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This	grant	award	focuses	on	the	study	of	both	fundamental	physical	
property	and	material	realization	of	magnetic	spin	textures	with	
nontrivial	topology.	It	consists	of	three	major	part:	
Ø Novel	Skyrmionic textures	and	their	dynamics.	A	zoo	of	

skyrmion-like	topological	spin	textures	can	be	enabled	in	chiral	
magnets,	and	their	controlled	current	driven	dynamics	can	be	
designed	through	simulations.

Ø Investigating	transport	signatures	of	spin	textures.	Topological	
Hall	effect	(THE)	has	been	widely	used	for	identifying	
skyrmions.	We	have	identified	THE	in	various	systems.	
Alternative	mechanisms	to	THE-like	feature	have	been	
proposed.	

Ø Unlocking	3D	topological	hopfion	textures.	Energy	landscape,	
transport	signature,	and	novel	dynamics	of	hopfions	will	be	
discussed.

Theoretical	developments	in	this	project	are	also	supported	by	
intensive	experimental	collaborations.

Magnetic	Skyrmion

Novel	Skyrmionic Textures
Ø Skyrmion textures	with	arbitrary	topological	
charges	can	be	generated.	In	chiral	magnet	
nanoparticles	chiral	frustration	at	the	sample	
edges	are	important.

Ø Topological	Hall	effect	can	be	induced	in	
topological	matters,	but	special	care	must	be	
taken.	It	could	be	nonlinear	anomalous	Hall	effect	
from	field-induced	band	evolution.

Ø Magnetic	hopfion	is	a	new	class	of	3D	topological	
texture.	Its	recent	realization	might	lead	to	more	
exciting	research.	It	has	novel	current	driven	
dynamics	owing	to	its	3D	nature.	
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Future	Plans
Ø Exploration	of	other	exotic	topological	spin	
textures,	especially	the	composites	of	skyrmions,	
Bloch	points,	helical	stripes,	and	merons.

Ø Developing	3D	magnetic	imaging	as	a	special	
example	of	inverse	problem	in	general.		Using	
advanced	algorithm	such	as	machine	learning.	

Ø Clarifying	topological	Hall	effect	in	various	
systems.	Studying	transport	signatures	of	
topological	textures.

Skyrmionic vortex	in	chiral	tetrahedron

Magnetic skyrmion is a nanostructured spin texture in which
magnetic moments point in all directions wrapping a unit
sphere. There exists one-to-one correspondence between a
skyrmion and a unit sphere. It has been realized in chiral
magnets such as MnSi and FeGe.

Crossover	from	THE	to	QAHE
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Emergent Magnetic Field

diagonal, ~Q k h111i, by higher order spin-orbit coupling
terms, which represent the weakest scale.

Under magnetic field, the helical wave vector ~Q is
unpinned from the h111i directions and aligns parallel to
the applied magnetic field for B> Bc1 ! 0:1 T. The mag-
netic state above Bc1 is also referred to as a conical state
because it consists of a superposition of a helical modula-

tion ~MQ with a uniform magnetization ~M0, where ~Q k ~M0.
The helical modulation is suppressed altogether for a mag-
netic field exceeding Bc2ðT ! 0Þ ! 0:6 T. In the vicinity
of Tc, a small phase pocket has been observed referred to as
the A phase [26]. The specific heat, susceptibility, and
neutron scattering establish that the A phase is a distinct
phase with a first-order phase transition separating it from

the conical phase. It had further been established that ~Q in
the A phase aligns perpendicular to the applied magnetic
field [27,28]; however, neither had the full spin structure
been resolved, nor was there a plausible explanation for
~Q ? ~B prior to our study [9].
The Hall effect and the magnetoresistance in MnSi have

been studied before for temperatures below Tc and mag-
netic field up to 5 T [29]. These measurements were
analyzed in terms of the sum of normal and anomalous
Hall currents, !xy ¼ !N

xy þ !A
xy, respectively. This con-

trasts the conventional Karplus-Luttinger Ansatz of a
sum of normal and anomalous Hall resistivities, "xy ¼
R0Bþ#0RsM. It was, in particular, noticed that below
Tc,!

A
xy ¼ SHM, where SH is independent of T and Bwhile

!N
xy ! &R0B="

2
xx changes by a factor of 100 between 5 K

and Tc, reflecting the strong T-dependence of the resistiv-
ity "xx.

For our study, single-crystal samples were cut from an
ingot that had been studied before by various bulk proper-
ties, SANS [9] and Larmor diffraction [30]. The samples
were oriented with x-ray Laue diffraction and polished to
size. Sample 1 was oriented for measurements with B
parallel [110] and electric current I parallel [001] and

sample 2 for ~B k ½111( and I k ½1!10(. The sample dimen-
sions as determined with a light microscope were 1)
1:5) 0:13 mm3 and 1:6) 3:1) 0:15 mm3 for sample 1
and 2, respectively. Quite generally, the geometry factor in
studies of this kind can be determined only quite inaccur-
ately. Because MnSi has a cubic structure and Tc is small as
compared with room temperature, we determined the ge-
ometry factors from the longitudinal and Hall resistivities
at ambient conditions, "xxð300 K; 0 TÞ ¼ 180 #" cm and
"xyð300 K; 8 TÞ ¼ &126 n" cm, respectively [29,31,32]
(note the difference of units for "xy). Data reported in
this Letter were corrected for demagnetizing effects, where
the demagnetizing factors were determined consistently
from measurements of the dc magnetization for various
sample dimensions and theoretical estimates.

The resistivity and the Hall effect were measured simul-
taneously in a standard six terminal configuration. Data
were recorded down to 2.5 K at magnetic fields up to 9 T.

Symmetric and antisymmetric signal contributions in *B
were determined, where data shown here for "xy represent
the antisymmetric part of the signal at the Hall contacts.
We note that our Hall data are perfectly consistent with
previous studies [29]. However, we have achieved a much
better resolution, making possible the observation of the
additional anomalous contributions in the A phase (for
further details see Ref. [32]).
Shown in Fig. 1 is the Hall resistivity "xy of MnSi for

~B k ½110( and I k ½001(. At room temperature, the behav-
ior is dominated by the normal Hall effect, where we
observe essentially no T dependence. In the conventional
interpretation, the slope of the Hall resistivity corresponds
to a nominal charge carrier concentration n ¼ ðR0eÞ&1 ¼
3:78) 1022 cm&3 [33]. The overall behavior of "xy at low
T is fairly complex, but perfectly consistent with Ref. [29].
Shown in Fig. 2(a) is "xy as measured in the regime

of the A phase, where a small additional contribution
appears. We have approximated the signal linearly from
below to above the A phase and subtracted this part of the
total signal. The resulting contribution #"xy is shown in
Fig. 2(b), where the curves have been shifted vertically for
better visibility [34]. In Fig. 3, we show a rough estimate of
the magnitude of the contribution, where we plot the peak
value. The error bars represent a conservative estimate of
systematic errors. Within experimental uncertainties, we
find #"xy ! 4:5* 1 n" cm.
As a final test, we find remarkable agreement between

the field and T range in which we observe #"xy with the
regime of the A phase inferred from the ac susceptibility
reported in [35] (Fig. 4). This clearly confirms that the
additional Hall signal is correctly attributed to the A phase.
The key features of #"xy observed in the A phase may be
summarized as follows: (i) the sign of the signal is opposite
to the normal Hall effect; (ii) the magnitude of the signal is
roughly #"xy ! 4:5 n" cm; (iii) the signal is roughly the

FIG. 1 (color online). Hall resistivity for single crystal MnSi,
where the magnetic field B was applied parallel to [110] and
the current was applied along [001]. Data for magnetic field
B k ½111( and current I k ½1!10( (not shown) are the same, as
expected for a cubic material.
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Magnetic hysteresis loops of the FeGe films were
measured using a superconducting quantum interface
device magnetometer at 5 to 300 K. Figure 3(a) shows
the out-of-plane hysteresis loop for the 36 nm FeGe film at
5 K. The three FeGe films were patterned into a standard
Hall bar structure with a width of 0.5 mm. Longitudinal
(ρxx) and Hall (ρxy) resistivity measurements were taken
using a physical property measurement system. A constant
current density of 2000 A=cm2 is applied while longi-
tudinal and Hall voltages were measured to obtain ρxx and
ρxy. Figure 3(b) shows ρxy at 5 K for the 36 nm film, where
we note three features: (1) a linear background at large
fields (>2 T), (2) a magnetic reversal behavior at inter-
mediate fields that follows the magnetization hysteresis
loop, and (3) a Hall hysteresis loop within !3000 Oe that
does not follow the magnetization hysteresis loop. These
three features can be attributed to the ordinary Hall effect,
anomalous Hall effect, and topological Hall effect, respec-
tively. The total Hall resistivity is a combination of these
three terms [14,15]: ρxy ¼ RoH þ RsM þ ρTH, where Ro

and Rs are the ordinary and anomalous Hall coefficients,
respectively,M the out-of-plane magnetization, and ρTH the
topological Hall resistivity. When a current is driven
through the FeGe film, the electrons experience an emer-
gent electromagnetic field through interaction with the
Skyrmions [3]. Consequently, the electrons are scattered off
the Skyrmions in a direction opposite of the anomalous
Hall effect, generating a topological Hall voltage [5,23,24].
In Fig. 3(b), the coercivity (Hc) of the Hall hysteresis loop
is 2400 Oe, which is much larger than theHc ¼ 240 Oe for
the magnetization hysteresis in Fig. 3(a); meanwhile, the
Hall resistivity switches sign before reaching a zero field.
These are signatures of the topological Hall effect [16].

The anomalous Hall coefficient can be modeled into a
power-law function of ρxx, Rs ¼ bρ2xx þ cρxx, where the
quadratic bρ2xx term is due to a scattering independent
mechanism and the linear cρxx term is caused by skew
scattering [23,25]. A log-log plot of the anomalous Hall
resistivity (ρAH) vs ρxx at jHj ¼ 4 T reveals a linear
dependence with a slope of 2.3, suggesting that the
anomalous Hall effect is dominated by the scattering
independent mechanisms and the cρxx term can be
neglected [25] (see Supplemental Material [22] for details).
In addition, all FeGe films show very small magnetoresist-
ance (<0.7% at fields up to 7 T for all samples); thus Rs is
approximately magnetic field independent. At jHj ≥ 2 T,
the FeGe films are in the saturated ferromagnetic state and

FIG. 2. (a) STEM image of a 100 nm FeGe thin film viewed
along the FeGe h110i axis near the interface with Si(111).
A 1.2–1.5 nm interfacial transition region is observed between
the diamond structure of Si and the B20 structure of FeGe. (b) A
high resolution STEM image of the FeGe film reveals the B20
ordering of Fe and Ge atoms. (c) Schematic of the cubic lattice
and the h110i projection of the B20 structure.
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FIG. 3. (a) Out-of-plane magnetic hysteresis loop of the 36 nm
FeGe film at 5 K. (b) Total Hall resistivity (ρxy) of the 36 nm
FeGe film with a coercivity of 2400 Oe (T ¼ 5 K) reveals a
dominant topological Hall effect, which has a path opposite of the
expected anomalous Hall effect. (c) The topological Hall resis-
tivity (ρTH) hysteresis loops for the 36, 65, and 100 nm FeGe
films at 5 K show a clear Skyrmion phase, which exhibit
substantial remanent values at H ¼ 0, demonstrating robust
Skyrmion formation in the absence of magnetic field. (d) Semilog
plot of the temperature dependence of the maximum ρTH for the
three samples. (e) The squareness of the topological Hall
resistivity ρTHðH ¼ 0Þ=ρTHðmaxÞ for the three FeGe films
between 5 and 275 K, reflecting the stability of Skyrmions at
zero field.
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THE in MnSi (top two) and FeGe (right)

THE features a hump 
on the 𝝆𝒙𝒚 − 𝑩 curve

Emergent magnetic field induces 
Hall effect of itinerant electrons
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From	skyrmionium	to	skyrmion bundles

Numerical simulation indicates stable skyrmionium and skyrmion
bundle states in chiral magnets. Experimental realization shows 
cascading topological charge transition in skyrmion bundles

Integration of simulation and 
electron holography reveals 
skyrmionic vortex in FeGe
nano-tetrahedron. Formation 
of the vortex is enabled by 
chiral frustration at the edges.ARTICLES NATURE MATERIALSARTICLES NATURE MATERIALS

Methods
Molecular beam epitaxy growth of TI sandwich heterostructure. !e magnetic 
TI sandwich heterostructure growth was carried out using a Veeco/Applied EPI 
molecular beam epitaxy system with a vacuum of ~2 × 10−10 mbar. !e heat-
treated insulating SrTiO3(111) substrates were outgassed at ~53 °C for 1 h before 
the growth of the TI sandwich heterostructures. High-purity Bi (5 N), Sb (6 N), 
Cr (5 N) and Te (6 N) were evaporated from Knudsen e"usion cells. During 
growth of the TI, the substrate was maintained at ~240 °C. !e #ux ratio of Te per 
(Bi + Sb) was set to be >10 to prevent Te de$ciency in the samples. !e magnetic 
or non-magnetic TI growth rate was at ~0.25 QL min–1. Each layer of the sandwich 
heterostructure was grown with di"erent Bi/Sb ratios by adjusting their Knudsen-
cell temperatures to tune the chemical potential close to its charge neutral point. 
Finally, to avoid possible contamination, a 10 nm thick Te layer was deposited 
at room temperature on top of the sandwich heterostructures prior to their 
removal from the molecular beam epitaxy chamber for ex situ transport and other 
characterization measurements.

Hall-bar device fabrications. The magnetic TI sandwich heterostructures grown 
on 2 mm × 10 mm heat-treated insulating SrTiO3(111) were scratched into a Hall 
bar geometry using a computer-controlled probe station. The effective area of 
the Hall bar device was ~1 mm × 0.5 mm. The electrical ohmic contacts for the 
transport measurements were made by pressing indium spheres on the Hall bar. 
The bottom gate electrode was prepared through an indium foil on the back side of 
the SrTiO3 substrate.

Transport measurements. Transport measurements were conducted using both a 
Quantum Design Physical Property Measurement System (PPMS; 2 K, 9 T) and a 
Leiden Cryogenics dilution refrigerator (10 mK, 9 T) with the magnetic field applied 
perpendicular to the film plane. The bottom gate voltage was applied using a Keithley 
6430. The excitation currents in the d.c. PPMS measurements (≥2 K) was 1 μA. We 
used a PicoWatt AVS-47 a.c. resistance bridge to conduct the dilution refrigerator 
measurements (<2 K) with a low excitation current (1 nA) to suppress the heating 
effect. The results reported here were reproduced on two samples measured in the 
dilution refrigerator and more than ten samples measured in the PPMS. All the 
transport results shown here were anti-symmetrized as a function of the magnetic 
field. More transport results are given in the Supplementary Information.

Theoretical calculations. The QW Hamiltonian is 
HQW ¼ ε0 kð Þ þ N kð Þτz þ A kyσx % kxσy

! "
τx þ Uτx

I
, where Pauli matrices σ stand 

for spins and τ stand for two orbitals, and ε = C0 + C1k2 and N = N0 + N2k2. Here C0, 
C1, N0 and N1 are material dependent parameters. Different sets of QW states differ 
by different C0 and N0 values. The dispersion in Fig. 4c takes values of C0 = 0.145 eV, 
C2 = 10.0 eV Å2, N0 = −0.18 eV, N2 = 15.0 eV Å2, A = 3.0 eV Å and U = 0.02 eV. 
Coupling of the QW electrons to magnetization M is simply HQW

Zeeman ¼ "Mσ
I

. 
However, the SSs have the Hamiltonian Hss ¼ vF kyσx " kxσy

! "
τz þ Uτz þm0σx

I
, 

where νF is Fermi velocity, m0 is the mass of electron, σ stands for spins, but  
τ stands for two surfaces instead. U is the asymmetric potential applied to two 

surfaces. The coupling to magnetizations Mt and Mb on the top and bottom 
surfaces, respectively, is HSS

Zeeman ¼ Mtσ 1þ τzð Þ=2þMbσ 1% τzð Þ=2
I

. In Fig. 4c, we 
use m0 = 0.005 eV, vF = 3.0 eV Å and U = 0.02 eV.

Data availability
The data that support the findings of this study are available from C.-Z.C. on 
reasonable request.

Code availability
The code for theoretical calculations of spin susceptibility and DM interaction and 
simulations of the quantum transport simulation through a single chiral magnetic 
domain wall from C.L. and J.Zang on reasonable request.
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growth of the TI, the substrate was maintained at ~240 °C. !e #ux ratio of Te per 
(Bi + Sb) was set to be >10 to prevent Te de$ciency in the samples. !e magnetic 
or non-magnetic TI growth rate was at ~0.25 QL min–1. Each layer of the sandwich 
heterostructure was grown with di"erent Bi/Sb ratios by adjusting their Knudsen-
cell temperatures to tune the chemical potential close to its charge neutral point. 
Finally, to avoid possible contamination, a 10 nm thick Te layer was deposited 
at room temperature on top of the sandwich heterostructures prior to their 
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Ⅵ. Theoretical calculations for the spin susceptibility in magnetic TI 

      In the main text and the “Theoretical calculations” of Method Section, we have introduced 

our model Hamiltonian including both the bulk quantum well (QW) states ( 𝐻𝑄𝑊 ) and the 

topological surface states (SS) (𝐻𝑆𝑆). Both states are coupled to the sample magnetization M 

through the Zeeman type of coupling 𝐻𝑍𝑒𝑒𝑚𝑎𝑛 = −𝐽𝐻𝑴 ⋅ 𝝈 . We note that 𝐻𝑄𝑊  and 𝐻𝑆𝑆 are 

actually related to each other by a unitary transformation. Using the unitary transformation 𝑇 =

(𝜎𝑧 + 𝜎𝑥)/√2, the 𝐻𝑆𝑆 can be rotated to the same form as the 𝐻𝑄𝑊, as 𝑇+𝐻𝑆𝑆𝑇 = 𝑣𝐹(𝑘𝑦𝜎𝑥 −

𝑘𝑥𝜎𝑦)𝜏𝑥 + 𝑈𝜏𝑥 + 𝑚0𝜎𝑧 and   𝑇+𝐻𝑍𝑒𝑒𝑚𝑎𝑛𝑇 = 𝑴+ ⋅ 𝝈 + 𝑴− ⋅ 𝝈𝜏𝑥 , where 𝑴± = (𝑴𝑡 ± 𝑴𝑏)/2 . 

As the overall spin chirality is concerned here, only 𝑴+ is considered, so the Zeeman coupling 

on the SS is 𝐻𝑍𝑒𝑒𝑚𝑎𝑛
𝑆𝑆 = −𝐽𝐻𝑴+ ⋅ 𝝈, while that on QW states are simply 𝐻𝑍𝑒𝑒𝑚𝑎𝑛

𝑄𝑊 = −𝐽𝐻𝑴 ⋅ 𝝈. 

We will use the rotated basis for SS in the following calculations. 

 

Figure S17 | Comparison between diagonal and off-diagonal susceptibilities. 𝜒𝑥𝑥, 𝜒𝑧𝑧, and 

𝜒𝑥𝑧 for (a) topological SSs and (b) bulk QW states. The chemical potential P is at 0.02eV.       

      Next, we will present a systematic study on the spin susceptibility χαβ (α, β = x, y, z) through 

the linear response theory 𝜒𝛼𝛽(𝒒) = 𝑇
2𝑉

Tr[𝐺0(𝒒 + 𝒌, 𝑖𝜔𝑚)Γ𝛼𝐺0(𝒌, 𝑖𝜔𝑚)Γ𝛽] , where 𝐺0  is the 

unperturbed Green’s function, and the spin operator 𝚪 is 𝚪 = −𝐽𝐻𝝈. Using Matsubara frequency 

summation, the spin susceptibility 𝜒𝛼𝛽 can be given by  

𝜒𝛼𝛽 = 1
2

∫ 𝑑2𝑘 ∑ 𝑓𝑚(𝒌)−𝑓𝑛(𝒌+𝒒)
𝑖𝜔+𝜀𝑚(𝒌)−𝜀𝑛(𝒌+𝒒)

Tr[𝑃𝑚(𝒌 + 𝒒)Γ𝛼𝑃𝑛(𝒌)Γ𝛽]𝑚,𝑛                                (S1) 

where m, n are band indices,  𝑓 = 1/[1 + exp(𝜀 − 𝜇)/𝑘𝐵𝑇] is the Fermi-Dirac distribution, and 

𝑃𝑚(𝒌) is the projection operator. 𝜔 is chosen to be a small number representing a tiny scattering 

rate responsible for the potential disorder effect. In our calculations, the temperature is T=3meV 
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Hopfion moves mainly along current direction. Transverse velocities and 
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𝑺 𝒓, 𝑡 = 𝑺'( E𝑂 𝒓 − 𝑹 )

6𝑂 ≈ 1 − 𝜽(𝑡) ⋅ 𝑳 is the rotation

𝑹 = (𝑋 𝑡 , 𝑌 𝑡 , 𝑍(𝑡)) is the displacement

Model Hamiltonian
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