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Anomalous Hall effect in a ferromagnetic Fe;Sn, single crystal with a geometrically frustrated Fe
bilayer kagome lattice
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The anomalous Hall effect (AHE) is investigated for a ferromagnetic Fe;Sn, single crystal with a geometrically
frustrated kagome bilayer of Fe. The scaling behavior between anomalous Hall resistivity ,ofy and longitudinal
resistivity p,, is quadratic and further analysis implies that the AHE in the Fe;Sn, single crystal should be
dominated by the intrinsic Karplus-Luttinger mechanism rather than extrinsic skew-scattering or side-jump
mechanisms. Moreover, there is a sudden jump of anomalous Hall conductivity crf;, appearing at about 100 K
where the spin-reorientation transition from the ¢ axis to the ab plane is completed. This change of U;_‘y might be
related to the evolution of the Fermi surface induced by the spin-reorientation transition.
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I. INTRODUCTION

In magnetic materials, in addition to the ordinary Hall effect
originating from the deflection of moving charge carriers by the
Lorentz force in a magnetic field, there is an anomalous term
which is proportional to the spontaneous magnetization M. Al-
though this anomalous Hall effect (AHE) has been recognized
for more than a century [1], it is still a long-standing topic in
condensed matter physics which attracted great interest due
to the fundamental physics and great potential applications.
It is now widely accepted that there are three mechanisms
responsible for the AHE [2]. Karplus and Luttinger first
proposed a model related to the band structure of ferromagnetic
metals with the spin-orbit interaction (SOI) to explain the AHE
(intrinsic KL mechanism) [3]. In modern language, it has
been reinterpreted as a manifestation of Berry-phase effects
on occupied electronic Bloch states [4,5]. For this mechanism,
the anomalous Hall resistivity (pfy) scales quadratically with
longitudinal resistivity (o,,). The AHE can also be induced
by asymmetric scattering of conduction electrons which are
subject to SOI. These extrinsic mechanisms for the AHE
involve skew-scattering and side-jump scattering ones [6,7].
For the former, the ,o;‘y is linearly proportional to py,. By
contrast, the latter gives ,ofy x pg. (@ =2), similar to the
intrinsic mechanism.

Recently, the AHE of materials with frustrated structure
and/or noncollinear magnetism, such as spin-ice-like ferro-
magnetic Nd;Mo,O7 [8], PryIr,O; with chiral spin-liquid state
[9], and noncollinear antiferromagnetic Mn3Sn [10], have
attracted much attention. These systems exhibit large AHE
like in the traditional ferromagnet possibly due to the effects
of Berry phase originating from the noncoplanar spin sites
with spin chirality. These studies deepen our understanding of
the relation between topological nature of the quantum states
of matter and its transport properties, however, the effects of
frustrated magnetism on the AHE, i.e., the interaction between
localized spins in the frustrated lattice and itinerant electrons,
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are still not fully solved because of limited material systems
and theoretical calculations until now.

Ferromagnetic Fe;Sn, with a geometrically frustrated
kagome bilayer of Fe is a good candidate to study this issue.
Previous neutron powder diffraction (NPD) and Mossbauer
spectra show that the Curie temperature of the Fes;Sn;
polycrystal is about 640 K and it may be a frustrated
ferromagnet with a temperature-dependent noncollinear spin
structure [11-14]. More surprisedly, the Fe;Sn, polycrystal
exhibits AHE with an unusual scaling relationship between
the anomalous Hall coefficient R; and the longitudinal
resistivity pyrx, Ry ,of,;cls, i.e., « = 3.15 when the M is
almost unchanged with temperature [15]. This large scaling
index cannot be explained by either one of three mechanisms
introduced above. Moreover, theoretical calculation suggests
that Fe;Sn, could be a model system to exhibit flatband
ferromagnetism, leading to the fractional quantum Hall states
at high temperatures (maybe even room temperature) [16].
These results motivate us to study the AHE of Fe;Sn; in detail.
In this work we report the results of transport and magnetic
properties of the Fe;Sn, single crystal. Distinctly different
from o = 3.15 in the polycrystal, the quadratically scaling
behavior between anomalous Hall resistivity ,ofy and p,, are
observed in the Fe;Sn; single crystal and our analysis implies
that the main contribution of observed AHE should originate
from the intrinsic KL mechanism. The large Hall conductivity
might be intimately related to the topologically nontrivial
bands in Fes;Sn,, originating from the ferromagnetism with
a geometrically frustrated kagome bilayer of Fe.

II. EXPERIMENT

Single crystals of Fe;Sn, were grown by the self-flux
method with Fe : Sn = 4 : 96 molar ratio. Fe (purity 99.98%)
and Sn (purity 99.99%) grains were put into an alumina
crucible and sealed in a quartz ampoule under partial argon
atmosphere. The sealed quartz ampoule was heated to and
soaked at 1323 K for 4 h, then cooled down to 1043 K
with 6 K/h. At this temperature, the ampoule was taken
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out from the furnace and decanted with a centrifuge to
separate Fe3Sn, crystals from Sn flux. X-ray diffraction
(XRD) of a single crystal was performed using a Bruker
D8 x-ray machine with Cu K, radiation (A = 0.15418 nm)
at room temperature. Magnetization and electrical transport
measurements were carried out by using Quantum Design
PPMS-9 and MPMS-XL5. The longitudinal and Hall electrical
resistivity were performed using a four-probe method on single
crystals cut into a rectangular shape with the dimensions of
1.9 x 1.5 x 0.4 mm>. The current flows in the ab plane of
hexagonal structure. For the measurement of Hall resistivity
Pxy, in order to effectively get rid of the longitudinal resis-
tivity contribution due to voltage probe misalignment, the
Hall resistivity was obtained by the difference of transverse
resistance measured at the positive and negative fields, i.e.,

Pxy(poH) = [p(+poH) — p(—pmoH)]/2.

III. RESULTS AND DISCUSSION

As shown in Fig. 1(a), the crystal structure of Fe;Sn; is
composed of a Fe-Sn bilayer and a Sn layer stacking along
the c-axis direction alternatively. In the Fe-Sn bilayer, the Fe
atoms form two kagome layers with two kinds of equilateral
triangles which have different Fe-Fe bond lengths (0.2732 and
0.2582 nm for orange and blue ones, respectively). The Sn
atoms occupy the centers of the hexagons in the kagome layers.
Moreover, the triangles of Fe atoms with small side length in
two layers connect each other and make up the octahedra of
Fe atoms. On the other hand, there is another Sn layer in
between two Fe-Sn bilayers. The Sn atoms in this layer form a
two-dimensional network of a six-member ring connected to
each other by edge sharing, which is the same as in graphene.
Figure 1(b) shows the XRD pattern of a Fe;Sn, single crystal.
All of the peaks can be indexed by the indices of (0 0 ) lattice
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FIG. 1. (a) Crystal structure of Fe;Sn, (left) and kagome layer of
Fe atoms (right). The small red and big green balls represent Fe and
Sn atoms, respectively. (b) XRD pattern of a Fe;Sn, single crystal.
Inset: Photo of typical Fe;Sn, single crystals.
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FIG. 2. (a) Temperature dependence of the in-plane resistivity
pxx(T) of a Fe;Sn, single crystal at zero field and 9 T along the ¢
axis. (b) Magnetoresistance of p,,(uoH) at 5 and 400 K for H||c.
(c) Temperature dependence of magnetic susceptibility x(7') for a
Fe;Sn, single crystal in the high-temperature region (300-850 K) with
ZFC mode at uoH = 0.1 T for H||ab and H | c. Inset: Corresponding
dx(T)/dT vs T.(d) Temperature dependence of x(7") with ZFC and
FC modes at uoH = 0.01 T for both field directions. Inset: x(7") vs
T with ZFC mode at uoH = 2 T for both field directions.

planes. It indicates that the crystal surface is parallel to the ab
plane and perpendicular to the ¢ axis. The inset of Fig. 1(b)
shows a photograph of typical Fe;Sn, crystals on 1 mm grid
paper. It can be seen that these crystals have hexagonal shape
with small thickness, consistent with the layered structure and
the rhombohedral symmetry of Fe3Sn; with space group R3m.

Electrical resistivity p,,(T') in the ab plane as a function of
temperature for the Fe;Sn; single crystal is shown in Fig. 2(a).
The p,.(T) at zero field exhibits metallic behavior with a
much smaller absolute value than that of the polycrystal [15],
partially due to the absence of grain boundary (GB) effects.
The residual resistivity ratio (RRR) that p,, (300 K)/p., (5 K)
is about 21, indicating the high quality of the sample.
At uoH =9 T, the metallic behavior of p,,(T) is almost
unchanged [Fig. 2(a)]. But the signs of magnetoresistance
{MR = [pxx (o H) — prx (0)]/,0xx 0) = Apxx/pxx(o)} at low
and high temperatures are opposite [Fig. 2(b)].The MR at 5 K
is positive and reaches about 80% at pgH = 9 T. In contrast,
there is a negative MR with small value (~2% at uoH =9T)
at 400 K. The positive MR at low temperature should originate
from the Lorenz force caused by a magnetic field on the carrier
motion. On the other hand, the negative MR becomes obvious
at high temperature near 7, because of the suppression of spin
scattering in ferromagnetic Fe;Sn, by applying a magnetic
field. Moreover, it can be seen that there is a slope change
of p.x(uoH) at uoH ~ 0.7 T, because the magnetization of
Fe;Sn, becomes saturated when the field further increases. In
other words, once the magnetic moment is saturated, further
increase of the field will have a much weaker influence on the
alignment of spin, the change of MR with the field would also
become smaller.
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High-temperature magnetic susceptibility x,,(7) and
Xxc(T) with zero-field-cooling (ZFC) mode at uoH =0.1 T
for Hl|jab and H|c are shown in Fig. 2(c). There are sharp
increases for both x,,(7T) and x.(T'), corresponding to the
ferromagnetic transition in Fe;Sn,. The Curie temperature 7,
determined from the peaks of d x,,(T)/dT and dx.(T)/dT
is about 641 and 643 K, respectively [inset of Fig. 2(c)]. It is
very close to the T, of the Fe;Sn, polycrystal [14]. Surprisedly,
when the temperature is below T, the x(T') starts to decrease
with temperature for both field directions at the beginning and
then increase when 7' < T* (~423 K). This behavior is also
observed in the Fe;Sn, polycrystal with slightly different 7*
and it was ascribed to the rotation of the Fe moments from the
c axis to the ab plane with decreasing temperature, consistent
with previous results of NPD and Mossbauer spectra [11-14].
When T < 100K, the ZFC and field-cooling (FC) x (T') curves
for both field directions at uoH = 0.01 T [Fig. 2(d)] still
almost overlap with only slight differences between each other.
It is different from the obviously branching behavior between
ZFC and FC y (T) curves of the Fe;Sn; polycrystal in which
there is a spin glass (SG) state appearing below 80 K [14]. The
much weaker branching behavior in the single crystal than
in the polycrystal implies that there may be a frustrated state
rather than SG state because of the spin disorder at GBs in
the polycrystal might have significant influence on magnetic
properties at low temperature. On the other hand, the x.(T')
exhibits more obviously downturn behavior, which could be
ascribed to the accelerated process of spin reorientation from
the c axis to the ab plane [13]. When the field increases to 2 T,
both x,,(T) and x.(T") exhibit typical ferromagnetic behavior
in the whole temperature range [inset of Fig. 2(d)], similar
to previous results [12]. It implies that the spin reorientation
process is suppressed by the high magnetic field.

Figure 3(a) exhibits the effective field dependence of
magnetization M (uoHegr) at various temperatures between 5
and 350 K for H ||c. Here o Her = o(H — NyM), where Ny
is the demagnetizing factor and the calculated value of Ny
is 0.65. Because of T < T, the shape of M (uoH.g) curves
is typical for ferromagnets, i.e., a rapid increase at low field
region with a saturation in higher magnetic fields because most
of the Fe moments have been aligned along the field direction.
The saturation magnetization M, increases with decreasing
temperature, well consistent with the temperature dependence
of the x.(T) curve at uoH = 2 T [inset of Fig. 2(d)] as well
as the trend of magnetic moment obtained from NPD [11].
But it is in sharp contrast to the results of M (poHeg) for
the Fe;Sn, polycrystal in which the M; becomes smaller
with decreasing temperature. On the other hand, the M; at
the lowest measuring temperature (5 K) for Hl|c is about
2.1 pg/Fe, in good agreement with those values in the literature
[11,12,14,15].

Hall resistivity p,,(B) as a function of magnetic induction B
for the Fe;Sn; single crystal at various temperatures is shown
inFig. 3(b). Here B = po(Hee + M) = polH + (1 — Ny)M].
The p,,(B) increases quickly to certain saturated values at
low B region. With increasing B further, the p,,(B) decreases
slightly and the B dependence of p,,(B) is almost linear, i.e.,
the pxy(B)/B is constant. On the other hand, when lowering
temperature, the saturated value of p.,(B) becomes smaller
gradually. These behaviors are qualitatively consistent with
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FIG. 3. (a) Effective field dependence of magnetization
M (10 Her) and (b) Hall resistivity py,(B) as a function of magnetic
induction B for the Fe;Sn, single crystal at various temperatures
when H||c. The blue dashed line in (b) is the linear fit of p,,(B) at
high- B region when 7' = 350 K.

the results in the Fe;Sn, polycrystal, however, the saturated
values at each temperature are much larger than those for the
polycrystal [15]. This difference can be partially ascribed to
the effects of GB scattering on p,,(B). Moreover, at 5 K, the
inflecting behavior of p.,(B) becomes very small and the high-
B value is negative, suggesting that the dominant carriers in
Fe;Sn; are electrons. It should be noted that the saturated value
of p.,(B) for the Fe3Sn; single crystal at 350 K is enormous,
much larger than that of typical itinerant ferromagnets, such
as Fe and Ni [17,18]. There is a similarity between the shapes
of pxy(B) and M (110 Hesr) curves. It clearly indicates that there
is an AHE in itinerant ferromagnet Fe;Sn;.

In general, the Hall resistivity oy, in the ferromagnets is
made up of two parts [15],

Pry = Py + Py = RoB + RypoM, (1)

where ,of‘, and ,o;‘y are the ordinary and anomalous Hall
resistivity, respectively. Ry is the ordinary Hall coefficient
from which apparent carrier concentration and type can be
determined (Ry ~ —1/|e|n,), and R; is the anomalous Hall
coefficient. As shown in Fig. 3(b), the values of R, and ,o;‘y in
principle can be determined from the linear fit of the p,,(B)
curve at the saturation region. The slope and y-axis intercept
is corresponding to the Ry and ,ofy, respectively. The R can
be obtained by using the formula pfv = R, oMy, with the M
taken from the M (woHegr) curves at o Her = 2 T [Fig. 3(a)].
The Ro(T) is negative at various temperatures, in contrast to
the positive R,(T') [Figs. 4(a) and 4(b)]. The former confirms
that the electron-type carrier is dominant. The Ry(7") shows
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FIG. 4. (a) and (b) Temperature dependence of fitted Ry(7") and
Ry(T) from p,,(B,T) curves using Eq. (1). Inset of (a): Derived n,(T")
from Ry(T). (c) Plot of logp? (T) vs logp..(T). The blue and green
solid lines are the fits using ‘the relation ,og X px(T)* below and
above 100 K, respectively. (d) Anomalous Hall conductivity U;}(T) as
a function of temperature. Inset: Temperature dependence of Sy (7).

weak temperature dependence above 100 K. When T < 100K,
the absolute value of Ry becomes larger. Using the values of
Ry, the n, is evaluated [inset of Fig. 4(a)]. It is insensitive
to the temperature (~1.8 x 10?> cm~3, corresponding to 1.47
carriers per Fe;Sny) when T > 150 K and increases slightly
with decreasing temperature down to 100 K. Then the n,(T)
reduces sharply with further lowering temperature below 100
K. The strong variation of n,(T) below 100 K is possibly due to
the influence of spin reorientation on the Fermi surface, leading
to the change of carrier concentration. On the other hand, the
R, (T) decreases with decreasing temperature monotonically
and approaches almost zero at low temperature [Fig. 4(b)]. The
value of R; at 0.5T /T, (~320 K) is about 1 x 10°Qem G,
somewhat larger than the Fe;Sn; polycrystal [15]. Importantly,
at the same reduced temperature, the Fe;Sn;, single crystal has
about two orders of magnitude larger R, when compared to
the conventional itinerant ferromagnets, such as pure Fe and
Ni [17,18].

Figure 4(c) shows the scaling behavior of ,o;‘y VS pxx. There
is a jump at about 100 K corresponding to the temperature
where the process of spin reorientation from the ¢ axis to the
ab plane is almost completed, as observed in the x(7") curves.
Using the formula pf}, = Bp,, the fits for 7 > 100K and 7' <
100 K give 1 = 1.92(2) and oy = 1.94(5), respectively. Both
nearly quadratic relationships between ,ofy and p,, clearly
indicate that the intrinsic KL or extrinsic side-jump mechanism
dominates the AHE in the Fe3Sn; single crystal rather than the
extrinsic skew-scattering mechanism which will give the linear
relationship between ,ofy and p.y. By contrast, the Fe;Sn,
polycrystal exhibits the scaling behavior with much larger o
(=3.15) [15], similar to those that have also been observed
in some inhomogeneous systems, such as Fe/Cr multilayers,
Co-Ag granular films [19,20]. Zhang [21] proposed that in
the magnetic multilayered systems, the ,oj‘v will depend on the
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ratio of relaxation times or scattering potentials in magnetic
and nonmagnetic layers in the long mean-free path limit where
the mean-free path XA is much larger than the layer thickness,
and the scaling behavior with « = 2 will break down. This is
one of the possible explanations for the large « in the Fe;Sn;
polycrystal when regarding the spin-disordered GBs and the
gains of Fe;Sn; as the nonmagnetic and magnetic layers, and
the X is comparable or larger than the thickness of the GB layer
or gain size. By contrast, although the XA of the single crystal
is larger than that of the polycrystal, the Fe;Sn; single crystal
can be regarded as a uniform magnet. It is more homogeneous
than the polycrystal without any heterostructure like GBs and
the crystal size should be much larger than the A. Thus,
the local limit is valid and the anomalous Hall conductivity
(AHC) aj’v ~— pfy /p2. = —RsuoM/p? ) is independent of
the scattering potential or the relaxation time, i.e., « = 2 for
the Fes;Sn, single crystal.

Temperature dependence of o} is shown in Fig. 4(d).

Above 100 K, the U;_‘y is about —170 ~!'em™!, insensitive
to temperature. When 7 is below 100 K, it increases quickly
to about —400 Q! cm~!. This variation is also reflected in the
scaling relationship between ,ofy and p,,, leading to the jump
of prefactor g significantly because the M is almost unchanged
with temperature between 5 and 350 K. Theoretically, the
intrinsic contribution of |y} ;| is of the order of e*/(ha),
where e is the electronic charge, / is the Plank constant, and
a is the lattice constant [22]. Taking a = V!/3 ~ 12.8 A ap-
proximately, the |0} ;| is ~302 7' cm™", close to the value
of lo/)| at 5 K (~402 Q' cm™"). By contrast, the extrinsic
side-jump contribution of |og’sj| has been shown to be on the

order of (e?/(ha)(eso/Er), where esg and E is the SOI and
Fermi energy, respectively [23]. Since the eso/EF is usually
less than 102 for the metallic ferromagnets, the extrinsic
side-jump contribution should be small and the AHE of Fe;Sn,
is dominated by the intrinsic Berry-phase KL contribution. It
would be interesting to carry out similar theoretical calculation
that has been carried out for bcc Fe and SrRuO; [24,25] to
verify this analysis. The dramatic increase of the GXAV at 100K is
unclear at present. Since the large contribution to O’XAym comes
from the enhanced Berry curvature near the avoided crossings
of band dispersions at E, which only occur in very small
regions of k space, the O';‘ym is very sensitive to the topology of
the Fermi surface [24]. The subtle changes of the Fermi surface
could happen due to the spin-reorientation transition below
100 K, leading to the variation of a;;. The decrease of n, also
reflects this change of the Fermi surface to some extent [inset
of Fig. 4(a)].

For the intrinsic AHC, the |/, ;, | is proportional to the M
[26,27], the scaling coefficient Sy = poR;/p2, = —o /M
should be constant and independent of temperature. As shown
in the inset of Fig. 4(d), when T is away from 100 K, the Sy
is nearly constant, confirming the intrinsic KL mechanism is
a dominant contribution of AHE. The sudden change of Sy at
~100 K is related to the evolution of |U;§,’in |. The value of Sy is
comparable with those in the traditional itinerant ferromagnets,
such as Fe and Ni (Sy ~ 0.01-0.2 V~1) [28,29]. Thus, even
though there is rather large R; in the Fe;Sn, single crystal in
contrast to Fe and Ni, the larger p,, in the former leads to
similar values of Sy in these materials.
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Previous theoretical studies predicted that an integer or
fractional quantum Hall (IQH or FQH) state can appear at
high temperature in the ferromagnet with the two-dimensional
geometrically frustrated kagome lattice [16,30]. The IQH is
corresponding to the fully filled flatband with a nonzero
Chern number and the FQH state results from the 1/3 or
1/2 filling of that band. Tang et al. proposed that Fe;Sn,
is one of the possible materials realizing these QH states
[16]. Present study indicates that instead of the appearance
of QH states, the intrinsic AHE exists in Fe3;Sn,. The metallic
behavior and the different filling of the flatband in Fe;Sn, from
theoretically required 1/3 or 1/2 filling could be related to the
absence of IQH or FQH states. Moreover, the finite interlayer
interaction between kagome bilayer of Fe could also have some
influences on the band gap A, electron-electron interaction U,
and bandwidth W, and the condition of A >> U > W favoring
the FQH state may not be satisfied. Because the AHE can be
regarded as the unquantized version of the QH effect once the
Fermi energy is not lying in the gap [2,31], both of the AHE
observed in experiment and the QH states predicted by theory
reflect the nontrivial topology of bands for the ferromagnetic
system with a geometrically frustrated kagome lattice [30].

IV. CONCLUSION

In summary, we successfully grow the Fe;Sn; single crystal
using the self-flux method. The Fe;Sn, contains geometrically
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frustrated kagome bilayers of Fe and has a ferromagnetic tran-
sition at about 640 K followed by another spin-reorientation
transition from c axis to ab plane at the lower temperature.
The transport and magnetic measurement indicates that the
Fe;Sn, single crystal exhibits a scaling relationship between
,o;‘y and p,,, ,Ofv x ,Ofx. The detailed analysis suggests that the
AHE should be dominated by the intrinsic KL. mechanism
and there is a large ny. Further theoretical calculation is

highly expected in order to clarify whether such large crxAy is
related to the topologically nontrivial bands in Fe;Sn,, which
originates from the ferromagnetism with a geometrically
frustrated kagome bilayer of Fe. Moreover, although the QH
states are absent in the undoped Fe;Sn,, adjusting the band
filling by doping could be a way to realize the theoretically
predicted QH states. On the other hand, the 0.;"}, exhibits a
sudden change at about 100 K, corresponding to the ending
temperature of the spin-reorientation transition. This jump of
ox/_‘y is tentatively explained by the evolution of the Fermi

surface.
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