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The magnetisation, magnetoresistance and Hall effect of the kagome structured material FesSns is
reported for high quality single crystals. Previous investigations of FezSna polycrystals detected
ferromagnetism at T, ~ 657 K with moments along the easy c-axis and a moment rotation towards
the a-b plane on cooling that culminates in moments freezing to form a spin glass at Tr ~ 80 K.
The results presented here for single crystals show a lower value of Tr = 70 + 2.5 K most likely
due to the increased sample quality. Above Tr we identify a topological contribution to the Hall
resistivity coinciding with an anomalous magnetoresistance. This supports recent proposals that
the magnetic structure contains magnetic Skyrmions in this temperature range.

I. INTRODUCTION

Topologically protected quantum phenomena are
known to exist in a wide range of condensed matter
systems. One such state with promising use in techno-
logical applications is the topological Hall effect (THE)
in materials with magnetic spin structures that exhibit
chirality [1]. Tt is realisable for materials containing
whirls of magnetic spins known as Skyrmions such as
MnSi [2] or other complex non-trivial spin structures
like those of geometrically frustrated pyrochlores [3].
Electrons passing through the chiral structure acquire a
Berry phase contribution that leads to a topological Hall
effect in addition to a background from the ordinary
Lorentz force Hall effect and anomalous Hall effect
(AHE) present in magnetic materials. For large enough
effects the THE contribution may be separated from
the background effects in transport experiments, for
example in MnSi [4, 5].

Here we discuss the Hall effect in metallic FezSns,
which has a kagome crystal structure well known in
the context of geometrically frustrated magnetic spins.
In FesSny ferromagnetism with non-collinear spins
indicative of frustration has been reported [6], while in
applied field the presence of Skyrmion like spin textured
bubbles has been detected [7, 8]. This makes FezSny an
interesting candidate to look for a THE. We report Hall
effect, magnetisation and magnetoresistance measure-
ments on high quality single crystals of Fe3Sny. An extra
component of Hall resistivity, Aps;,, can be isolated
after subtraction of the ordinary and anomalous Hall
effect contributions that bears a striking resemblance
to a THE. The existence of Ap,, is complimented
by an anomaly in magnetoresistance over the same
temperature and field range.

Fe3Sny has the space group R3m and Fe atoms form
kagome planes made up of two sizes of equilateral
triangles of side length 2.732 and 2.582 A, shown as red

and blue respectively in Figure 1 (a). The kagome planes
form offset bilayers where the smaller Fe-Fe distances
make up octahedra, shown in Figure 1 (b). The Sn
atoms sit within the kagome layers and between the
bilayers [6, 9, 10]. Previous reports using Mossbauer
spectroscopy [11-13] and magnetometry [6, 14|, detected
ferromagnetism with moments along the c-axis below the
Curie temperature, To (Te = 657 K - 612 K, depending
on sample). Upon cooling below 250 K, a continuous
rotation of the moments from the c-axis into the a-b
plane was detected with Mossbauer spectroscopy [12, 13].
However magnetic susceptibility, (M/H), indicates the
rotation begins at a much higher temperature [6]. A
change in slope of M/H below ~ 520 K resembles the
onset of a small angle moment rotation and on further
cooling a sharper change of slope at ~ 300 K suggests
an abrupt increase in rotation angle for temperatures
below. Powder neutron diffraction patterns reveal the
moment rotation in Fe3Sns is non-collinear, consistent
with magnetic frustration due to a strong competition
between the magnetic interactions present [6]. The
competition between magnetic interactions is evidenced
further by a a second transition, reminiscent of moments
freezing to a spin glass state, at Tp ~ 80 K [6]. The
exact details of the spin glass state are unknown.
Pereiro et al. [15] showed that competing magnetic
interactions in a kagome lattice can result in Skyrmion
spin structured excitations. Experimentally, it appears
that in FegSns such Skyrmions may be static. The
evidence comes from Lorentz transmission electron
microscopy in an applied magnetic field, puoH, parallel
(Il) to the c-axis. This revealed striped domains that
transformed to magnetic bubbles on increasing field
[7]. The bubbles appeared to be made up of concen-
tric rings of varying winding directions, making them
topologically equivalent to magnetic Skyrmions [7, §].
The authors note the bubbles may originate from the
uniaxial magnetic anisotropy present in the material
rather than the anti-symmetric Dzyaloshinskii-Moriya



interaction responsible for the Skyrmions in MnSi [7, §].
The presence of Skyrmionic bubbles is seen for fields up
to~ 1.1 T and a temperature range of 380 K - 130 K [7].
For poH > 1.1 T all moments were seen to align with
the c-axis. We now discuss our results that confirm that
there is a topological magnetic Hall signal consistent
with the presence of Skyrmions.

II. EXPERIMENT AND RESULTS

Single crystals of FesSns were grown by chemical
vapour deposition from powdered material that had in
turn been prepared from the elements. The powder of
Fe3Sn, was prepared from stoichiometric quantities of
Fe and Sn that were ground together and pressed into
a pellet that was placed into a silica ampoule and evac-
uated to 107® mbar. Back-filling with argon was car-
ried out to a pressure of 3.5 mbar to reduce Sn evapo-
ration. The ampoule was then heated to 80 °C with a
ramp rate of 1 °C min™! and left for 7 days. The re-
action was then quenched by submersion in cold water.
Single crystals were prepared by chemical vapour trans-
port with 40 mg of iodine as a carrier and 500 mg of
the prepared FezSns powder loaded into a 16 cm long

FIG. 1: (a) The crystal structure of FezSna with the crystallo-
graphic axes shown as coloured arrows. The blue Fe atoms form
kagome planes made up of two sizes of equilateral triangles of 2.732
and 2.582 A shown as blue and red respectively. (b) The kagome
planes are bilayered where the 2.582 A Fe-Fe triangles form octa-
hedra and the green Sn atoms sit within the kagome planes and
between bilayers. (c) A typical hexagonal crystal of FezSna show-
ing the directions of the crystallographic axes along with a scale
for comparison.
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FIG. 2: (a) Curves of magnetic D.C. susceptibility (M/H) against
temperature, for poH = 0.01 T and 0.05 T applied || to the a-axis
(left axis) and c-axis (right axis) respectively. The maximum in
(M/H) attributed to Tp = 70 K is indicated. (b) The 1 T -0 T
segment of hysteresis curves for uoH || to the a-axis at a series
of temperatures. (c) The full magnetic hysteresis curve at 120 K
between +4 T, for uoH || to the c-axis. No notable hysteresis is
observed. (d)-(e) The 4 T — 0 T segment of hysteresis curves at
a series of temperatures for poH || to the c-axis.

silica ampoule. The ampoule was evacuated to a pres-
sure of 1076 mbar and sealed. After heating at a rate of
1 °C min~! in a two-zone furnace to temperatures of 650
and 720 °C, the reaction was left for 8 days and yielded
crystals up to 6 mm in diameter. Typical single crystals
are hexagonal or triangular in shape, with dimensions of
~ 0.5 mm x 0.5 mm x 0.04 mm, as shown in Figure 1 (c).
X-ray Laue diffraction confirmed the c-axis is perpendic-
ular to the plane while the a and b axes are parallel to
the edges of the hexagon.

Magnetisation measurements were carried out on a
high quality single crystal (RRR = 28, Figure 3 (a))
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FIG. 3: (a) The zero field resistivity, pze(0), of FeaSns measured
in the a-b plane of the crystal. (b) and (c¢) Curves of the change in
resistivity relative to the zero field value against puoH for a range
of temperatures between 270 K and 30 K.

using a MPMS-XL7, Quantum Design, Inc. SQUID
magnetometer. The DC susceptibility, (M/H), namely
the magnetisation M divided by poH, is shown in SI
units as a function of temperature from 300 K to 2 K for
puoH = 0.05 T || to the c-axis (blue) and poH = 0.01 T ||
to the a-axis (black). Hysteresis curves were carried out
at constant temperature, following the pugH ramp profile
of 0T 54T - 4T -0T. The 1T - 0T and
4T — 0T segments of the hysteresis curves for ugH ||
to the a-axis and c-axis respectively, expressed in Bohr
magnetons per Fe are shown in Figure 2 (b) and (d)-(e).
At all measured temperatures and field directions no no-
table hysteresis is observed and the curves for increasing
and decreasing fields are indistinguishable as shown in
the full +£4 T hysteresis curve in Figure 2 (c) at 120 K
for poH || to the c-axis.

Gold 25 pum contacts were added along and across the
a-b plane of the same sample used in the magnetisation
study in a Hall bar geometry, perpendicular to the c-axis,
using Dupont 4929 silver epoxy. A current of 200 A was
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FIG. 4: (a)-(c) Curves of Hall resistivity, pgy, against poH, be-
tween 270 K and 30 K. Black dashed lines are calculated fits based
on EQNS (1) and (2) discussed in the main text. The black ar-
rows indicate the region where an extra contribution to the Hall
resistivity, Apgy, exists.

applied in the a-b plane at a frequency of 37 Hz and the
voltage signal measured using a transformer and lock-in
amplifier. The zero field resistivity, p..(0), against tem-
perature is shown in Figure 3 (a), demonstrating metal-
lic like behaviour and a sample RRR = 28. The mag-
netoresistance, p,,(H), and Hall resistivity, pg,, were
measured concurrently in the a-b plane at constant tem-
perature with poH || to the c-axis following an identi-
cal +4 T ramp profile used in the magnetisation study.
The p.(H) and pgy curves were symmetrised and anti-
symmetrised respectively, for positive and negative fields
to correct for any contact misalignment. The measured
curves of the change in resistivity relative to the zero field
value i.e. (pgz(H) — p2z(0))/ps2(0), against poH up to
4 T are shown in Figure 3 (b) and (c). The correspond-
ing pgzy curves are shown in Figure 4.



In a collinear ferromagnet pg, is made up of (i) the
ordinary Hall effect, pj;,, dependent on n, the free car-

rier concentration and (i) the AHE, p2f ¥ dependent
on sample magnetisation, M, to give
A poH

sz:PQerPx;IE:*KJFRsM, (1)

where e is the elementary charge constant and R is the
anomalous Hall coefficient. The first microscopic descrip-
tion of the AHE by Karplus and Luttinger [16], known
as the intrinsic AHE, depended solely on the topology
of the material’s band structure including the spin-orbit
interaction. In modern notation, the intrinsic effect is
expressed in terms of Berry curvature given by

e2

Here (Q) is the total weighted average Berry curvature
for the band structure and Sy is a temperature indepen-
dent scaling factor. A non-zero (f2) causes carriers to
experience an extra anomalous Hall velocity perpendicu-
lar to applied electric field [17].

There are also 2 extrinsic contributions to R, denoted
skew and side-jump scattering. Here the spin orbit in-
teraction causes asymmetrical scattering of conduction
electron wavepackets from impurities [18, 19]. This asym-
metry leads to a Hall voltage that scales linearly with
the longitudinal resistivity, o< p,, for skew scattering
and quadratically, o p2, for side-jump scattering. Hence
there is a difficultly in experimentally distinguishing be-
tween intrinsic and side-jump contributions. In transi-
tion metal ferromagnets such as bcce Fe, that possess non-
simplistic band structures and large Berry curvature, the
intrinsic AHE is thought to far outweigh the side-jump
mechanism [20].

Fits according to EQNS (1) and (2) to determine p7,
and pfyH E contributions to p;y, in Fe3Sns using the mea-
sured curves of M and p,,(H) and taking into account
demagnetising fields were carried out as follows. The
magnetisation curves show moments become aligned with
woH || to the c-axis above a saturation field H > Hy
(= 1 T). The slope of the hysteresis curves below H, in
Figure 2 (d) and (e) are almost temperature independent
and determined by the demagnetisation factor, N. For
our sample geometry the expected demagnetising factor
is calculated to be N = 0.796 [21]. An experimental up-
per limit for N can be obtained from the maximum slope
of dM/dH to give N < 0.721 from the data at 270 K.
The value of 0.721 was used to estimate the effective field
poH g correcting for the demagnetising field,

poHeg = poH — NM. (3)

Since the same sample and field history was used in
the magnetisation, magnetoresistance and Hall effect
measurements, N and hence puoH.g has the same

value for all these quantities. Below the saturation
field, poHu is close to zero and the Hall resistivity is
dominated by terms depending only on the value of
M, principally the anomalous Hall term. Above the
saturation field, a straightforward fit to pu, vs poHg
based on EQNS (1) and (2) is made. This is independent
of any dependence of N on the value of M, since M is the
same in both measurements. If the scaling factor Sy is
considered to be field independent, fits to p,, given by
EQNS (1) and (2) can then be calculated over the full
field range of o Hyg and are shown by the dashed lines
in Figure 4. The values of n and Sy determined from
the fits are shown as a function of temperature in Figure
5 (a). The differences between p,, and the calculated
value, are discussed in more detail below.

DISCUSSION

We first consider the transition to the spin glass state
at Tr. Previous reports saw a transition at Tr =~ 80 K,
where Tr was determined by a maximum in magnetic
susceptibility [6]. Here a similar maximum in the DC
magnetic susceptibility, M/H, along both a and c-axis
directions is indicated by the arrow in Figure 2 (a). We
define Tr as the temperature at which M/H reaches
the maximum, giving Tp = 70 + 2.5 K. Additionally
the curves of magnetoresistance in Figure 3 (b)-(c) show
a large negative anomaly for pgH < 1 T that becomes
suppressed below 70 K and the calculated values of n
and Sy from the Hall effect fitting strongly increase
below 70 K, Figure 5 (a). The difference in T from
previous reports may be due to their polycrystalline
samples being of a lower quality, extra demagnetising ef-
fects from the random grain orientations or the presence
of extra strains/dislocations.

Above T excellent agreement is seen between pg,
and the fit to EQNS (1) and (2) for poH > Hs (= 1 T).
However below Tr the fits become progressively worse
on cooling, for example the curves at 50 K and 30 K
in Figure 4 (¢). The poor fitting may be due to an
unconventional AHE or a change in Fermi surface in the
spin glass state.

The remainder of this letter focuses on temperatures
above Tp. At fields below saturation (uoH < Hg) a
significant deviation between the fit and data, indicated
by the black arrows in Figure 4 (a) and (b) exists. This
region in Fe3Sny is expected to contain non-collinear mo-
ments possessing both a-b plane and c-axis components
which here we label the R-state. The difference between
pzy and calculated fits is denoted, Ap,,,. Whilst extrinsic
responses are expected to become more prominent as
the temperature is lowered due to longer relaxation
times, including a skew scattering term, ap,, (H), where
a is a scaling constant, does not reduce Ap,,. Fermi
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FIG. 5: (a) Values of n (left axis) and Sg (right axis) from fits
to the Hall resistivity as a function of temperature. The horizontal
dashed lines are guides to the eye to demonstrate the temperature
independence of n and Sy above Tr. (b)-(c) Curves of the change
in resistivity relative to the zero field value against poH for 250 K
and 120 K respectively. (d)-(e) The corresponding Apgy curves.
The vertical dashed lines are guides to the eye showing Apgy exists
over the same p0 H range as the anomaly seen in magnetoresistance.
(f) The magnitude of the peak maximum |Apgy | averaged for both
positive and negative fields as a function of temperature from 270 K
to Tp.

surface measurements and band structure calculations
for FegSns show a multi-band system with a complex
Fermi surface and large Berry curvature [22-24]. Along
with the temperature independence of Sy and n above
Tr in Figure 5 (a), it can be concluded that the AHE
is intrinsic in accordance with previous reports [10, 25].
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FIG. 6: The poH-T phase diagram of FegSny with poH || to
the c-axis. The green region represents the spin-glass phase below
Tr = 70 K determined from the magnetic susceptibility, shown as
grey triangles outlined in red. Grey circle and diamond markers
are derived from the anomaly in magnetoresistance, as described
in the main text. Blue depicts the R-state region of non-collinear
moments while yellow represents moment saturation with puoH and
shaded blue/yellow represents the cross over region.

Although side-jump scattering also scales with p2_, for
such a multi band system the intrinsic effect is expected
to far out weigh any side-jump contribution.

Curves of Ap,,, are shown in units of nQ2-cm against
toH in Figure 5 (d) and (e) for 250 K and 120 K respec-
tively, while the magnitude of the peak maximum |Apg,|
averaged for both positive and negative fields is plotted
as a function of temperature in Figure 5 (f). The field
range over which Ap,, exists corresponds directly to that
of the negative anomaly in magnetoresistance, shown in
Figure 5 (b) and (c). Such negative magnetoresistance
anomalies in non-collinear magnetic materials may be
associated with the presence of magnetic fluctuations,
that increase resistivity, being suppressed as moments
become aligned with poH [26].

The Aps, present in the R-state of FesSnp may
represent a THE like that in the Skyrmion lattice of
MnSi [4]. While the magnitude of Ap,, (= 180 nQcm at
200 K) is significantly larger and opposite in sign to than
that seen for MnSi [4], it is comparable to the THE of
MnGe where the period of the chirality is much shorter
and a large negative THE exists below 60 K [27]. As
discussed in the introduction Lorentz transmission elec-
tron microscopy measurements detected spin textured
magnetic bubbles topologically equivalent to Skyrmions
in FeoSns from 380 K - 130 K up 1.1 T, coinciding well
with the temperature and field range the largest Apg,
effect is seen here. On cooling towards T the density
of the spin textured magnetic bubbles was observed to
decrease [7, 8]. The magnetisation curves in Figure 2 (b)
show a decrease in the saturation field approaching T
indicative of an increase in a-b moment. These obser-
vations may provide an explanation for the decreasing



magnitude of Ap,, on cooling and suggest the need for
a significant c-axis component of non-collinear moments
for Ap,, to exist. Similarly since the R-state contains
moments with both a-b plane and c-axis components,
a decrease in magnitude is expected for temperatures
higher than those accessible here that contain a smaller
a-b moment component. Then |Ap,, | will follow a dome
shaped dependence to higher temperatures. A THE of
a similar magnitude and temperature dependence has
recently been reported in Mn; sPtSn [28].

The magnetic phase diagram of FesSns for pgH ||
c-axis is shown in Figure 6. The transition to the
spin-glass phase is shown as the green region where the
red outlined grey triangles indicate T determined from
magnetic susceptibility. The vertical line defining the
field dependence of Ty is inferred from the behaviour
of the Hall and magnetoresistance signals being clearly
different to the left and right of this line as shown in
Figure 3 (c¢) and Figure 4 (c). A vertical line is also
reported in the literature by Hou et al. [7]. The grey
circle and diamond markers represent the minimum
and half maxima of the anomaly in magnetoresistance
respectively. The blue and yellow regions indicate the R-
and fully aligned states respectively whilst the shaded
blue/yellow represents the cross over region. The cross
over is defined as the region between the second half
maxima in the anomaly of magnetoresistance and the
saturation field Hy.

Other contributions to Apg, not due to a THE should
also be considered. The lack of any measurable hystere-
sis and high value of the RRR suggest the existence of
Apgy is not due to magnetic domains or disorder. As
already discussed Ap,, is not due to skew scattering
and the side-jump mechanism is expected to be far
outweighed by the intrinsic effect. The fitting used here
assumes a linear ordinary Hall effect response without
consideration of different carrier types or multi-band
effects. However for fields above moment saturation
where the ordinary Hall effect dominates, the linear
response fits well with only electron carriers, as shown
by the small error bars in n above Tr. In addition to
this the temperature independence of n and Sy above
Tr suggests any changes in Fermi surface topology here
are unlikely.

CONCLUSIONS

In summary we have detected an extra contribution in
the Hall resistivity of FesSny above T that may be due
to the topological nature of spin textures present in the
non-collinear moment R-state below moment saturation.
This is the first report of such an anomaly in FesSny and
the first of its kind in a kagome structured material. The
feature in Hall resistivity is complimented by a negative

anomaly in magnetoresistance.
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