http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Giant topological Hall effect of ferromagnetic kagome metal Fe;Sn,

Qi Wang (1), Qiangwei Yin(B¢#% k), Hechang Lei(& Al1%)
Citation:Chin. Phys. B . 2020, 29(1): 017101 . d0i: 10.1088/1674-1056/ab5fbc
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Possible nodeless s*-wave superconductivity intwisted bilayer graphene

Zhe Liu(%#), Yu Li(Z=F), Yi-Feng Yang(# 3 )
Chin. Phys. B . 2019, 28(7): 077103 . doi: 10.1088/1674-1056/28/7/077103

Negative differential resistance and quantum oscillations in FeSb, with embedded antimony

Fangdong Tang(i# /5 #:), Qianheng Du(ft#ff), Cedomir Petrovic, Wei Zhang(5k &), Mingquan He(fi"#{4:), Liyuan
Zhang (7K 73)
Chin. Phys. B . 2019, 28(3): 037104 . doi: 10.1088/1674-1056/28/3/037104

Magnetochemistry and chemical synthesis

Lin Hu(##K), Guoliang Xia(¥ [# K ), Qianwang Chen([%#ZHE)
Chin. Phys. B . 2019, 28(3): 037102 . doi: 10.1088/1674-1056/28/3/037102

Heavy fermions in high magnetic fields

M Smidman, B Shen(7tik), C Y Guo(E8#)), L Jiao(£EHk), X Lu(#fik), H Q Yuan(Z #E3K)
Chin. Phys. B . 2019, 28(1): 017106 . doi: 10.1088/1674-1056/28/1/017106

Pressure effect in the Kondo semimetal CeRu,Sng with nontrivial topology

Jiahao Zhang(ik:#), Shuai Zhang(5k V), Ziheng Chen(Bs 7 ¥#7), Meng Lv(& &), Hengcan Zhao(EX{E ML), Yi-feng
Yang(# X %), Genfu Chen([54R &), Peijie Sun(#M%74)
Chin. Phys. B . 2018, 27(9): 097103 . doi: 10.1088/1674-1056/27/9/097103


http://cpb.iphy.ac.cn/EN/abstract/abstract75183.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract74197.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73675.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73674.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73418.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72722.shtml

Chin. Phys. B Vol. 29, No. 1 (2020) 017101

Giant topological Hall effect of ferromagnetic kagome metal Fe;Sn,*

Qi Wang(EF5), Qiangwei Yin(f{#%7%), and Hechang Lei(F5 fli%)"

Department of Physics and Beijing Key Laboratory of Opto-electronic Functional Materials & Micro-nano Devices,
Renmin University of China, Beijing 100872, China

(Received 22 October 2019; revised manuscript received 23 November 2019; accepted manuscript online 9 December 2019)

We present the experiment observation of a giant topological Hall effect (THE) in a frustrated kagome bilayer magnet
FesSn,. The negative topologically Hall resistivity appears when the field is below 1.3 T and it increases with increasing
temperature up to 300 K. Its maximum absolute value reaches ~ 2.01 pQ-cm at 300 K and 0.76 T. The origins of the
observed giant THE can be attributed to the coexistence of the field-induced skyrmion state and the non-collinear spin
configuration, possibly related to the magnetic frustration interaction in Fe3Snj.
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1. Introduction

The ordinary Hall effect is due to the Lorentz force acting
on the charge carriers./!l In ferromagnetic materials, an extra
contribution arises from spin—orbit coupling, which is propor-
tional to the spontaneous magnetization, termed the anoma-
lous Hall effect (AHE).[?3! The origins of AHE are separated
into intrinsic!* and extrinsic (skew scattering and side jump)
mechanisms.>~7! The intrinsic mechanism has been attributed

8-11] Furthermore,

to the Berry curvature in momentum space.|
in a non-coplanar spin configuration, the Berry phase arising
from the real-space scalar spin chirality y;x = S;- (S; x Sk)
can generate a fictitious magnetic field and hence give rise to
the topological Hall effect (THE).['>13! It is widely known that
THE is commonly observed in metallic magnets hosting mag-
netic skyrmions, which are topologically protected whirling
spin textures in nanoscale.!'*l The noncentrosymmetric B20
magnets with skyrmions, such as MnSi, 15171 MnGe, 18]
FeGe,[1920] and Mn;_,Fe,Si,[2!] as well as centrosymmetric
magnets MnNiGal??! and MnPdGal?*! with biskyrmions are
identified to exhibit THE.

Recently, the THE has been observed in frustrated mag-
netic systems, such as PrIr,O;7 and Nd,Mo,O7 with py-
rochlore structure, 2429 PdCrO,, Fe;3Sb, Fe;GeTe,, and
Gd,PdSi; with triangular lattice,?*”! Mn3Sn and Mn3Ga
with kagome lattice,**3!) and MnsSi3 with noncollinear spin
structure.3?! The THE in these systems has attracted much at-
tention. Especially for frustrated centrosymmetric triangular
lattice magnet Gd,PdSis, it shows large THE due to the field
induced skyrmion lattice. Meanwhile, the magnetic skyrmions
in the frustrated centrosymmetric magnetic system have also
been studied theoretically.[>3-36] These experimental and theo-
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retical results suggest that the magnetic skyrmions can also be
stabilized in a centrosymmetric lattice via magnetic frustration
without Dzyaloshinskii-Moriya (DM) interaction. Hence ge-
ometrically frustrated magnets are also an important material
system for the generation of magnetic skyrmions. More im-
portantly, the coexistence of skyrmion state and non-collinear
magnetic structure both of which originate from magnetic
frustration could result in giant THE.

Frustrated kagome lattice ferromagnet Fe3Sn, has at-
tracted much attention in recent years. It shows a large AHE at
temperature below Curie temperature 7¢ (641 K).[37:381 More-
over, angle resolved photoemission spectroscopy (ARPES)
studies confirm the existence of the massive Dirac fermions
and flat band.®®3%! Lorentz transmission electron microscopy
(LTEM) studies observe skyrmionic bubbles in Fe3Sn; in a
wide temperature range above 100 K.[*0411 1t is also found
that the Fe moments rotate from the ¢ axis to the ab plane with
non-collinear magnetic structures.[*?! Stimulated by the above
results, in this work, we further investigate the THE of Fe3Sn;
in detail. There is a giant topological Hall response in the low-
field region and the maximum topological Hall resistivity is
about —2.01 pQ-cm at 300 K and 0.76 T. At high field, the
THE disappears due to the fully polarized Fe moments. The
giant THE can be related to the field-induced skyrmion struc-
ture and the non-collinear spin configuration.

2. Experimental details

Fes3Sny single crystals were grown by the Fe flux
method.?”) The x-ray diffraction (XRD) of a single crystal
was performed using a Bruker D8 x-ray machine with Cu

Ky radiation. Magnetization and electrical transport mea-
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surements were carried out in Quantum Design MPMS3 and
PPMS-14T, respectively. The longitudinal and Hall electrical
resistivities were measured using a four-probe configuration.

3. Results and discussion

The crystal structure of Fe3Sn; is presented in Fig. 1(a),
where the Fe—Sn bilayer and Sn layer stack along the ¢ axis
alternatively. In an Fe—Sn monolayer, the Fe atoms form a
kagome lattice, with the Sn atoms sitting at the centers of
the hexagons of the Fe atoms. The Fe-Sn bilayer is com-
posed of two Fe—Sn monolayers shifting from each other by
r =a/3—b/3—c/8. Then, a graphene-like Sn layer is lo-
cated between two Fe—Sn bilayers. Figure 1(b) shows the lon-
gitudinal resistivity p,.(7') as a function of temperature at zero
field, clearly indicating the metallic behavior of Fe3Sn,.

Figure 2(a) shows the magnetic induction B dependence
of magnetization M(B) for the Fe3Sn; single crystal at var-
ious temperatures with the field along the ¢ axis. The B is
calculated by using formula B = po(Hesr +M) = to(H + (1 —
Nq)M), where UoHeg is the effective magnetic field, and Ny (~
0.4) is the demagnetizing factor. When the temperature is far
below ferromagnetic transition temperature ¢ (~ 641 K), 371
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magnetization M(B) curve of Fe3Sn, increases significantly
at the low-field region and then saturates above 1 T because
of the complete alignment of Fe moments along the field di-
rection. Moreover, the saturation magnetization M; increases
gradually with decreasing temperature, a typical behavior of
ferromagnet due to the suppressed excitation of spin waves.
Furthermore, the M at 5 K is about 2.19 ug/Fe for B||c, well
consistent with the values reported in the literature. 374>~
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Fig. 1. (a) Crystal structure of Fe3Sn, and top view of one Fe-Sn
kagome layer. (b) Temperature dependence of py(7') at zero field.
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Fig. 2. (a) Magnetization M(B) as a function of magnetic field B at various temperatures with Bl|c. (b) Field dependence of Hall resistivity
Pyx(B) at various temperatures. The color code is the same as in (a). (c) The relationship between p,, /B and pfo /B at various temperatures.
(d) Field dependence of different components of the Hall resistivity at 220 K. The blue, green, black, and red lines represent the measured

Pyx(B), pN.(B), pjx(B), and p[[.(B), respectively.

Figure 2(b) presents the B-field dependence of Hall re-
sistivity p,¢(B) at various temperatures when the field is ap-
plied parallel to the ¢ axis. The py.(B) curves share similar
shape features with M(B), however, there is a key difference

between the slopes of the M(B) and p,.(B) curves at the low-
field region, implying that there might be a THE contribution
to pyc(B). Above the saturated field, the p, (B) is a linear
function of B and decreases slightly, indicating that the domi-
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nant carriers in Fe3Sn, are electron-type. As the temperature
increases, the saturated value of py,(B) increases and these
saturated values at each temperature are well consistent with
those in the previous work. 37!

To analysis the THE in Fe3Sn, at the low-field region,
the Hall resistivity p,, can be expressed as the sum of three
different contributions!!44°!

b 4 oL RS AL

where the first term p;i (= RoB) is the ordinary Hall resistivity
induced by the Lorentz force with the ordinary Hall coefficient
Ry, the second term p;} (= SprxM) is the intrinsic anoma-
lous Hall resistivity and Syp2, corresponds to the anoma-
lous Hall coefficient with Sy being field independent.*”] The
last term pyTx represents the topological Hall resistivity arising
from scalar spin chirality. When the applied field is strong
enough, pyTX is supposed to be zero due to the disappearance
of chiral spin texture. Hence, using the formula py,/B =
Ro + Sup2M/B, the Ry and Sy can be determined from the
y-axis intercept and slope of the linear fit of py,/B vs. p2.M /B
curve in the high-field region, as shown in Fig. 2(c). Here, the
fitting range is between 1.4 T and 5.5 T, below this region the
curves deviate from linearity, implying the emergence of THE.
The R( determined from this scaling is negative at various tem-
peratures, confirming that the electron-type carrier is dominant
in Fe3Sn,. The magnitude of Ry is about 11078 Q.cm-T~!,
well consistent with the reported value.*”! The Sy is almost a
constant (~ 0.033-0.039 V~!) and it turns out that the intrinsic
mechanism makes a dominant contribution to the anomalous
Hall resistivity for all temperatures at high field. 4!

Then the values of p)Tx can be obtained by extracting
the calculated pyl‘jc and p}ﬁ from the total py,. As shown in
Fig. 2(d), at a selected temperature 7 = 220 K, pﬁ(B) (green
line) and p)’; (B) (black line) are calculated by using the fitted
Ry and Sy values. Accordingly, we obtain the field dependence
of pyTx (B) (red line). It can be clearly seen that the pyTx (B) curve
shows a hump-like shape and the maximum value pyTx’max is
—1.06 uQ-cm at 0.77 T (Bmax), Which is taken as the evidence
of THE.!">!7] The derived p;) (B) at various temperatures from
5 K to 300 K is presented in Fig. 3(a). A sizable pyTX(B) can
be observed over the whole temperature range and the sign of
pyTx(B) is negative at all temperatures. The absolute value of
pyTx(B) increases firstly, then goes through a maximum with
increasing field. Finally, it disappears when the field is higher
than 1.3 T, possibly due to the fully alignment of Fe moments
along the field direction. This result is well consistent with
the saturated field of the M(B) curve. Although the B,y is
almost temperature independent (~ 0.8 T), the amplitude of
p;rx’max increases monotonically with increasing temperature,
as shown in Fig. 3(b). The largest |pyTx’max| (~2.01 uQ-cm at
B =0.76 T) appears at 300 K, much larger than those of other

skyrmion hosting materials such as MnSi (4 nQ-cm),!>! FeGe
(0.16 pQ-cm),” and MnNiGa (0.15 uQ-cm).>?!
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Fig. 3. (a) Magnetic field dependence of p.(B) extracted from total

Hall resistivity py.(B) at various temperatures. (b) Maximum values of

T,max

topological Hall resistivity py; " as a function of temperature.

According to the phase diagram of magnetic structure
in a previous work, "l the B, seems to be very close to
the boundary area of the transition from magnetic bubbles to
skyrmionic bubbles, and the corresponding filed of vanished
pyTx(B) is located in the region in which skyrmionic bubbles
have disappeared. It seems that the THE might be related to
the skyrmion state. If so, in the skyrmion state, the pyTx can
be written as pyl; = PRoB, where P denotes the local spin
polarization of the conduction electron, Béff is the fictitious
effective field, and z is the corresponding direction of the ap-
plied field.[">! The polarization P is determined by the ratio
between the ordered magnetic moment sy, in the Skyrmion
phase and the saturated moment pg, taken from the Curie—
Weiss moment in the paramagnetic state or the free Fe moment
in form of P = Lispo / tsar.!'>! For Fe3Sny, the igpo at 300 K is
1.764 up/Fe at 0.76 T and the U (300 K) is 1.996 up/Fe
if taken the saturated moment at 5.48 T as an approximate
value. Hence, the estimated value of P is 0.88. Taking
Ry = —4.98(1) x 107* cm?/C and p[, = —2.01 pQ-cm, the
evaluated B, is 45.8 T. In the triangular skyrmion crystal, (40!

the emergent magnetic field B = g‘g‘) , where ¢y (= h/|e| =
4.14 x 10713 J/A) is the flux quantum for a single electron with
h the Planck constant, and A is the helical period.ml Hence,
the calculated A is ~ 8.8 nm, much smaller than the period-
icity of skyrmionic bubbles (~ 500 nm) at the same field, 4]

indicating that the giant THE can not be ascribed solely to the
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field-induced skyrmion structure. In addition, the skyrmionic
bubble phase only appears above 100 K. But here, the THE can

be still observed when the temperature is below 100 K. Ac-

cording to previous results of powder neutron diffraction, ]

there is a spin reorientation transition from the c axis to the
ab plane with decreasing temperature and the moments still

do not completely lie in the ab plane at 6 K. During this pro-

n, [42

cess, it gives rise to a non-collinear spin configuratio ! pos-

sibly leading to a nonzero scalar spin chirality. Thus, both
of skyrmion state and non-collinear spin structure will con-
tribute to the extremely large THE in Fe3Sn,, especially when
T > 100 K.

4. Conclusion

In summary, Fe3Sny shows a giant THE which is ob-
served below 1.3 T at various temperatures. The \pyTx| reaches
a maximum value ~ 2.01 pQ-cm at 300 K and 0.76 T. When
the field is larger than 1.3 T, the THE disappears as the Fe mo-
ments are fully polarized. Detailed analysis suggests that the
THE results from the topological magnetic structure in real
space. This study will not only deepen our understanding on
THE in frustrated magnets, but also help to explore novel frus-
trated materials with exotic physical properties.
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