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Multiple unconventional Hall effects induced by noncoplanar spin textures in SmMn,Ge,
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The search for materials exhibiting multiple topological transport properties such as large anomalous Hall
effect (AHE) and robust topological Hall effect (THE) are crucial for novel nanospintronic devices. However,
such multiple unconventional Hall responses materials are rare in nature. Here, we report the coexistence of a
giant AHE and robust THE in single crystals of SmMn,Ge, with a noncoplanar spin texture. A giant anomalous
Hall conductivity of 1715 Q! cm~! is observed for H//a and I//b whereas a large THE is observed for H//c and
1//b. A scaling analysis suggests that the giant AHE in this compound has an overwhelmingly large extrinsic
contribution due to the unconventional skew scattering induced by short-range conical spin clusters with scalar
spin chirality. The large THE originates from the real-space magnetic skyrmionic bubbles which are observed
using the Lorenz transmission electron microscopy. Additionally, a planar topological Hall effect (PTHE) is
observed when the magnetic field and the current are coplanar. The PTHE is related to a noncoplanar spin
texture with nonzero spin chirality. These observations of multiple topological transport responses contribute
to a deeper understanding of the noncoplanar SmMn,Ge, material and advance their application in spintronic

devices.
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I. INTRODUCTION

Topological materials have become the center of focus
in solid-state materials research. The recent discovery of
magnetic topological materials with outstanding transport re-
sponses is important for both fundamental science and the
development of next-generation technological devices [1-4].
For example, the interplay between magnetism and transport
properties of itinerant ferromagnets has aroused extensive
interest because of a rich variety of physics and new oppor-
tunities in the design of advanced spintronic devices [5,6]. As
a hallmark of spin-related transport phenomena, anomalous
Hall effect (AHE) is characterized by a transverse voltage
generated by a longitudinal charge current macroscopically
while it is closely related to magnetic-ordering and spin-orbit
coupling microscopically [7]. The AHE observed in a material
can be broadly categorized into two mechanisms: intrinsic and
extrinsic one. The intrinsic AHE is governed by the electronic
structure of a material. The Hall conductivity of the “intrinsic”
origin is closely related to the Berry curvature and thus, it
has an upper limit given by ¢?/ha (h and a being Planck’s
constant and a typical lattice constant values), typically in
the order of oy, = 10°~10* @' cm™! [8]. The Berry curva-
ture that is associated with nontrivial bands as a source of
large AHE has recently been recognized in various magnetic
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compounds [1,2,4,9-12]. The extrinsic mechanism of AHE,
on the other hand, is dependent on electrons scattering and
involve the skew-scattering and side-jump scattering ones,
which caused by structural defects and magnetic impurities
and is not restricted by the Berry curvature [7,13]. Indeed, a
recent theoretical study predicted that an unconventional giant
AHE is due to the skew scattering induced by local correlation
of spins [14]. Experimentally, scattering of spin clusters has
been suggested to play a key role in inducement of a giant
AHE. Magnetic atoms in a Kagome net of KV3Sbs and chiral
magnet of MnGe thin film are supposed to enhance skew
scattering potential and thus, are responsible for a giant AHE
[8,15]. Thus, the sign and the magnitude of the Hall conduc-
tivity dominated by the skew scattering are more related to a
scalar spin chirality than to the magnetization.

On the other hand, at the adiabatic limit, itinerant spins
passing through a spin texture with a finite scalar spin chirality
capture an extra Berry phase in the real space. As a result, a
transverse Hall voltage is induced in addition to the ordinary
and anomalous Hall effects, known as a topological Hall ef-
fect (THE) [16]. The THE usually appears in the materials
with a noncoplanar spin structure or a nonzero topological
winding of spin textures such as skyrmions [17]. To date, a
large THE has been reported in only a few topological ferro-
magnets [18-20], and the materials showing the coexistence
of large AHE and robust THE are rare in nature, except for
Kagome lattice ferromagnet Fes;Sn, [21,22]. The search for
materials exhibiting multiple unconventional Hall responses,
i.e., large AHE and THE are crucial for novel nanospintronic
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devices as well as for the quest toward novel topological
phenomena.

The RMn,Ge, family with various magnetism arising from
both itinerant 3d electrons and well-localized 4 f electrons has
triggered renewed attention due to their nontrivial magnetic
structure-induced THE [23-26], planar topological Hall effect
(PTHE) [27], and Skyrmion bubbles [24,28]. In this family,
SmMn,Ge,, the naturally noncoplanar spin structure with
strong magnetocrystalline anisotropy allow it to be a possible
model object for exploring multiple physical phenomena of
the Hall effect. SmMn,Ge, possesses an intricate magnetic
structure where 3d and 4f moments are ordered at different
temperatures [29,30]. During cooling from a paramagnetic
phase, the 3d moments of Mn atoms are ordered into a canted
ferromagnetic structure at a Curie temperature of 7c ~ 345 K.
In this structure, the magnetic moment is oriented along the
¢ axis accompanied by an in-plane antiferromagnetic (AFM)
component. As the temperature drops to Néel temperature
of Ty ~ 150 K, the thermal contraction-induced decrease of
intralayer Mn—Mn distance leads to a conical AFM structure
with both in-plane and out-of-plane AFM components. With
further cooling of SmMn,Ge, below 7y, the Sm sublattice
ordered ferromagnetically, the sufficiently strong ferromag-
netic (FM) coupling of Sm-Mn collapses the AFM coupling of
Mn-Mn, resulting in a reentrant ferromagnetic structure [29].
Despite these changes of magnetic structure, the spin texture
of the Mn sublattice remains nonlinear from 7¢ to the lowest
temperature [30]. An analysis of the critical behavior of the
ferromagnetic transition suggested that the multiple magnetic
interactions exist in SmMn,Ge, [31,32]. Despite detailed
magnetic structure investigations, the transport properties of
SmMn,Ge, are poorly known. In the present work, we inves-
tigated the anisotropic magnetization and electronic transport
properties of SmMn;Ge, over a broad range of temperature.
For the first time, a giant AHE for H//a and a THE for H//c
in this SmMn,Ge, compound have been observed and inter-
preted in terms of a skew scattering-dominated mechanism
and real space skyrmionics bubbles, respectively. Moreover,
a PTHE has been observed by applying a magnetic field
and an electric current in a coplanar way. The disclosure
of the multiple unusual electronic transport effects makes
SmMn,Ge, compounds promising for multifunctional appli-
cations in spintronic devices.

II. EXPERIMENTAL

Single crystal growth. Single crystals of SmMn,Ge, were
grown using an indium-flux method [27]. High-purity ele-
mental Sm (99.9%), Mn (99.95%), Ge (99.999%), and In
(99.99%) were mixed with 1:2:2:20 molar ratio in an alumina
crucible. The crucible was sealed in an evacuated quartz tube
to prevent the elements from oxidation at high temperature.
The quartz tube was heated to 1423 K, soaked at this temper-
ature for 24 h, and then cooled slowly to 973 K at a rate of
3 K/h. Then, the excess indium was decanted using a cen-
trifuge. Single crystals with the platelike morphology were
obtained.

Structure and Magnetic Measurements. The crystal struc-
ture of single crystals was characterized by means of a
four-circle single-crystal diffractometer with Mo x-ray source

and a laboratorial PANalytical Empyrean diffractometer with
Cu x-ray source, respectively. The bulk composition of as-
grown crystals was examined using an energy-dispersive
spectrometer (EDS) attached to a Hitachi SU5000 scanning
electron microscope. By means of EDS analysis, single crys-
tals were determined to have an atomic percentage ratio of
Sm: Mn: Ge close to the stoichiometry of 1: 2: 2 (Fig. S1
[33]). The atomic-scale microstructure of crystals was in-
vestigated using a JEOL ARM200F scanning transmission
electron microscopy (STEM). Thermomagnetic and isother-
mal measurements were conducted on small pieces of a single
crystal using a vibrating sample magnetometer attached to a
Quantum Design superconducting quantum interference de-
vice in dc magnetic fields up to uopH =5 T.

Electric transport measurements. Samples with a regular
rectangular shape and a thickness of about 100 um were cut
from single crystals. Their electrical transport properties were
measured using a physical properties measurement system
(PPMS, Quantum Design) equipped with a sample holder
allowing for sample rotation. A standard six-probe method
was used to perform the resistivity measurements [34]. The
Hall resistivity of the sample was symmetrized to exclude
the misalignment of voltage probe. A magnetic field was
applied out-of-plane (H//c) and in-plane (H//a), respectively,
and always perpendicular to the electrical current direction
(1//D) [see the inset of Figs. 3(a) and 3(b)] to measure the Hall
effects. A magnetic field was rotated in-plane and out-of-plane
around the c axis and a axis of samples during measurements
of angle-dependent Hall effects.

Lorenz transmission electron microscopy (LTEM). Disc-
shaped samples were cut from a bulk single crystal followed
by mechanical and ion beam milling down to less than 100
nanometers in thickness and then fixed on a copper ring for
LTEM observations. Magnetic domains were observed using a
JEOL 2100F transmission electron microscope in the Lorentz
TEM mode. Images were captured under three focusing con-
ditions, under-focus, over-focus and accurate (or zero) focus
using a charge-coupled device camera attached to the LTEM.
The morphology and sizes of magnetic domains at room tem-
perature was investigated with and without a magnetic field.

II1. RESULTS

A. Crystal structure and magnetization

The results from the four-circle single-crystal diffrac-
tometer revealed that the SmMn,Ge, crystalizes into a
ThCr,Si,—type tetragonal structure with the space group
I4/mmm. The lattice parameters are a = 4.066(3) A, b=
4.066(3) A, and c = 10.906(9) A at room temperature, which
is agreement with the previous report by a powder x-ray
diffraction [35]. More information about the crystal structure,
the various crystal planes and the diffraction spots on the main
crystallographic direction of the SmMn,Ge, single crystal are
shown in Table S1 and Fig. S2 [33]. As illustrated in Fig. 1(a),
layers of Sm, Mn and Ge atoms are stacked along the ¢ axis
following the sequence of —Sm—Ge—Mn—Ge—Sm—. The
Mn and Sm atoms within the ab plane constitute a square-
shaped framework in their respective layer [Fig. 1(b)]. The
nearest Mn-Mn intralayer distance given by a/./2 is smaller
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FIG. 1. (a) and (b) Schematic illustration of the crystal structure of SmMn,Ge, viewed from the side and the top. (c) The XRD pattern of
a single crystal with the a (001) plane exposed to the surface. The inset shows the typical morphology of a single crystal. (d) High-resolution
lattice image taken from the [001] axis using STEM. (e) The temperature dependences of magnetization under zero-field cooling (ZFC) and
field cooling (FC) in a magnetic field of 0.01 T with H//c and H//ab. (f) Temperature dependence of in-plane zero-field resistivity. Top inset:
derivative of resistivity relative to temperature. Bottom inset: a schematic illustration showing the direction of an electric current relative to

primary crystallographic axes.

than that of interlayer separation c/2 [35]. The morphology of
a single crystal is shown in the inset of Fig. 1(c) and it has a
size of about 2 x 2 x 0.2 mm?. It was determined using x-ray
diffraction (XRD) analysis that the rectangular crystal surface
is the ab plane of the tetragonal crystal lattice. As shown in
Fig. 1(d), high resolution imaging using STEM reveals that
the crystals are free of obvious crystal defects, indicating high
quality. As shown in Fig. 1(e), zero-field-cooling (ZFC) and
field-cooling (FC) curves of a SmMn,Ge; single crystal in
magnetic fields of uoH = 0.01 T parallel to the ¢ axis (H//c)
and the ab plane (H//ab) indicate three thermally induced
magnetic transitions in sequence of decreasing temperature:
a FM transition of Mn sublattice at Tc ~ 343 K, an AFM
transition of Mn sublattice at 77 ~ 150 K, and a reentrant
FM transition at 7, ~ 108 K. These transitions are in good
agreement with determined for a polycrystalline material of
the same bulk composition [29,30]. The ZFC and FC curves
are separated from each other in H//c at low temperatures.
This behavior is typical for frustrated ferromagnets indicating
the formation of a spin-frozen phase [34]. The magnitude
of magnetization with H//c is larger than that with H//ab at
high temperatures but it becomes smaller than that with H//ab
at low temperature. These opposing trends indicate a switch
of the easy magnetization direction from the c¢ axis to the
ab plane. As shown in Fig. 1(f), the resistivity pxx(T) under
zero field in the temperature range of 4—380 K indicates a

typically metallic behavior. The derivative of resistivity rela-
tive to temperature, shown in the inset of Fig. 1(f), indicates
sharp changes at 340 K and 147 K, which coincide with the
paramagnetic (PM) to FM and the FM to AFM transitions,
respectively.

B. Magnetocrystalline anisotropy of single crystals

As shown in Fig. 2(a), isothermal magnetization curves
measured with H//a axis show a ferromagnetic behavior
at temperatures above 160 K. The isothermal magnetiza-
tion curves show a field-induced spin-flop-type metamagnetic
transition of first order from an AFM state to a FM state
at the temperatures 120 K and 130 K. This observation is
agreement with the previous studies [31,32]. At lower temper-
atures, the metamagnetic transition is not observed. Instead,
magnetization increases sluggishly with increasing field up to
a high field of 5 T. This sluggish magnetization behavior is
consistent with the AFM ground state along the c axis [29,30].
In contrast, the magnetization curves measured with H//ab at
temperatures above 160 K show a nonlinear field dependence
before saturation. This nonlinear field dependence is expected
for a typically conical spin structure and it indicates the for-
mation of a magnetic noncoplanar lattice similar to that of
PrMn;Ge; [27]. A spin-flop-type metamagnetic phase transi-
tion is observed at 130 K. Although this transition resembles
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FIG. 2. Isothermal magnetization M(uoH) curves for (a) H//c
axis and (b) H//ab plane. Temperature dependences of isothermal
magnetization at different fields with (c¢) H//c axis and (d) H//ab
plane. (e) Temperature dependence of magnetocrystalline anisotropy
constant (K, ). The insets are schematic illustrations of the spin con-
figurations at different temperature regions determined using neutron
scattering [30].

that observed with H//c at the same temperature, there are
also differences. The jump of magnetization is larger and the
critical field driving the transition is lower. These differences
are consistent with the characteristics of field-induced spin-
flop processes [32]. The magnetization at 2 K is saturated
in a low magnetic field, suggesting an in-plane FM behav-
ior. The easy magnetization direction of the single crystal of
SmMn,Ge; can be determined in terms of isothermal magne-
tization curves with the H//c and H//ab. At temperature above
160K, the easy magnetization direction is along the ¢ axis
because saturation of magnetization is attained at a lower field
with H//c direction than with H//ab. As temperature decreases
to 130 K, the easy magnetization direction is changed from the
¢ axis to the ab plane because the critical field for saturation
of magnetization becomes higher with H//c than with H//ab.
Figs. 2(c) and 2(d) show the temperature dependence of mag-
netization extracted from the isothermal measurements with
H//c and H//a. The temperature dependence of magnetization
at a low field shows the same trends as those revealed by
the thermomagnetic curves of Fig. 1(e). The sharp changes
of magnetization at characteristic temperatures are consistent
with the thermally induced changes of the magnetic structures
determined using neutron scattering [30]. It is noted that the
AFM transition and the AFM-FM transition both are sup-
pressed by a magnetic field of 1 T and 0.5 T for H//c and
H/lab, respectively. The difference between the critical fields
indicates strong magnetocrystalline anisotropy.

The magnetocrystalline anisotropy constant can be approx-
imated using the formula of K, = HxMs/2 [36], where Mg
is the saturation magnetization and Hy is the anisotropy field
defined as a critical field above which the magnetization along
the two magnetic field directions (H//c and H//a) becomes
consistent with each other. The magnetocrystalline anisotropy
constant evaluated against temperature is plotted in Fig. 2(e).

For convenience, the arrangements of magnetic moments of
Mn and Sm atoms of SmMn,Ge, at different temperatures
are schematically shown in the inset of Fig. 2(e). During cool-
ing from the T¢, the magnetocrystalline anisotropy constant
increases with decreasing temperature first. This trend is re-
versed after a maximum of the magnetocrystalline anisotropy
constant is attained at ~250 K. In this near-room temperature
region, the bulk magnetism of the compound is dominated
by the canted ferromagnetic structure of Mn atoms whereas
the contribution by the magnetic moment of Sm atoms is
negligible [30]. As temperatures below 150 K, the magne-
tocrystalline anisotropy constant increases with decreasing
temperature. In the temperature range 100—150 K, moments
of Mn atoms have a conical antiferromagnetic configuration,
though those of Sm atoms are not ordered yet. Thus, the in-
crease of the magnetic anisotropy constant can be attributed to
a continuous change of the conical angle between the antifer-
romagnetically coupled magnetic moments of Mn atoms. At
temperatures below 100 K, the magnetocrystalline anisotropy
constant was not estimated because the magnetization with
H//c is not saturated at a high magnetic field of 5 T due to the
AFM state. However, it should be larger than at 100 K.

C. Anomalous Hall effect

Figures 3(a) and 3(b) show the magnetic-field dependence
of the Hall resistivity p,x and pyx at various temperatures for
H/la and H//c, respectively. The Hall resistivity exhibits a sig-
nificant AHE near room temperature. The AHE is weakened
with decreasing temperature due to a reduction of resistivity.
The anomalous Hall resistivity in magnetic fields with H//a
and H//c disappears at temperatures below 40 and 100 K,
respectively. These changes are understood because the or-
dinary Hall effect dominates at low temperatures (see Figs.
S3 and S4 for more detail [33]). The slope of p, is positive
at 5 K but that of py, is negative. This difference suggests
that holes and electrons are the dominant mechanism of Hall
resistivity with H//a and H//c, respectively. In other words,
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FIG. 3. Anomalous Hall resistivity in a magnetic field applied
along (a) the a axis and (b) the ¢ axis. (c) Temperature dependences
of AHC with H//a and H//c. (d) Field dependence of topological Hall
resistivity with H//c.
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TABLE I. Comparison of maximum THE showing at corresponding temperature for different bulk materials.

Max THE Temperature
Materials Ground state Mechanism of THE (u€2 cm) (K) Ref.
MnSi Helimagnet Skyrmion 0.004 28.5 [42]
MnGe Helimagnet Skyrmion 0.16 30 [43]
Mn; 4PtSn Noncoplanar Antiskyrmion 0.9 2-135 [44]
ferromagnet
MnNiGa Ferromagnet Bubble-type skyrmion 0.15 300 [45]
Mn; X Noncollinear antiferromagnet Spin chirality 0.25-3.0 2-90 [46-48]
X = (Ga, Sn, Ge)
Fe;GeTe, Ferromagnet Bubble-type skyrmion 2.04 100 [49]
Fe;Sn, Frustrated magnet Spin chirality 0.875 380 [41]
FesSns Frustrated magnet Spin chirality 2.12 350 [50]
TbCo, Noncoplanar ferrimagnet Spin chirality 0.4 232 [34]
DyCo, Noncoplanar ferrimagnet Spin chirality 0.6 142 [34]
YMngSng Helical antiferromagnet Spin chirality 2.0 240 [51]
TmMneSng Helical antiferromagnet Spin chirality 1.3 250 [52]
LaMn,Ge, Noncoplanar Spin chirality 1.0 190-300 [23]
Ferromagnet
NdMn,Ge, Noncoplanar Skyrmion 2.05 210 [24]
Ferromagnet
SmMn,Ge, Noncoplanar Bubble-type skyrmion 0.3 300 This work
Ferromagnet

holes and electrons both exist in the SmMn,;Ge, compound
and their concentrations can be tuned by changing the direc-
tion of a magnetic field applied. A similar mechanism has
been suggested for the Hall resistivity of LiMngSng [37].
The opposite signs of the Hall effect along different axis
suggest that the SmMn,Ge, might be a goniopolar material
with a hyperboloid open Fermi surface like NaSn; As, [38,39].
This possibility needs to be checked using band structure
calculations. The anomalous Hall conductivity (AHC) o«
and oy, with H//a and H//c was calculated using the for-
mula of 0;; S Pﬁ / [Pfx + (p;‘x)z], where p;,‘x and pyx are the
anomalous Hall resistivity and the longitudinal resistivity at
zero field, respectively. As shown in Fig. 3(c), the AHC in
both directions increases with decreasing temperature. The
maximum of AHC with H//a and H//c are 1715Q' cm™!
and 166 Q' cm~!, which are attained at 40 and at 100 K,
respectively. While these values show an anisotropic AHE,
the former indicates a giant AHC, which is even larger than
that the upper threshold of AHC set by the intrinsic mecha-
nisms related to the Berry curvature [8]. To repeat this giant
AHC, we did measurements on another single crystal sam-
ple with H//a. Even a larger value of AHC, 1860 Q' cm™!,
was attained at 40 K (see Fig. S5 [33]). Thus, the giant and
anisotropic AHE in the single crystals of SmMn,Ge; is veri-
fied. This giant and anisotropic AHC suggests a drastic change
of the electronic structure of SmMn,Ge; by the magnetic field
applied and this origin is discussed in the following section.

D. Topological Hall effect

A significant topological Hall effect (THE) signal was
extracted from the measurements in addition to a con-
ventional AHE with H//c. For a magnetic system, Hall
resistivity pxy can be divided into three parts using the formula

Pxy = RoB + RgM + pXT‘, [71, where Ry is the ordinary Hall
coefficient, Ry is the anomalous Hall coefficient, M is mag-
netization, and pXTy is the topological Hall resistivity. Fitting
this expression into the data measured (Figs. S4e-f [33]), we
established the field dependence of p! as shown in Fig. 3(d).
The data in low fields shows a negative maximum of 0.3 u2
cm at 300 K, indicating a large THE. This THE is most likely
to be induced by a skyrmion spin texture. It is weakened with
decreasing temperature and finally vanishes below 140 K. The
vanishing of the THE can be related to the change of the
easy magnetization direction from the ¢ axis to the ab plane.
The THE in SmMn,Ge, is robust at room temperature. A
similar THE has been reported for centrosymmetric magnets
LaMn,Ge; [23], NdMn,Ge, [24], Ni;MnGa [40], and Fe3Sn,
[41]. The existence of THE in centrosymmetric magnets can
be attributed to the formation of Skyrmionic bubbles as the
result of a competition between magnetic dipole interaction
and an uniaxial magnetocrystalline anisotropy [40]. Table I
lists the THE reported for various materials. The THE of
SmMn,Ge, is comparable to that of TbCo, and DyCo, [34].
While these two compounds have strong 4 f — 3d interactions
in their ferrimagnetic lattices, they are more expensive than
the title compound because of a higher concentration of rare
earth elements. The THE of SmMn,Ge, is smaller than in
LaMn,Ge, [23] and NdMn,Ge, [24], but it is robust at am-
bient temperature. In fact, it is also larger than that reported
for the other Skyrmion-hosting material such as MnSi and
MnGe [42-45]. Thus, it is more promising for technological
applications in spintronic devices.

E. Planar topological Hall effect

Apart from magnetotransport properties with H perpen-
dicular to the current, the Hall resistivity in the ab plane
was also investigated by rotating the H in the bc and ab
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FIG. 4. (a) Magnetic field dependence of px, measured out of the ab plane with H in the direction of § = 0°, 15°, 30°, 45°, 60°, 75°, and
90° at 300 K. (b) Angular dependence of py, at 300 K under a magnetic field of 0.5 T, 1 T, 2 T, and 5 T. (c) Magnetic field dependence of
in-plane p,y, at ¢ = 0°, 15°, 30°, 45°, 60°, 75°, and 90° at 300 K. (d) Angular dependence of p,, at 300 K under a magnetic field of 5 T.
(e) Planar topological Hall resistivity with H//b. (f) Magnetic phase diagram of SmMn,Ge, above 100 K. The yellow solid circles show the
critical magnetic fields for attaining a maximum (uoHmax) of the planar topological Hall resistivity. The inset of (f) shows the schematic spin

configurations of Mn moments in a canted FM and in an AFM state.

plane. Firstly, a magnetic field was rotated from the ¢ axis
to the ab plane as shown in the Fig. 4(a). An angle between
the magnetic field and the ¢ axis is denoted as 6 for con-
venience. A large anomalous Hall resistivity was observed
when 6 = 0°. This result is consistent with the measurement
of the Hall resistivity using the conventional method [see
Fig. 3(b)]. As 6 is increased from 0° to 90°, pyy is reduced.
However, a pronounced cusplike anomaly is observed in a low
field region. The cusp is distinct especially when 6 = 90°.
Whereas a difference between the measured and actual an-
gles of H and I is negligible, px, determined for different
magnetic fields converges to zero at angles of 90° and from
270° with a scatter of less than 5° [Fig. 4(b)]. Therefore,
the cusplike anomaly is observed when a magnetic field and
an electric current are coplanar. This anomaly resembles an-
other topological signal, termed the PTHE [53]. The PTHE
has been observed only in a few skyrmion-hosting materials
including PrMn,Ge; [27], CrsTeg [54], and Fe;GeTe, [49]
until now. It has been generally attributed to a nonzero spin
chirality, in which a noncoplanar spin texture offers an ef-
fective gauge field to yield an exotic planar Halllike signal.
A smooth cosine dependence is observed at a high magnetic
field of woH =5 T only. At lower fields, e.g., uoH = 0.5 T,
1 T and 2 T, deviations from the cosine angular dependence
are significant across the 90° and 270° due to a large topolog-
ical Hall signal.

To verify the PTHE nature of the low-field cusplike
anomaly, we carried out a detailed in-plane angle-dependent
measurements with the field rotated in the ab plane of a

single crystal at 300 K. Here, an angle between H and [ in
the ab plane is denoted as ¢ [see the inset of Fig. 4(c)].
The PTHE is reduced during a sweeping of ¢ from 0° to
90°, indicating the in-plane anisotropy of the PTHE. Like
PrMn,Ge; [55], SmMn,Ge; is magnetically isotropic within
the ab plane. Then, a large anisotropy of the PTHE is probably
caused by a change of the direction of the current. That is, the
PTHE exists in any direction at low magnetic fields in spite
of the anisotropy when H is rotated in the ab plane. Here, the
PTHE is viewed as an intrinsic phenomenon for noncoplanar
magnets following recent experimental and theoretical studies
[27,53], and it has little to do with the in-plane anisotropic
magnetoresistance (AMR). To verify this hypothesis, we mea-
sured the angular-dependent PHE in a saturating field of 5 T at
300 K, in a ferromagnetic state and is plotted in Fig. 4(d). The
PHE was obtained using the formula [ 0., (+H) + o, (—H)]/2
to eliminate the misalignment of the Hall voltage probe.
The planar Hall resistivity pfyHE (¢) was obtained by sub-
tracting the longitudinal resistance offset. The latter follows
PRTE(@) = —Apyy sin @ cos ¢ + al pyycos’p, where Apygy =
p1 — py with p; and py are the resistivity measured when the
electric and magnetic fields were applied in a perpendicular
and a parallel direction, respectively [56,57]. The first term of
the longitudinal resistance offset is the intrinsic PHE and the
second term is the in-plane AMR. By fitting the formula of the
longitudinal resistance offset to the planar Hall resistivity, we
obtained the in-plane AMR which is shown by the green line
in Fig. 4(d). The PHE characterized by the transverse Hall
resistivity was fitted using a formula proposed by Li et al.
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[57]. Then, the in-plane AMR and intrinsic PHE contribution
were separated from each other. The AMR of SmMn,Ge;
shows a maximum of 0.16% compared to the total planar
Hall resistivity, which is negligible compared to the AMR for
conventional transition metal compounds [58,59]. Thus, the
PTHE of SmMn,Ge; is intrinsic.

Finally, we measured the in-plane Hall resistivity oy dur-
ing cooling of the single crystal from 340 to 5 K by setting
0 =90°, i.e., H//I, as shown in Fig. 4(e). The PTHE sig-
nal of pyy is strongest at 300 K and it remains discernible
down to 160 K. The PTHE signal vanishes at lower tem-
peratures, which may be related to the decrease of resistivity
with temperature or the change of the easy magnetization. In
terms of the magnetoelectric transport properties measured,
we propose a magnetic phase diagram for SmMn,Ge, at
temperatures between 100 K and 7¢ [Fig. 4(f)]. The phase
diagram displays temperature dependences of a critical mag-
netic field (ptoHmax) for attaining the maximum of PTHE and
a saturating magnetic field (uoHs) applied in the ab plane
[see Fig. 2(b)]. The critical field and the saturating field both
increase with increasing temperature first and then, they de-
crease after passing a maximum at about 260 K. These trends
in temperature dependence are similar to those determined
for the magnetocrystalline anisotropy constant and can be
related to the spin moments of 3d electrons of Mn atoms. The
phase diagram also highlights that a noncoplanar magnetic
structure is established upon the application of an in-plane
magnetic field smaller than poHs. Here, the noncoplanar mag-
netic structure introduces a nonzero spin chirality which is
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responsible for the PTHE in SmMn,Ge; as it does in mag-
netically frustrated systems [49,54]. Once the magnetic field
applied exceeds the critical field (uoH > pnoHs) at a given
temperature, the spins of Mn atoms with the canted ferromag-
netic structure will arrange themselves in a parallel way. Then,
the noncoplanar magnetic structure is suppressed and so is the
PTHE.

IV. DISCUSSION

To understand the origin of the AHE in the SmMn,Ge,,
we check the scaling behavior of p?x(zx) using the relation
,ofx(zx) o< pg. [60]. As shown in Fig. 5(a), a scaling law pa-
rameter of « = 1.33 is obtained by plotting ,ofv against pxx
on log-log scaling for H//a. This value of « confirms that the
AHE includes an extrinsic and an intrinsic contribution. The
total anomalous Hall resistivity usually includes extrinsic con-
tributions, given by skew scattering and side jumps scattering,
and an intrinsic contribution. Skew scattering at impurities is
responsible for an AHE, which gives pg o pxx [61]. The side
jump at impurities also makes a contribution to the AHE and
it accounts for the relation p;; pfx [62]. The intrinsic con-
tribution accounts for an anomalous velocity in the direction
transverse to the electric field, which gives pj; o pfx [63].
Thus, the total anomalous Hall resistivity can be written as
Py = Psk + Psj + Pint = Qoux + BPE, + ¥ P}, Where a, B,
and y are the resistivity coefficients. However, it is difficult
to distinguish the last two items on the right side of this
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FIG. 5. (a) Plot of log (p{:\,) vs log (pxx). The inset of (a) shows the plot of p?x VS pxx- (b) Temperature dependence of 0, and Ogyew—scatiering-
(c) Log-log plot of oayg versus oy, for various materials. Note that the large Hall conductivity and the Hall angle realized in SmMn,Ge,
show significant deviations from the conventional scaling plots. The data of other materials are taken from literature [8,64—67]. These scaling
relations are shown by black dashed lines. (d) oapr versus oy of various metallic ferromagnets and semimetals [1,2,64—66,68-71].
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formula because they both conform to the squared relation of
the longitudinal resistivity. Nevertheless, it can be seen from
the fitting results of the inset of Fig. 5(a) that the skew scatter-
ing directly proportional to longitudinal resistivity plays an
overwhelming role in anomalous Hall resistivity. Here, we
focus attention on the linear item, i.e., the contribution by
the skew scattering. The extrinsic skew scattering contributed
to the AHC can be obtained by formula of a ~ p’j =, As

shown in Fig. 5(b), a,x o plays a dominant COIItI'lbuthl’l to the
total Hall conduct1v1ty, especially at low temperatures. The
AHC of crA for H//c has also been analyzed (see Fig. S6 for

details [33]) However, the a is dominated by an intrinsic
mechanism, which has a common origin with the AHE of
PrMn,Ge; [27]. The different dominant mechanism of AHC
for H//a and H//c also suggests that SmMn,Ge; is likely to be
a goniopolar material [38,39].

The AHE in SmMn,Ge, and that in other materials are
shown in Fig. 5(c) for comparison. The AHE is divided into
three regimes from the side jump (o, ) through the
intrinsic (o, ~ const.) to the skew scattering (ox) x o,)[64].
The red solid circles show the AHE of the SmMn2G62 com-
pound, which conforms to the skew scattering mechanism
as indicated by a linear dependence on oy. The AHC of
1.7 x 10°Q 'em™! in SmMn,Ge, is comparable with that
attained in Co3Sn,S, [4] with an intrinsic mechanism. Thus,
we term it as a giant AHC. So far, a giant AHC value has
been observed in a few materials only. We noted that the
anomalous Hall conductivity dominated by the skew scat-
tering cannot reach this regime according to the division of
experience regimes. This case is similar to the recent reported
large AHE dominated by extrinsic skew scattering mecha-
nism in the materials of Kagome magnets KV3;Sbs (oagg ~
1.55 x 10*Q'em™ 1) [15] and MnGe thin films with the spin
chlrahty cluster (oapg ~ 4 X 10 Q~ Tem™1) [8]. The giant
AHC in the latter materials have been attributed to an un-
conventional skew-scattering mechanism. In this mechanism,
spin clusters with scalar spin chirality are thermally activated
as indicated by the temperature and magnetic-field profile
of the AHE in thin film or materials with a magnetocrys-
talline anisotropy [14]. Thus, the giant AHE in SmMn,Ge;
can be attributed to the same mechanism. As shown in the
inset of Fig. 5(b), conical spin clusters of Mn atoms are
similar to those of a Kagome net and it can behave like a
“magnetic scattering center”, generating an enhanced skew
scattering by introducing a distortion of the local order and
therefore a net magnetization to act as scattering centers in
an external field. The anisotropy of the Hall response of o,x
and oy, for H//a and H//c also strongly supports the spin
chirality skew-scattering mechanism suggested above. The
giant AHE in the SmMn;Ge, compound may have another
origin. That is, the magnetocrystalline anisotropy enlarged
at low temperatures might bring about a magnetic crossing
node in the momentum space. Investigation of the electronic
structure using angle-resolved photoemission spectroscopy
and theoretical calculations can help verify this hypothesis.
Figure 5(d) is a plot of the oayg against anomalous Hall angles
(OAHE = U;‘V/Gxx) for representative ferromagnets. Only the
maxima of O,yg are shown. Whereas the Oayg of SmMn,Ge,
is comparable to that of other ferromagnetic materials, its
giant AHC is comparable to that of semimetal materials with

a topologically nontrivial ground state such as Fe;GeTe, [65],
GdPtBi [66], and Co3Sn,S; [4]. Thus, SmMn,Ge, represents
a new Hall material with high conductivity.

We now turn to the origin of the THE in SmMn,Ge,. The
present results showed that SmMn,Ge, compound exhibits a
characteristic field dependence of extracted ,oxTv at various tem-
peratures above 140 K. Theoretically, the THE is associated
with the chirality-induced Berry phase, i.e., it is induced by lo-
cal scalar spin chirality when itinerant electrons traverse a spin
texture of a noncoplanar magnet [72]. It has been established
that the nonlinear spin configuration of skyrmions can gener-
ate a scalar spin chirality, which brings about a Berry phase
and then contributes to the additional Hall signal of THE [17].
To interpret the THE obtained from the Hall effect measure-
ments for H//c, we performed real-space observations of their
magnetic field-dependent domain evolution processes at room
temperature by LTEM. The magnetic field was applied along
the out-of-plane direction of sample. Selected-area electron
diffraction (SAED) analysis [inset of Fig. 6(a)] reveals that the
out-of-plane direction of the sample is along [001] orientation
of the single crystal, which agrees well with the arrangement
of atoms of the (001) crystal plane [Fig. 1(d)]. Figure 6(a)
shows a typical Lorentz image of the single crystal captured at
room temperature in zero field. The image shows spontaneous
stripelike domains. Such stripe domains possess a long-period
helimagnetic structure and the corresponding helix period was
determined to be 340 nm based on measurements of the sinu-
soidal variation of the Lorentz TEM contrast. The helix period
length is comparable to that of other RMn;Ge, compounds
[28].

Bubble domains are also observed in Lorentz TEM images
of the single crystal in addition to the stripelike domains
(Figs. 6(a) and S7a-c [33]). However, they are rare and ran-
domly distributed. To increase the density of bubble domains
at room temperature, the single crystal was field-cooled (FC)
using a protocol described elsewhere [28,73,74]. As schemat-
ically shown in Fig. 6(b), the single crystal was heated first
to a temperature above Tc in zero magnetic field followed by
cooling down to 300 K in a magnetic field of 0.05 T. As shown
in Fig. S7d [33], LTEM imaging reveals a high density of the
bubbles after cooling from a high temperature to 300 K. The
bubbles are arranged into a quasiregular pattern. When the
single crystal was tilted by an angle () from the normal of
the surface, the contrast of the bubble domains was improved
significantly. As illustrated in Figs. S7d-f [33], the bubbles
show distinct contrast relative to the surrounding matrix at an
angle of 17.2°. They were determined to have a mean diameter
of 0.43 um. The bubbles obtained by zero-field cooling are
extremely stable. They persisted even after the single crystal
was exposed to air for several days at room temperature.
This high stability of the bubbles means that SmMn,Ge; is
promising for applications in nonvolatile magnetic memory
devices.

The density and size of the bubble domains decrease in a
higher magnetic field. The bubbles vanish at a magnetic field
of approximately 0.1 T, at which the single crystal dwells in a
ferromagnetic state [Figs. 6(d)—6(g)]. It should be mentioned
that the skyrmionic type and trivial bubbles coexist. The
LTEM images of the skyrmionic bubbles generally show
a symmetric contrast variation (bubble ‘“h”), that is,
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FIG. 6. (a) LTEM images showing magnetic domains in zero field. The inset shows the SAED pattern. (b) Schematic drawing of field-
cooling procedure. (c) Schematic illustration of noncoplanar configuration of canted spins of Mn atoms. (d)-(g) LTEM images taken in
different external magnetic fields at 300 K. Enlarged views of (h) bubble “h” and (j) bubble “j” enclosed by a dashed box. (i) (k) Schematic
drawings showing a Bloch-type skyrmionic-type and a trivial-type bubble corresponding to the spin configuration of bubble “h” and bubble

(13t

7, respectively.

dark-white-gray-white-dark along a diameter direction
[Fig. 6(h)]. The skyrmionic bubble has a topological number
of Ns = =+1. Some of the bubbles show an asymmetric
contrast variation (bubble “4”), white-dark-gray-white-dark,
along their diameters [Fig. 6(j)], indicating that they are
of a trivial type. These bubbles are composed of a pair of
nonconvergent Bloch lines with a topological number of
Ns = 0. These two types of bubbles are further explained
in Figs. 6(i) and 6(k). The trivial bubbles consist of a
pair of nonconvergent semicircular arc, whereas the
skyrmionics-type bubbles form a ringlike pattern. The
coexistence of different bubbles has also been observed in
other centrosymmetric magnetic systems such as Fe;Snj
[21] and MnNiGa [40]. It can be understood because a
centrosymmetric magnet like SmMn,Ge, possesses two
degrees of freedom, i.e., vorticity and helicity, which
makes the skyrmionics-type bubbles to coexist with the
topologically trivial bubbles. In terms of these observations,
the THE of the single crystal can be related to the formation
of skyrmionic-type bubbles whereas the trivial bubbles are
associated with the noncoplanar spin configurations of the
canted Mn atoms, as schematically depicted in Fig. 6(c).

V. CONCLUSION

We have unraveled multiple unconventional Hall re-
sponses, i.e., the coexistence of a giant AHE and robust THE,

in high-quality single crystals of SmMn,Ge,. A giant AHE
of 1715 Q! cm™! has been observed for H//a and Ntext{//}b.
The giant AHE has been attributed to an extrinsically con-
trolled mechanism, skew-scattering by conical spin-clusters
with scalar spin chirality. A THE has been observed for H//c
and attributed to skyrmionics bubbles in real space following
the LTEM investigation. In addition, the measurements of
the angular dependence Hall effect with the magnetic field
rotating about the a or the ¢ axis have revealed a PTHE, which
vanishes at low temperature due to the FM to AFM transition.
The PTHE has been attributed to the nonzero spin chirality
induced by the noncoplanar spin textures of Mn atoms. The
discovery of the coexistence of the multiple unusual electronic
transport effects makes SmMn,Ge, promising for multifunc-
tional applications in spintronic devices. Our work should
motivate the search of new magnetic topological materials
with noncoplanar spin textures showing multiple anomalous
transport properties.
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