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ABSTRACT

The Berry phase understanding of electronic properties has attracted special interest in condensed matter physics, leading to phenomena
such as the anomalous Hall effect and the topological Hall effect. A non-vanishing Berry phase, induced in momentum space by the band
structure or in real space by a non-coplanar spin structure, is the origin of both effects. Here, we report a sign conversion of the anomalous
Hall effect and a large topological Hall effect in (Cry 9By ;) Te single crystals. The spin reorientation from an easy-axis structure at high tem-
perature to an easy-cone structure below 140 K leads to conversion of the Berry curvature, which influences both, anomalous and topological,
Hall effects in the presence of an applied magnetic field and current. We compare and summarize the topological Hall effect in four catego-
ries with different mechanisms and have a discussion into the possible artificial fake effect of the topological Hall effect in polycrystalline
samples, which provides a deep understanding of the relation between the spin structure and Hall properties.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0018229

In condensed matter physics, Berry phases have enabled a wider
understanding of many physical concepts and phenomena, such as
chiral anomalies,"” magnetic monopoles,” and the anomalous Nernst
effect.” Among them, the intrinsic anomalous Hall effect (AHE)
requires the absence of time reversal symmetry and the orbital degen-
eracy to be lifted. The former not only is usually seen in ferromagnetic
systems but also can be found in specific antiferromagnetic systems.
The latter not only is due to relativistic effects such as the spin-orbit
interaction but can also be induced by a non-collinear magnetic
spin texture.”® The combination of these phenomena leads to the
momentum-space Berry curvature as a linear response to an applied
electric field.”” However, a real-space Berry phase originating from
non-coplanar spin texture or magnetic topological excitations like sky-
rmions’ with non-zero scalar spin chirality can also play the role of
the magnetic field and contribute to the Hall signal, referred to as the
topological Hall effect (THE)."

A topological Hall effect was first observed in skyrmions in non-
centrosymmetric materials, such as the B20 compounds MnSi' "> and
FeGe,' """ in which it is stabilized by the Dzyaloshinskii-Moriya inter-
action. In these cubic systems, the topological Hall resistivity is usually
as small as 10 >~10"2 uQ cm. In centrosymmetric materials with uni-
axial magnetic anisotropy, such as MnNiGa,,"” the biskyrmionic phase

shows a large topological Hall effect of 0.15 uQ cm. A topological
Hall effect was also observed in systems with a non-coplanar anti-
ferromagnetic spin structure, such as MnsSi5,'® MnP,"” and
YMngSne.'* Under an applied magnetic field strong enough for a
metamagnetic or spin-flop transition, the (partially) antiferromag-
netic coupled or canted spins align to the field direction due to the
Zeeman energy, a process during which a large topological Hall
resistivity of up to 10" uQ cm has been observed. More recently, a
topological Hall effect was also observed during the magnetization
process along the hard axis of ferromagnets, such as in strong
uniaxial CrsTes'” and Fe;GeTe,”’ with a magnetic field applied
in-plane. None of these materials, however, shows a topological
Hall effect with a field along the easy axis (c-axis). This suggests a
complex behavior during magnetization along the hard axis in fer-
romagnets. Many Mn-based Heusler compounds crystallize in an
inverse structure’' *” and have a non-collinear spin structure at
low temperature. They exhibit a topological Hall effect that belongs
to a mixed type of the above two cases. Recently, the THE was also
reported in frustrated magnets.”*’

The topological Hall effect is one of the characteristics of sky-
rmions, and electrical transport is easy to measure. Therefore, it can be
used to select materials for potential skyrmion applications. In
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addition, the topological Hall effect can be used to confirm some non-
coplanar spin structures without the need for expensive neutron
studies.

Ferromagnetism exists in a large range of compositions in Cr;_,Te
(0 < x < 04) with different Curie temperatures T, and saturation magne-
tization M, * These compounds share a similar hexagonal structure, with
Cr vacancies in every second Cr layer, while the Te layer is fully occupied.
The vacancies induce small deviations from the hexagonal symmetry,
leading to monoclinic Cr;Te,, trigonal Cr,Tes, and trigonal or monoclinic
CrsTeg. Trigonal CrsTeg is a strong uniaxial ferromagnet with a magneto-
crystalline anisotropy constant K; of 0.8 MJ m>.""* However, for mate-
rials with a higher Cr concentration and smaller anisotropy (K; < 0.5M]J
m73),3“‘31 the magnetic structure is much more complicated. A canted
ferromagnetic structure at low temperature was observed by neutron dif-
fraction™” and magnetization measurements,”> which could lead to a pos-
sible real-space Berry phase and a topological Hall effect, providing a
candidate material for skyrmion bubbles. In a previous study, we reported
the magnetic structure of (CryoB;)Te.”” Owing to the difficulty in syn-
thesizing stoichiometric CrTe, the chromium vacancies are filled by
boron, stabilizing the hexagonal structure as well as shifting the Fermi
energy to modify the magnetism. The magnetic moment changes from
collinear along ¢ at high temperature to an easy-cone structure below the
spin-reorientation transition temperature Tsg =140K. The tilt angle
varies with temperature.

Here, we report the magneto-electronic transport properties of
(CrooBo1)Te single crystals. The spin reorientation leads to a change
in the Berry curvature, which significantly influences both, anomalous
and topological, Hall effects depending on the applied magnetic field
and current direction.

Single crystals of (CryoBg;)Te were grown by an annealing
process followed by water quenching. The details of the crystal growth,
composition, crystal structure, magnetic properties, and electronic
structure are published in Ref. 33. The longitudinal and Hall resistivi-
ties were measured using a Quantum Design PPMS 9 by a standard
four- or five-probe method.

(CrooBo.1)Te crystallizes in a B8, structure (prototype: NiAs, hP4,
P6;mmc, 194) with alternating Cr and Te layers. The lattice constants
are a =4.0184(6) A and c=6.2684(7) A. It is assumed that B replaces
only Cr atoms of every second Cr layer. A collinear spin structure with
an easy axis along c is observed at high temperature, whereas the mag-
netic moments localized at the Cr atoms become gradually tilted away
from the c-axis at temperatures below 140 K.

The electric transport properties of (CrgoBg;)Te single crystals
are shown in Fig. 1 with H//c [0001], I//ab plane [01-10] in Figs.
1(a)-1(c) and H//ab plane [2-1-10], I//c [0001] in Figs. 1(d)-1(f).
Along both the c-axis and the ab plane, the longitudinal resistance
shows a metallic behavior with a kink at T.=336K, although the
value in the ab plane is almost twice as large as that along the c-axis.
The small residual-resistance ratio (RRR) is about 1.7 in-plane and 2.1
along the c-axis, indicating a large number of dislocations (vacancies
or B atoms) inside the crystals. For magnetization along the c-axis, the
magnetoresistance is almost zero, and as the field increases further, its
value gradually decreases during heating to —1.5% at 300 K under 3 T
due to spin-disorder scattering. However, the magnetoresistance is
positive (1.5%) in the ab plane at 2 K during magnetization. With this
additional effect, the negative magnetoresistance region at 3 T rises to
above 200 K.

scitation.org/journal/apl

(CrpoBo.1)Te also exhibits a large, anisotropic anomalous Hall
effect that depends strongly on temperature. When the applied field
direction is along the c-axis, the anomalous Hall resistivity papg is
positive at high temperature with a collinear spin structure. However,
it decreases during cooling and then changes its sign at Tgg, finally
reaching —2.3 uQ cm at 2K, as shown in Fig. 1(c). When the field is
in-plane, as shown in Fig. 1(f), the anomalous Hall effect is always neg-
ative and changes during cooling from —3.5 uQ cm at 300K to about
—0.7 1€ cm at 2 K. Skew scattering is the dominant mechanism of the
anomalous Hall effect for both I//ab and I//c,"” as shown in the linear
fitting of papx vs longitudinal resistivity in the supplementary mate-
rial. pagg offsets the trend when the temperature approaches T.. The
skew-scattering mechanism confirms (Cr, 9By ;) Te as a bad metal with
a large number of defects.

The total Hall effect can be regarded as the sum of the ordinary
Hall effect due to the Lorenz force, the anomalous, and the topological
Hall effect using the following formula for the Hall resistivity:

P = RoB + RsptoM + pry, (1)

where R, and R are the ordinary and anomalous Hall coefficients,
respectively. The fitted ordinary Hall resistivity is negligible, indicating
a high charge carrier density of more than 10°* cm™; therefore, it is
not shown here. A low mobility of <1cm® V™' s™' further demon-
strates that it is a bad metal, which is also confirmed by the low resid-
ual resistivity ratio (RRR) and the low thermal conductivity of 3.8 W
K ' m™" at 300K. When the field is applied along the c-axis, R
changes its sign during cooling, whereas it remains negative with the
field along the a-axis, as shown in the supplementary material.

Moreover, the Hall signal during magnetization causes an addi-
tional effect, namely, the topological Hall effect, when H//[2-1-10] and
I//{0001] with the easy-cone structure at low temperature, as shown in
Fig. 2. At 250 K, with the collinear spin structure, there is no topologi-
cal Hall effect. However, it appears below Ter of 140K. At 2K, the
value is as large as 0.21 uQ cm. A similar result is observed when both
the current and the field are in two in-plane perpendicular directions.
A large topological Hall effect appears near saturation, when the easy-
cone structure has already been destroyed by the applied magnetic
field. Note that the in-plane magnetization curve below 140K is not
linear before saturation, with a kink at around 0.2 T (supplementary
material), which is also the field at which the topological Hall effect
starts to show a large value. This indicates a non-coplanar spin struc-
ture before saturation, with a solid angle Q showing spin chirality as
sketched in Fig. 3.

However, when the field is parallel to the c-axis, the topological
Hall effect is too small to be distinguished from the noise. This can be
explained by the lack of a non-coplanar intermediate phase during
magnetization along the c-axis, as indicated by the absence of a kink in
the magnetization curve (see the supplementary material). The
domain wall motion and spin reorientation occur simultaneously dur-
ing magnetization instead. This collinear spin structure does not give
rise to an additional contribution to the Hall signal from the Berry cur-
vature with Q=0. Similar phenomena have been observed in
CrsTes'” and Fe;GeTe,,” which also show a topological Hall effect
when the field is along the hard axis rather than the easy c-axis due to
the non-coplanar spin structure.

Figure 4 shows the phase diagram according to the above data
with the field in-plane. Here, T, and Tsg are collected from the M(T)
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FIG. 1. Transport properties of (Cro Bg 4)Te. (a) and (d) Longitudinal resistance. (b) and (e) Magnetoresistivity at 2-300 K. (c) and (f) Hall signal at 2-300 K. The demagnetizing
factors here are approximately 0.40 and 0.65, respectively. The crystal structure is shown in the inset in (a).

curves, whereas the saturation field yyH, and the maximum field of
the easy cone are collected from the M(H) curves. It is clearly shown
that the topological Hall effect appears at low temperature with a non-
coplanar spin structure near saturation, when the spin is already
shifted away from the initial cone.

We compare materials exhibiting a topological Hall effect in
Table 1. Generally, a large topological Hall effect requires a large

magnetic field (see the supplementary material). The first category
consists of the skyrmion materials. However, in general, the topologi-
cal Hall effect induced by skyrmions is small. The cubic B20 com-
pounds, such as MnSi'"'* or FeGe,'”'* only exhibit a topological Hall
resistivity of 107°-107% uQ cm. In Mn, ,PtSn above the spin-
reorientation temperature, no topological Hall effect was found,”
although skyrmions still existed.”* The second category covers the
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FIG. 2. Topological Hall effect of (CrggBy.1)Te with H//[2-1-10] and ///[0001]. The demagnetizing effect has already been corrected here to remove the possibility of an artificial

effect. (a)—(f) correspond to different temperatures from 2 K to 250 K, respectively.
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FIG. 3. Schematic magnetic and crystal structures of (CrogBg 4)Te with (a) H=0,
(b) Hilab plane, and (c) Hilc. The moment is tilted from ¢ and collinear in the ground
state. The in-plane field leads to a non-coplanar spin structure with different tilted
angles before saturation. The moment is collinear with the c-axis magnetic field.
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FIG. 4. Phase diagram of (Crg 9Bg 1) Te with the in-plane field.

possibility to realize metamagnetic or spin-flop transitions under applied
magnetic fields in antiferromagnetic materials with a non-coplanar spin
structure, as in the cases of MnsSis,"® MnP,"” and YMngSne.'* The third
category covers magnetization from the hard axis, including CrsTeg,"”
Fe;GeTe,™ and  (CryoBy;)Te. Many Mn-based Heusler com-
17255 have combined materials from all three categories. The
topological Hall effects for the second and third categories are larger,
with a large magnetic field, depending on the exchange coupling
strength or magnetocrystalline anisotropy.

(Crg9Bo.1)Te belongs to the third group and is one of the materi-
als that can achieve a large anomalous Hall effect with a mild field
owing to its small magnetocrystalline anisotropy. Note that the

TABLE I. Comparison of different categories of materials showing a topological Hall effect.

ARTICLE scitation.org/journal/apl

topological Hall resistivity of 0.21 €2 cm is already comparable to the
anomalous Hall resistivity of 0.75 uQ cm. Larger values of the topolog-
ical Hall effect are also observed in thin films,”® which disappear when
the thickness increases, indicating that the topological Hall effect is
sensitive to the lattice constant, which is easily affected by strain. The
small applied field is due to vanishing small single-ion anisotropy of
Cr** ions (3d°) with a negligible orbital moment.”” Note that B signifi-
cantly increases the Cr moment from 2.7 pg in the binary compound*
to 3.1 up here and decreases the magnetocrystalline anisotropy K;
from 500k] m "' to —100kJ m > at 2 K. This reduced field is impor-
tant for potential applications.

The findings also allow us to interpret transport data from previ-
ously reported polycrystalline materials. We propose a topological-like
anomalous Hall effect (topological AHE) that originates in polycrystals
from two magnetic sublattices with different anisotropy constants, the
values of which are approximately the same magnitude, but of oppo-
site sign. We simulated a textured structure (80%c + 20%a) as an
example using the data at 300 K in Fig. 1, as shown in the supplemen-
tary information. Note that there is no topological Hall effect at this
temperature. The magnetization along the c-axis saturates fast, domi-
nating the initial magnetization curve and the anomalous Hall effect
(positive). However, after saturation in the “c”-texture in a higher field,
an additional anomalous Hall effect only emerges from the “a”-tex-
ture, giving a negative contribution. As a result, a bump, namely, a
topological-like anomalous Hall effect, appears near saturation. The
topological-like anomalous Hall resistivity is 1.3 u€Q cm after fitting
and, thus, much larger than the real topological Hall resistivity
observed at low temperature. Dijkstra et al”® also reported Hall
measurements on polycrystalline CryoTe and CrygTe. Both samples,
especially CrygTe, showed similar behavior of two kinks before satura-
tion, which can now be explained by topological and topological-like
anomalous Hall effects. The first kink might come from the competi-
tion between anomalous Hall effects with different signs, whereas the
second kink should come from the topological Hall effect of the non-
coplanar spin structure. Interestingly, this topological-like anomalous
Hall effect has also been realized in films in which two materials with
opposite signs of the anomalous Hall effect were selected.”” Our study
points out that this can be realized in one material as well. Owing to
the topological-like anomalous Hall effect, great care should be taken
with the transport properties of polycrystalline materials with an
anisotropic crystal structure to exclude the possibility of an ‘artificial
topological Hall effect’. For this reason, some polycrystalline materials
without texture, especially those with high magnetocrystalline anisot-
ropy, are not included in Table I.

In conclusion, the spin reorientation transition at 140 K has a sig-
nificant effect on the transport properties of (Cry9Bg;)Te. The non-

Materials MnSi, FeGe Mn;5Siz, MnP, YMngSng

CrsTes, Fe3GeTe2, Cro_gBo_lTe Mn1.4PtSn, anRhSn

Ground state Helical (AFM) Non-collinear AFM

Process Skyrmion Metamagnetic transition
Field direction All All

Max THE (uQ cm) 10°-1072 10-10°
Magnetic field Small Large

FM Non-collinear FM
Hard-axis magnetization Mixture
Hard axis All
102-10' 102-10""
Anisotropy dependent Anisotropy dependent
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coplanar spin structure at low temperature leads to a non-vanishing
Berry phase, further causing a highly anisotropic anomalous Hall effect
and a topological Hall effect that strongly depends on the field direc-
tion. Consequently, a sign change of the anomalous Hall effect and a
large topological Hall resistivity of 0.21 u€ cm are observed. Our study
provides a deep understanding of the non-coplanar magnetic structure
and topological Hall effect.

See the supplementary material for the mechanism of the anoma-
lous Hall effect, topological-like anomalous Hall effect, magnetization
curves, and comparison of the topological Hall effect with other
materials.
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