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Ordering phenomena of spin trimers accompanied by a large geometrical Hall effect
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The wave function of conduction electrons moving in the background of a noncoplanar spin structure can
gain a quantal phase—the Berry phase—as if the electrons were moving in a strong fictitious magnetic field.
Such an emergent magnetic field effect is approximately proportional to the solid angle subtended by the spin
moments on three neighboring spin sites, termed the scalar spin chirality. The entire spin chirality of the crystal,
unless macroscopically canceled, causes the geometrical Hall effect of real-space Berry-phase origin, whereas
the intrinsic anomalous Hall effect in a conventional metallic ferromagnet is of momentum-space Berry-phase
origin induced by relativistic spin-orbit coupling. Here, we report the ordering phenomena of the spin-trimer
scalar spin chirality and the consequent large geometrical Hall effect in the breathing kagome lattice compound
Dy,;Ru,Al},, where the Dy*" moments form noncoplanar spin trimers with local spin chirality. Using neutron
diffraction, we show that the local spin chirality of the spin trimers as well as its ferroic/antiferroic orders can
be switched by an external magnetic field, accompanying large changes in the geometrical Hall effect. Our
finding reveals that systems composed of tunable spin trimers can be a fertile field to explore large emergent

electromagnetic responses arising from real-space topological magnetic orders.
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Conventional electronic devices are based mainly upon
the band dispersions of the conducting electrons and not
on their phase factors. However, a better understanding of
the topological character of electron bands that has been
achieved in recent years is now promising next-generation
devices where both the dispersions and the phase factors
can be tailored [1,2]. Such a prospect is derived from the
fact that the Berry phase, which describes the change of the
phase factor for an electron moving adiabatically around a
loop in real or reciprocal space, has a direct impact on the
electron transport [3]. Specifically, in ferromagnetic systems
with broken time-reversal symmetry, it has been established
that a nonzero Berry phase over the occupied bands in recip-
rocal space can be induced by relativistic spin-orbit coupling
(SOC), which gives rise to an intrinsic anomalous Hall effect
(AHE) with the transverse conductivity o,, proportional to the
spin polarization of the conducting electron [4-6].

Nonzero Berry phases and a consequent Hall effect can
also arise in a special type of magnet where the magnetic
moments form noncoplanar structures. In these magnets, the
topologically nontrivial Berry phase is induced not by the
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SOC as in the case of the “conventional” AHE, but by nonzero
scalar spin chirality x;jx = S; - (S; x S), with § denoting the
localized spins at vertices i, j, and k of a triangle [7-11].
Hereafter we refer to such scalar spin chirality simply as
chirality. This chirality-induced Hall effect, here named the
geometrical Hall effect (GHE), is readily understood in the
real-space picture. Due to the coupling with the localized mo-
ments, an electron hopping successively across the triangular
sites i- j-k-i will gain a Berry phase that is approximately pro-
portional to the solid angle spanned by the localized moments
as if the electrons were circling around a magnetic flux [8].

Despite continuous efforts [12—19], an unambiguous ex-
perimental illustration of the correspondence between the
noncoplanar triangular spin units and the GHE is still missing.
This is partly due to the difficulty in stabilizing commensurate
noncoplanar magnetic structures on two-dimensional lattices
[14]. For example, on a prototypical kagome lattice, Heisen-
berg spins normally prefer to order in a coplanar structure due
to its amenability to fluctuations [20-22], and the coplanarity
is maintained even in a magnetic field [23].

In this Rapid Communication, we show that noncoplanar
triangular spin units, or spin trimers [24,25], can be stabilized
in the intermetallic compound Dy;Ru4Al;,, where the mag-
netic Dy>" ions constitute a breathing kagome lattice with
corner-sharing triangles of two different sizes [see Figs. 1(a)
and 1(b)] [26,27]. Using neutron diffraction, we find that both
the ferroic/antiferroic order and the local chirality of the spin
trimers can be tuned by a magnetic field. As long as the entire
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FIG. 1. (a) Crystal structure of Dy;Ru4Al;, with space group
P63/mmec. (b) Dy>" ions on the 6 Wyckoff sites form breathing
kagome layers in the ab plane. Dy** ions with z = 0.25 and z = 0.75
are shown by dark and light blue circles, respectively. The nearest-
neighbor J; and second-neighbor J, bonds are indicated by curved
arrows. (c) Field dependence of the neutron diffraction intensities of
the magnetic reflections (304) and (Z10) measured at 7 =22 K.
(d) Phase diagram of Dy;RusAl;, obtained from magnetization
(up-pointing triangles) and heat capacity (left-pointing triangles)
measurements [28]. PM represents the paramagnetic phase. The
effect of the demagnetization field has been corrected [28]. Error bars
representing standard deviations are smaller than the symbol size.

scalar spin chirality becomes nonzero, a large GHE emerges in
our magnetotransport measurements. The geometrical origin
of the observed Hall effect is also confirmed through a semi-
quantitative comparison between the magnitude of the Hall
conductivity and the entire scalar spin chirality.

Our Dy;RusAlj, single crystals were grown using the
Czochralski technique [28]. Neutron diffraction experiments
on a single-crystal sample of Dy;RusAl;, were performed
on the thermal-neutron diffractometer ZEBRA at the Swiss
Spallation Neutron Source SINQ of the Paul Scherrer Institut
PSI. An incoming neutron wavelength of 1.18 A [Ge(311)
monochromator] was used for the measurements. Magneto-
transport experiments were performed on single crystals with
characteristic dimensions of 3.0 x 0.8 x 0.15 mm?, where
the largest faces were perpendicular to the crystallographic
¢ axis and were aligned perpendicular to the magnetic field.
The electric current was applied along the a* axis in recip-
rocal space. Measurements below 14 T were performed on
the Quantum Design physical property measurement system
(PPMS), and measurements up to 24 T shown in the Supple-
mental Material were performed at the High Field Laboratory
for Superconducting Materials at Tohoku University [28].

At zero field, Dy;RusAlj, is known to enter a magnetic
long-range ordered state with a propagation vector of (%0%)
[26]. However, by applying a magnetic field along the ¢ axis,

we found in the present study that the magnetic propagation
vector can be shifted from ¢, = (%0%) to g, = (%%0). As is
shown in Fig. 1(c), our neutron diffraction experiments reveal
that at temperature 7 = 2.2 K, the intensity of the (%0%)
reflection in phase I drops to zero at a field of uoH ~ 0.6 T,
while a new reflection emerges at (%%O). The intensity of

the (%%0) reflection is not constant, but decreases sharply
at uoH =~ 1.2 T while remaining finite, indicating the ap-
pearance of two distinct field-induced phases (II and III),
consistent with the magnetic transitions observed by mag-
netization measurements [26] [see also Fig. 3(a)]. Following
the anomalies in the magnetic susceptibility and heat capacity
across the phase transitions [28], we map out the H-T phase
diagram as presented in Fig. 1(d).

Neutron diffraction data sets were collected in the three
phases at T = 2.2 K to clarify their precise magnetic struc-
tures. Figure 2 summarizes our refinement results assuming an
equal magnitude for the Dy>* moments. Details for the data-
set refinement can be found in the Supplemental Material [28].
We notice that the magnetic structures in both phases I and
IT consist of similar spin trimers with nonzero local chirality.
As is presented in Fig. 2(d), four spin-trimer configurations
are observed in the magnetic structure of phases I and II:
The in-plane spin components S, are all pointing inwards or
outwards, and the out-of-plane components S, are aligning
uniformly parallel or antiparallel to the ¢ axis. From our
refinements, the ratio |S./S,;| remains nearly constant at ~2
in both phases I and II, meaning the magnitude yo of the
local chirality does not change across the transition between
phases I and II. Therefore, the entire chirality is completely
determined by the stacking pattern of the trimers. In phase
I with ¢, = (%0%), the sign of the local chirality is reversed
between neighboring unit cells along the a and ¢ axes, imply-
ing full cancellation of the local chirality. However, in phase
II with ¢, = (%%0), the signs are arranged in a sequence of
+/4/— along the a and b axes, which results in an average
chirality per spin-trimer unit of yo/3 with xo & 0.17. Here,
the chirality yo is calculated assuming a unit spin length
|S| = 1. Over the larger second-neighbor triangles, the global
chirality also becomes nonzero in phase II, and its magnitude
equals xo/3, as large as that over the spin-trimer unit.

The individual spin-trimer chirality, as well as the entire
chirality averaged over all sites, can be further tuned with a
higher magnetic field of uoH > 1.2 T, where a new phase
(I10) is realized. In this phase, most of the magnetic reflections
become weaker than those in phase II, and all the (550) re-
flections are extinct. These observations allow us to assign the
magnetic structure shown in Fig. 2(c), where the ¢ component
of all the Dy>* moments aligns in the field direction [28].
As shown in Fig. 2(e), the in-plane components of the Dy**
moments change from all-in-all-out to tangential alignment,
leading to two twisted trimer configurations with a negative
chirality of —x;/3 with x; ~ 0.23. Meanwhile, the twisted
trimers also induce toroidal-like correlations over the second-
neighbor triangles, where the averaged global chirality per
spin-trimer unit amounts to x/, with a positive sign and an
absolute magnitude that is three times as large as that over the
nearest-neighbor spin trimers.

The global chirality in phases II and III motivated us to
search for the chirality-induced GHE. Figure 3 summarizes
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FIG. 2. (a) Magnetic structure of phase I with ¢, = (%O%). Shaded (blank) triangles indicate spin trimers within the z = 0.25 (z = 0.75)
layer. Spins with a positive (negative) component along the c direction are shown by the orange (blue) arrows. Signs of the scalar spin chirality
over the trimers are indicated at the center of the triangles. (b), (c) Magnetic structures of phases (b) II and (c) III with ¢, = (% _%0). (d) Spin
trimers in phases I and II. In these two phases, spin components in the ab plane are either all pointing towards the center of the triangles (all
in) or out of the triangles (all out). (e) Twisted and antitwisted spin trimers in phase III where the spin components in the ab plane are parallel
to the opposite edge of the triangles. In phases I, I1, and III, the refined magnitude of the ordered Dy*" moments are 6.5(5)uz, 9.3(5)us, and
8.9(3) s, respectively, and the corresponding tilting angle from the ¢ axis is 26(1)°, 28(1)°, and 35(1)°.

the results of our transport experiments. The anomalous Hall
conductivity 0'3 was obtained by subtracting the normal Hall

conductivity ag, from the total Hall conductivity o' with

0)3 =o' — og, [28]. The total Hall conductivity is related

to the longitudinal resistivity oy, and the Hall resistivity oy,
tot _

via 0% = py./(p2 + p2). In our definition, the anomalous
Hall conductivity oﬁ, may involve contributions not only from
the conventional SOC-induced Hall term but also from the
chirality-induced geometrical Hall term of the present focus.

As is shown in Figs. 3(a) and 3(b), the anomalous Hall
conductivity a)ﬁ becomes nonzero in phases II and III, as
is expected for the chirality-induced GHE, leading to a Hall

angle (og/axx) as large as 1.5 x 1072 at 3 T in phase III. The

evolution of crx/;(H ) loosely follows the magnetization curve
M (H) shown in the same panels. The successive steplike in-
creases in ag (H) across the phase transitions sharply contrast
with the highly nonmonotonous evolution of the longitudinal
resistivity [28], indicating the independence of afy on the re-
laxation time 7 of the conducting electrons and thus excluding
the extrinsic skew-scattering mechanism [6,29-31] that obeys
RV o T.

Two other possible scenarios for the observed AHE,
including the intrinsic Karplus-Luttinger (momentum-space
Berry phase) and the extrinsic side-jump mechanisms, can be
excluded as the major origin on the basis of the temperature
dependence of a)g shown in Figs. 3(c) and 3(d). In both mech-
anisms, Ug is independent of the relaxation time t [6,29].
However, the magnitude of a;*y induced through the Karplus-
Luttinger or the side-jump mechanism is not related to chi-
rality of the magnetic moments and only depends on the total
magnetization M along the field direction [6]. As is shown
in Fig. 3(d), a sharp increase in O’S(T) is observed when

the system is cooled through the phase transition at ~5 K
in a magnetic field, while the magnetization M(T) almost
stays constant on both sides of the transition. The contrasting
behavior of UQ(T) and M(T) reveals that the observed AHE
is not dominated by the Karplus-Luttinger or the side-jump
mechanism and is consistent with its chirality origin.

The relative change of 03 between phases II and III can be
semiquantitatively understood through the chirality-induced
GHE. Assuming the geometrical weight over the Dy*™ trimers
and the second-neighbor triangles to be dominant and com-
parable [10,11], the total chirality x' of the Dy sublattice
can be estimated to be ~2x0/3 and 2x,/3 in phases II and
III, respectively, with x,/xo ~ 1.4. Meanwhile, due to the
perturbative nature of the couplings between the conducting
electrons and the Dy>* moments, the spin polarization p of
the conducting electrons should be proportional to the net
magnetization, with M*H=2T ;pproH=07T ~ 2 7 Given that
Uf; X Pxtot, the ratio of the chirality-induced anomalous Hall
conductivity in phases III and II is expected to be ~3.8, which
is close to our observation in Fig. 3(a).

Compared to the skyrmion lattice characterized by a topo-
logical Hall effect related to the winding number of the spin
texture [32-36], the magnetic structures in phases II and
III of Dy;RusAl;; have a much shorter periodicity, where a
magnetic unit cell consists only of 3 x 3 unit cells. According
to theoretical calculations [11], when the couplings between
the conducting electrons and local moments are weak as
in Dy;Ru4Al;,, the two Berry-phase scenarios in reciprocal
and real spaces can be equivalent. Therefore, Dy;RusAlj,
might be viewed as an intermediate system that bridges the
magnetic skyrmion lattice with a long periodicity of tens of
nanometers [34] and the prototypical kagome model with a
minimal periodicity of one single unit cell [8], and might help
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FIG. 3. (a), (b) Anomalous Hall conductivity ag measured at 2 K as a function of (a) increasing and (b) decreasing magnetic fields. The
corresponding field dependence of magnetization M (H ) is shown for comparison. Different phases are indicated by color shading, and a large
hysteresis for increasing and decreasing fields is observed at the phase boundaries. Note o/} = 0 in phase I, where scalar spin chirality is
absent, and a sharp increase of o2 at the boundary between phases II and IIL. (c) Full view of éﬁ data, including high fields and temperatures.
(d) Temperature dependence of aﬁ (solid circles) and magnetization (solid lines) measured in external magnetic fields of 2 T (blue) and 9 T
(red). A sharp increase in O'A{;(T) when entering phase III below ~5 K is in strong contrast to the behavior of M(T') in the same field, evidencing
the onset of nonzero scalar spin chirality at 7 ~ 5 K. The effect of the demagnetization field has been corrected [28].

clarify the equivalence between the two Berry-phase scenarios
for the GHE in reciprocal and real spaces.

Due to the strong SOC on the Ru ions, we do not com-
pletely rule out the role of SOC in our observed GHE. The
SOC may join the scalar spin chirality in enhancing the trans-
fer of the Berry curvature. Recent investigations on Mn3;Sn
and Mn3;Ge reveal that the SOC is able to induce an AHE
even in antiferromagnets with coplanar magnetic structures
[37—-40]. It will be interesting to clarify the role of the SOC
and explore its possible interplay with the scalar spin chirality
in Dy;RusAlj;.

In summary, our neutron diffraction experiments reveal
the existence of spin trimers in the breathing kagome lattice
compound Dy;RusAl;,, where both the stacking order and
the local scalar spin chirality of the trimers can be tuned by
a magnetic field. In phases with nonzero entire scalar spin
chirality, a large GHE is observed in our magnetotransport ex-

periment. Our works provide an unambiguous illustration for
the chirality-induced GHE, and reveal that systems composed
of tunable spin trimers can exhibit large emergent electro-
magnetic response due to couplings between the conduction
electrons and the localized magnetic moments.
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at Tohoku University. This work was supported in part by
JST CREST Grant No. JPMJCR1874 (Japan). M.H. was
supported as a JSPS International Research Fellow (Grant No.
18F18804).
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