(a) (dashed lines), and the corresponding Berry
curvature distribution is depicted in Figs. 5(d) and 5(e). As one
can see, the SOC itself is not necessary to produce nonzero
contributions to the Berry curvature, Figs. 5(d) and 5(e). The
key observation here is that, although the Berry curvature is
not zero everywhere, there are roughly equal contributions of
positive and negative values, which when integrated produce
nearly zero Hall conductivity, Fig. 5(a). The inclusion of the
SOC leads to the appearance of large, uncompensated hot-
spots of positive values of the Berry curvature, which then
translates into a finite anomalous conductivity.

Our final remark concerns the origin of the anomalous
Hall conductivity in Fe;Sn. The large (nonzero) value of the
residual anomalous Hall resistivity observed in our study
and also in Refs. [15,42,43] suggests a significant extrinsic
contribution to AHC due to disorder and impurities. On the
other hand, large residual anomalous Hall resistivity was also
reported for related kagome metals FesSns and Fe;Sn, and
attributed to the intrinsic mechanism of AHE [33,63]. Our
results also indicate that the contribution to the AHE of the
quadratic term related to the Berry curvature is larger for
the interplane transport, Fig. 3(d). The latter is also visible
in the less pronounced temperature-dependent character of
o/, compared to o}, Fig. 4(a). In addition, the extrapolation
of the low-temperature part of AHC gives the values of
ol =240Q 'em™! and oA =210Q 'em™!, once again
demonstrating that the relative contribution of the intrinsic
Hall effect dominates for fields applied in the kagome plane.
Our attempts to separate the intrinsic and extrinsic contri-

butions to the anomalous Hall conductivity using existing
scaling approaches [64—66] were not conclusive. Moreover,
to quantify the contribution of the different scattering mech-
anisms, e.g., skew scattering, side jump and intrinsic (Berry
curvature), it is important to clarify whether these mechanisms
cooperate or compete. Therefore, the separation of
different contributors to the anomalous charge transport
remains a challenging task. More reliable information can be
provided by the optical Hall conductivity studies that identify
the interband transitions directly contributing to the intrinsic
AHE.

IV. CONCLUSIONS

In summary, our experimental study of the longitudinal
resistivity and Hall effect in single crystals of Fes;;sSn;_s
(6 = 0.02 and 0.03) revealed peculiar anisotropic behavior in
charge transport. We found that the longitudinal interplane
resistivity, measured with the current I applied along c axis,
is about three times lower compared to the resistivity in the
kagome ab plane. The ordinary Hall constant (Rp) has a
negative sign for I||a and a positive sign for I||c. The anoma-
lous Hall resistivity exhibits significant anisotropy with p?y =

8 u2 cm and p?y = 3.2 u2 cm at 300 K. With decreasing tem-

perature, the anisotropy ratio (p%, / p4,) increases with about
40%. The off-diagonal anomalous Hall conductivity shows a
monotonic increase with decreasing temperature and at 2 K
reaches 04 = 340Q~'cm~! and og, =263Q 'cm™!. We
found that the anisotropy ratio (,ofy / pg) scales almost lin-
ear with the magnetocrystalline anisotropy constant (K,) in
the temperature range 2 K < 7 < 300 K, indicating that
the spin-orbit coupling provides a common mechanism for the
anisotropic charge transport as well as the magnetocrystalline
anisotropy energy. The importance of the SOC in the AHC
is further established by the material specific ab initio simu-
lations. The anisotropy of the anomalous Hall effect is found
to originate from two qualitatively different distributions of
the Berry curvature for the in-plane (M||a) and out-of-plane
(M]|c) orientations of magnetization (M). The magnetic re-
construction of bands near the Fermi level, due to the SOC,
seems to be largely responsible for the observed behavior of
the Berry curvature, and, consequently, the large anomalous
Hall effect in Fe;Sn.
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