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Large anomalous Hall effect in a hexagonal ferromagnetic FesSn; single crystal
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In this paper, we report an experimental observation of the large anomalous Hall effect (AHE) in a hexagonal
ferromagnetic FesSnj single crystal with current along the b axis and a magnetic field normal to the bc plane.
The intrinsic contribution of the anomalous Hall conductance o% was approximately 613 Q' cm™', which was
more than 3 times the maximum value in the frustrated kagome magnet Fe;Sn, and nearly independent of the
temperature over a wide range between 5 and 350 K. The analysis results revealed that the large AHE was
dominated by a common, intrinsic term, while the extrinsic contribution, i.e., the skew scattering and side jump,
turned out to be small. In addition to the large AHE, it was found that the types of majority carriers changed at
approximately 275 and 30 K, consistent with the critical temperatures of the spin reorientation. These findings

suggest that the hexagonal ferromagnetic FesSn; single crystal is an excellent candidate to use for the study of

the topological features in ferromagnets.
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I. INTRODUCTION

The anomalous Hall effect (AHE), discovered by Hall a
century ago [1], has attracted great interest from both the
physics and materials communities because of its contro-
versial physical origin [2-5] and wide practical application
[6]. In contrast to the electromagnetic origin of the ordinary
Hall effect, pyOXH = RouoH, the AHE contribution to the total

Hall resistivity, p,. = pO" + pff, is determined solely by
the spontaneous magnetization, p;‘xH = RM [7-9]. In the
formula, Ry and R; are the ordinary and anomalous Hall co-
efficients, respectively. The magnetization M is a function of
the external field H. On the theoretical side, Karplus and Lut-
tinger (K-L) proposed the intrinsic mechanism that considered

the p" was quadratic in the longitudinal zero-field resistivity
Dux (prH o p2) [2]. The K-L mechanism is understood as
the effect of the spin-orbit interaction of polarized conduction
electrons at an external electrical field. With this in mind,
Smit [3,4] and Berger [5] identified two basic extrinsic mech-
anisms, skew scattering and side jump, which were linear
(p;‘XH X pyy) and quadratic (p;‘XH x ,ofx) for py., respectively.
These mechanisms are commonly understood to be a result of
asymmetric scattering from the spin-orbit interaction acting
on conducting electrons or impurities. Recently, the intrinsic
mechanism (K-L) has been considered to be linked to the
Berry curvature of electronic band structure in momentum
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space, which induces an anomalous velocity perpendicular to
the electric field [10,11].

On the experimental side, a few materials with complex
magnetic structures have been found to have nontrivial band
structures, such as the noncollinear antiferromagnet MnzSn
[12,13], frustrated kagome ferromagnet Fe;Sn, [14,15], fer-
romagnetic Weyl semimetal CosSn,S, [16-18], and two-
dimensional ferromagnet Fe;GeTe, [19]. The nontrivial band
structure always couples with a large Berry curvature [20]
that acts like a fictitious magnetic field and generates a large
intrinsic AHE [10,11]. Therefore, to some extent, a large AHE
has become a symbol of searching for topological materials.
The intrinsic magnetic topological materials are the ideal
candidates with which to explore the relationship between
magnetism and topological band structures, which has pro-
pelled researchers to find more intrinsic magnetic topological
materials.

In this paper, a large AHE in a hexagonal ferromagnetic
FesSns single crystal, which was mostly induced by the
intrinsic mechanism, is reported. As shown in Figs. 1(a) and
1(b), FesSnj single crystals crystallized in a hexagonal crystal
structure with the space group P63/mmc (a = b = 4.224 A,
¢ =5.222 A). The Fe and Fe-Sn layers were arranged alter-
nately along the ¢ axis. Two different sites for the Fe atoms
were located at Fe-I (0, 0, 0) and Fe-II (1/3, 2/3, 1/4) and
the occupancies of the Fe-I and Fe-II were 1 and 0.67, respec-
tively. Furthermore, the Fe-II sites always formed vacancies
or disorder that were related to the synthesis temperatures
and they further affected the Curie temperature T and the
saturation magnetization M; of the FesSns [21,22]. The easy
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FIG. 1. (a) Side and (b) top views of FesSnj crystal structure. (c) X-ray diffraction pattern of bc plane. Inset contains the photographs of a
single crystal (left) and its cross section (right) cut along the green dashed line. (d) High-resolution scanning transmission electron microscopy

image of (001) plane.

magnetization axis of the FesSns tended to be the b axis [23].
However, the detailed magnetic structure of FesSnj; awaits
further study.

II. EXPERIMENTAL DETAILS

Single crystals of FesSn; were synthesized by the Sn-
flux method with a molar ratio of Fe : Sn = 1 : 17. Fe (pu-
rity 99.95%) and Sn (purity 99.99%) grains were mixed
and placed in an alumina crucible. The crucible was then
sealed in a tantalum tube under a partial argon atmosphere.
Finally, the tantalum tube was sealed in a quartz tube to
avoid oxidation. The quartz tube was placed in a furnace and
kept at 1150 °C for 2 d to obtain a homogeneous metallic
solution, and then the quartz tube was cooled from 910 to
800 °C at a rate of 1.5 °C/h and kept at 800 °C for 2 d to
reduce the defects in the single crystals. To obtain isolated
single crystals, the quartz tube was moved quickly into the
centrifuge to separate the excess Sn flux at 800 °C. As shown
in the inset of Fig. 1(c), the free-growing single crystal of
FesSns appeared as a bar (approximately 2-5 mm long)
with a hexagonal section. X-ray-diffraction [Fig. 1(c)] and
high-resolution morphology [Fig. 1(d)] examinations were
conducted at room temperature with a Bruker D2 x-ray
machine with CuK, radiation (A = 1.5418 A) and a scan-
ning transmission electron microscope (JEOL ARM200F),
respectively. To confirm the orientations of the single-crystal
planes, the single-crystal x-ray diffraction (see Fig. S1 of the
Supplemental Material [24]) was also measured. These results

strongly suggested that the rectangular plane was the bc plane
and the long side was the ¢ axis. Energy-dispersive x-ray
spectroscopy (EDS) measurements showed that the average
ratio of iron in the samples was approximately 61.67% (see
Table S1 and Fig. S2 [24]), which was less than the stan-
dard stoichiometric ratio. The magnetization and electrical
transport were measured in a Quantum Design MPMS-XL
and PPMS-9, respectively. To measure the electrical trans-
port, the single crystals were cut into a rectangle with di-
mensions of 1.5 x 0.5 x 0.1 mm and a standard four-probe
method was applied. To eliminate the influence of the voltage
probe misalignment, the longitudinal (py,) and transverse
(pyx) resistivities were measured for both positive and neg-
ative fields (pu(uoH) = [pxx(+1oH) + pux(—poH)]/2 and
Pyx(poH ) = Loy (+poH ) — py(—poH)1/2).

III. RESULTS AND DISCUSSION

Figure 2(a) shows the zero-field cooling curves (ZFC) at
0.5 T with the magnetic fields H parallel to the b and c axes.
It is clearly shown in the figure that the easy magnetization
axis of the single crystal tended to be the b axis and the
Curie temperature T¢ was approximately 600 K, consistent
with early reports [22,23]. The inset of Fig. 2(a) shows the
low-temperature details of the magnetization with H along
the ¢ axis at 0.5 T. Two obvious kink points appeared at ap-
proximately 50 and 125 K (the more detailed M-T curves with
H along the ¢ axis are shown in Fig. S3 [24]). The uniaxial
magnetic anisotropy coefficient K, = uoM H;/2 decreased
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FIG. 2. (a) ZFC curves at 0.5 T along b axis and ¢ axis. Few differences existed between the zero-field cooling and field-cooling (FC)
curves at 0.5 T. To clearly show the M-T curves, only the ZFC curves are shown. Inset shows the low-temperature details of the curve with H
along the ¢ axis. (b) Temperature dependence of the uniaxial magnetic anisotropy coefficient K,,. Inset shows the magnetization curves along
the b axis and ¢ axis at 300 K. (c) Resistivity along the b axis for zero field and 5 T. Inset shows the curve of dp,,/dT for zero field. (d)
Magnetic-field dependence of magnetoresistance obtained in the temperature range 5-350 K, with the magnetic fields applied normal to the bc
plane and the current along the b axis. Red dashed line represents the zero of MR. Inset shows directions of the current and magnetic field in

the measurements.

with increasing temperature, shown in Fig. 2(b), suggesting
that the easy axis gradually rotated from the ab plane to
the ¢ axis with increasing temperature. The Hj term in the
formula is the anisotropy effective field that is defined as the
critical field above the difference in magnetization between
the two magnetic-field directions (H//b axis and H//c axis)
becoming smaller than 2%. Remarkably, there were also two
clear kink points at 250 and 125 K. However, the curves of
the heat capacity C,, (10-100 K) and the differential scanning
calorimetry (DSC, 100-400 K), shown in Fig. S5 [24], did
not exhibit any obvious peaks for the heating and cooling
processes. Therefore, these kink points of the M-T and K,-T
curves near 50, 125, and 250 K could all be induced by
the continuous rotation of the easy axis from the ab plane
to the ¢ axis with increasing temperature rather than the
crystallographic phase transition. However, a full accounting
of the magnetic structure awaits further analysis. The inset of
Fig. 2(b) shows the magnetization curves with H along the
b axis and ¢ axis at 300 K (more detailed M-H curves are
shown in Fig. S4 [24]). It is clearly shown in the figure that
the saturation fields along the two axes were approximately
0.2 T (b axis) and 1.5 T (c axis).

The temperature dependence of the longitudinal resistiv-
ity py, along the b axis for zero field and 5 T is shown
in Fig. 2(c). The curves of p,, exhibited typical metallic
behavior at the zero field and at 5 T. There was a clear

slope change of the zero-field p,, curve near 50 K and it
was conspicuously suppressed at 5 T, which also implied that
the kink points of M-T and K,-T curves near 50 K were
induced by the magnetic structure transition. The inset shows
the curves of d p,/dT at zero field. The slopes of p,, appeared
to have an obvious change below 125 K and the slopes
reached a maximum at approximately 30 K, which was con-
sistent with the changes of magnetization near these tempera-
tures. The magnetoresistance [MR = [, (toH ) — o (0)] X
100%/ pxx(0)] is shown in Fig. 2(d). It is clearly shown in
the figure that the sign of the MR was opposite at low and
high temperatures and the turning point was approximately
50 K (more detailed MR curves are shown in Fig. S6(c) [24]).
The negative MR was obviously induced by spin-dependent
scattering in the magnetic systems [25] and the positive MR
may relate to the complex magnetic structure [26] at the low-
temperature zone in FesSnz. The sign change was obviously
associated with the transformation of the magnetic struc-
ture with temperature, which was similar to the situation in
Fes;Sn, [27].

Figure 3(a) shows the magnetization curves M-H with H
normal to the bc plane at various temperatures. The M-H
curves displayed typical soft ferromagnet behavior with a
coercive field that was almost zero and a saturation field
of approximately 1 T, which was between the values at H
along the b axis and c axis. The saturation magnetization was
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FIG. 3. (a) Magnetization curves at H normal to the bc plane. Inset shows the schematic of the magnetic measurement. (b) Hall resistivity
Py at current along the b axis and H normal to the bc plane. Red dashed line represents the linear fit of p,, at the high-field region at 250
K. For clarity, only some data for the temperature are shown. More detailed data are shown in Figs. S3(a) and S3(b) in the Supplemental

Material [24].

approximately 2.29upg/Fe at 5 K, which was slightly larger
than the saturation magnetization in early reports [21,23,28].
The discrepancy arose from the different vacancies or the
disorder of Fe-II atoms in the samples that were synthesized
at different temperatures [22]. The data for the Hall resistivity
pyx With the current along the b axis and H normal to the bc
plane are shown in Fig. 3(b). The magnetic-field dependence
curves of p,, appeared to have a typical AHE for the FesSn3,
and more than one sample was measured. The more de-
tailed magnetization and electrical transport data are shown in
Figs. S4, S6, and S7 [24].
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To further study the AHE of FesSns, a detailed analysis
was done, the results of which are shown in Figs. 4(a)-4(d).
Above the saturation field (approximately 1 T), the M was re-
placed by the saturation magnetization M, and the anomalous
Hall resistivity p; became a constant. With a linear fit of
the p,, at the high-field region (above 2 T), which is shown
by the red dashed line in Fig. 3(b), the slopes and intercepts
corresponded to Ry and the anomalous Hall resistivity pf/ =
R;My. The values of M, were taken from the magnetization
curves at 5 T. The curve of Ry-T is shown in Fig. 4(a).

The signs of Ry represent the types of majority carriers. An
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FIG. 4. Temperature dependence of (a) ordinary Hall coefficient Ry, and (b) anomalous Hall coefficient R;. Inset of (a) shows the current
concentration and inset of (b) shows the scaling coefficient Sy. (c) Scaling behavior of log p;,*x” vs log p... Red line is the linear fit. (d)
Temperature dependence of the anomalous Hall conductance. Inset shows the plot of pﬁ” VS Oyx-
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int-exp

TABLE 1. Experimental and calculated values of intrinsic anomalous Hall conductance o, " and o4 uniaxial magnetic anisotropy
coefficient K,,, saturation magnetization M,, and Curie temperature 7¢ of Fe;Sn, [14,39] and FesSn;.

o Q@ em™) o (@ em™) K,(x10°J/m?) M;(uup/Fe) Te(K)
FesSn; ~613 ~507.7 5.45 (300 K) ~2.29(5K) 600
Fe;Sn, ~200 3.04 (300 K) ~1.97 (5K) 640

interesting phenomenon was that the signs of Ry exhibited
obvious changes at approximately 275 and 30 K in FesSnj.
The signs of Ry were positive when the temperature was
above 275 K or below 30 K, which meant that the majority
carriers were electrons. The majority carriers changed into
holes between 30 and 275 K. The inset of Fig. 4(a) shows
the carrier concentrations (n = 1/|e|Ry) which also appeared
to have two local maximum points at 275 and 30 K. Ry did
not change its sign near 125 K, but the R, values appeared
to have a local extreme value. The transformation tempera-
tures showed a small discrepancy for different samples (see
Fig. S7(c) [24]), which was because of the slight difference of
the vacancies or the disorder in the site of Fe-II [22]. The facts
described above are reminders of the continuous rotation of
the easy axis, as shown in Figs. 2(a) and 2(b), which was also
similar to the situations of the 2H metallic transition-metal
dichalcogenides [29-31] and the film of the metallic oxides
CaRuOj and SrRuOs; [32]. The unconventional relationship
between Ry and 7" may have been caused by a tight corre-
lation between the magnetic structure and the Fermi surface
in FesSnj. Figure 4(b) shows the temperature dependence
of R;, which increases monotonically with temperature. The
inset shows the scaling coefficient Sy = R,/ pfx, which was a
material-specific scale factor [33,34].

To help understand the origin of the AHE in the FesSns,
the function dependencies of log ,o;‘xH and log p,, are shown
in Fig. 4(c). The slope of the linear fitting o was equal to
2.06, which meant that the AHE of FesSns could be from the
K-L mechanism [2] or the side-jump mechanism [5], because
both showed the same quadratic relationship between pf,‘xH and
pxx [35]. To further ascertain the mechanism of the AHE, a
recently discovered method [36—-38] was used to separate the
intrinsic and extrinsic contributions, as shown in Fig. 4(d).
The inset of Fig. 4(d) shows the scaling behavior of p#
versus (0 T). The red curve in the figure represents the
fitting equation p§‘XH = apuo + BPLo + ¥ P2, Where pyy is
the residual resistivity (the value of p,, at 2 K was used), and
a, B, and y are the coefficients of the skew scattering, side
jump, and intrinsic terms, respectively. As shown in Fig. 4(d),
a large intrinsic value (0% ~ 613 Q7! cm~!) was obtained
for the anomalous Hall conductance (AHC) in FesSn3, which

was more than 3 times the maximum value in Fe3;Sn,
(ont ~ 200 Q" cm~!) [14]. The value of the AHC calculated
with density-functional theory using the Vienna Ab initio Sim-
ulation Package (VASP) [40] and WANNIERTOOLS [41] package
was approximately 507.7 Q' cm~!, which was close to the
experimental value and which further demonstrated that the
large AHC was mostly induced by the intrinsic mechanism.
Moreover, the large AHC was robustly independent in a
wide range of temperatures between 5 and 350 K despite the
complex magnetic structure transformation, which indicates
that the Berry curvature of the momentum space was very
stable. For comparison, the typical physical parameters of
FesSnj and Fe;Sn, are summarized as shown in Table I. As a
result, it was found that the K, and M, values of FesSn3 were
also larger than those of Fe;Sn;, so they could be a good pair
of samples with which to study the correlation between the
topological and magnetic properties.

IV. CONCLUSIONS

In summary, a detailed investigation of the magnetic and
electrical transport properties of hexagonal ferromagnetic
FesSnj single crystals is presented in this paper. The MR signs
changed at 50 K and the types of majority carriers changed at
approximately 275 and 30 K, which were tightly related to
the magnetic structure transformation. Moreover, the AHC in
FesSns was mostly induced by the intrinsic mechanism and
the value of ol was approximately 613 Q' cm™!, which
was more than 3 times the maximum value in the frustrated
kagome magnet Fe;Sn, single crystals. More importantly,
the large intrinsic AHC turned out to be almost independent
of temperatures, indicating that the hexagonal ferromagnetic
FesSnj single crystal was an excellent candidate for studying
the topological features in ferromagnets.
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