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Distinction of time-reversal-like degeneracy by electronic transport in Ce;MgBis
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We report the discovery of a compound, Ce;MgBis, and reveal the hidden time-reversal-like degenerate states
within it. Ce3MgBis is an antiferromagnet with the distorted kagome lattice of Ce atoms, in which several
fractional magnetization plateaus emerge with the increase of magnetic field. At the 1/2 magnetization plateau,
obvious hysteresis has been observed in the magnetoresistance and Hall resistivity during the rise and fall
of the magnetic field. However, hysteresis vanishes in the corresponding measurements of magnetization,
indicating the existence of degenerate states with the same net magnetization but different electronic transport
properties. The degenerate states can be connected by the time-reversal-like operation. In addition, by comparing
with HoAgGe, it is suggested that the special crystal structure in Ce;MgBis; may have a shielding effect on
the time-reversal-like operation, thereby affecting the distinction of degenerate states. Our work establishes
Ce;MgBi; as an example of utilizing electronic transport properties to identify and distinguish hidden sym-

metries in frustrated magnetic systems.

DOI: 10.1103/1zq3-h31c

I. INTRODUCTION

Time-reversal symmetry is one of the important fundamen-
tal concepts in physics, playing an important role in fields
such as magnetism, topological physics, superconductivity,
etc. [1-6]. In magnetic materials with broken time-reversal
symmetry, two time-reversal-related equilibrium states are en-
ergetically degenerate, which can be reflected in the hysteresis
of magnetization or the anomalous Hall effect (AHE) [7].
The net magnetization and AHE usually have opposite signs
but the same size in these two states. In some noncollinear
antiferromagnets, even if the net magnetization disappears,
the AHE can still distinguish the breaking of time-reversal
symmetry, where the AHE has the same size and is driven
by the nonvanishing Berry curvature [8—11].

Geometrically frustrated magnetic systems provide a plat-
form to explore exotic physical phenomena. Recently, Zhao
et al. revealed the hidden time-reversal-like degenerate states
in the kagome spin ice material HoAgGe through electronic
transport measurements [7,12]. In HoAgGe, the Hall resistiv-
ity and magnetoresistance (MR) dependence on the magnetic
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field exhibit significant hysteresis, which almost disappears in
the magnetic-field-dependent magnetization. This observation
indicates that the two related states have different sizes of
AHE and MR, but have nearly the same net magnetization and
energy [7]. In fact, hysteresis also occurs in magnetic-field-
dependent thermal conductivity [13]. In the crystal structure
of HoAgGe, there exists the distorted kagome lattice, in which
the magnetic moments of Ho atoms form clockwise and coun-
terclockwise toroidal chiral structures. The two degenerate
toroidal moment states possess opposite chirality and Berry
curvature. After the chirality of the toroidal structures is re-
versed by the increasing magnetic field, the distribution of
the corresponding degenerate states will change. The chirality
reversal of the toroidal structures is related to a time-reversal-
like operation, which changes the values of AHE and MR
but leaves the net magnetization unchanged. However, these
changes will be retained during the demagnetization process
due to the influence of the distorted kagome lattice, en-
abling the distinction of such degenerate states to be achieved
through electronic transport measurements [14]. The work of
Zhao et al. established electronic transport as an effective
means of detecting hidden states in frustrated systems.
Recently, the quasi-one-dimensional LnsMPns (Ln = lan-
thanide; M = Mg, transition metal; Pn = pnictide) family
materials have attracted widespread attention for the rich
physical properties [15-34]. A prominent feature of the
crystal structure of Ln3MPns is the distorted kagome lat-
tice composed of rare-earth atoms, which is similar to that
of HoAgGe, but with a different stacking pattern along
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the ¢ axis. Such structural differences may give rise to
new phenomena or physics. In particular, the magnetic mo-
ments of rare-earth atoms are also always confined within
the plane. Therefore, Ln;MPns materials with magnetic
rare-earth atoms are promising candidates for exploring the
aforementioned time-reversal-like degenerate states. Moti-
vated by the potential interesting physical properties, we
conducted exploration in Ln;MPns materials and discovered
a new member, Ce;MgBis.

In this article, we synthesized the single crystals of
Ce3;MgBis, determined the crystal structure, and systemati-
cally studied the magnetic properties and electronic transport
properties. The magnetic susceptibility exhibits antiferro-
magnetic (AFM) transition at 4.4 K. With the increase of
magnetic field, the AFM transition can develop and evolve
in the in-plane directions, but is much limited in the out-
of-plane direction. Several fractional magnetization plateaus
have been observed in the magnetic-field-dependent magne-
tization, indicating the complex changes of the spin state in
Ce3;MgBis. Through electron transport measurements involv-
ing four configurations with different current and magnetic
field directions, we identified the hidden time-reversal-like
degenerate states at the 1/2 magnetization plateau, manifested
as significant hysteresis in MR and Hall effect but vanishing
hysteresis in magnetization. In addition, we qualitatively ex-
plained the reason why hysteresis occurs at the 1/3 and 2/3
plateaus in HoAgGe but at the 1/2 plateau in CezsMgBi5 based
on structural differences.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Single crystals of Ce;MgBis; were grown by the flux
method. The starting elements Ce, Mg, and Bi were placed
into an alumina crucible with a molar ratio of Ce:Mg:Bi =
1:6:9. The crucible was then sealed in a quartz tube under
high-vacuum condition. After heating to 900 °C and hold-
ing for 20 h, the quartz tube was cooled to 700 °C at a
rate of 2 °C/h, at which the excess flux was removed us-
ing a centrifuge. The atomic proportions have been checked
by energy-dispersive x-ray spectroscopy. The crystal struc-
ture of CesMgBis was determined by the single-crystal x-ray
diffraction experiment, which was performed using a Bruker
D8 Quest diffractometer (Mo K,). The measurements of
resistivity and Hall effect were performed on a Quantum
Design physical property measurement system (PPMS-14T).
The magnetic properties were measured on a Quantum De-
sign magnetic property measurement system (MPMS-7T).
The magnetization up to 14 T was measured with a vibrating
sample magnetometer option of PPMS.

First-principles calculations were carried out using the
Vienna Ab initio Simulation Package (VASP) [35] within
the projector augmented-wave method [36]. The exchange-
correlation functional was treated within the generalized
gradient approximation using the Perdew-Burke-Ernzerhof
form [37]. The plane-wave energy cutoff was set to 400 eV.
To accurately sample the Fermi surfaces of the structures,
a Gaussian smearing width of 0.01 eV was employed. The
convergence criteria for the total energy and atomic forces
were set to 107° eV and 10~2 eV/A, respectively.

FIG. 1. (a) Crystal structure of Ce;MgBi; viewed from the c-axis
direction. (b) Two alternately stacked distorted kagome lattice layers
composed of Ce atoms. (¢) Schematic diagram of the crystal axis
directions. The long axis direction is perpendicular to the distorted
kagome lattice layers.

III. RESULTS AND DISCUSSION

Ce3;MgBijs crystallizes in the space group P63/mcm (No.
193). The crystallographic parameters are listed in the Sup-
plemental Material [38]. Figure 1(a) illustrates the determined
crystal structure of CesMgBis. Similar to other members of
the Ln;MPns family, CesMgBis contains hypervalent one-
dimensional Bi chains and distorted kagome lattice of Ce
atoms. Unlike the overlapping arrangement in HoAgGe, the
adjacent distorted kagome layers in CesMgBi5 are rotated
by 180°, as shown in Fig. 1(b). The distorted kagome layers
are located within the ab plane and stacked along the ¢ axis
[Fig. 1(c)].

Figure 2(a) shows the temperature-dependent zero-field-
cooling (ZFC) and field-cooling (FC) magnetic susceptibility
of CesMgBis along H L be, H || b, and H || ¢, all of which
undergo the AFM transition at 4.4 K. The solid lines and the
dashed lines represent ZFC curves and FC curves, respec-
tively. As the temperature decreases, the FC curves within the
distorted kagome lattice plane initially experience a sudden
increase and then decrease at the Neel temperature, forming
a difference from the ZFC curves, which may be due to the
influence of magnetic fluctuation. The magnetic susceptibil-
ity exhibits significant anisotropy, with easier magnetization
occurring within the plane. For the out-of-plane direction of
H || ¢, the application of a magnetic field has a minor impact
on the Neel temperature [Fig. 2(b)]. However, in the in-plane
directions of H L bc and H || b, the magnetic field can signif-
icantly affect and induce the magnetic transitions, indicating
that the spin arrangement is constrained in the plane of the dis-
torted kagome lattice. Figures 2(c) and 2(d) show the ZFC-FC
magnetic susceptibility under various magnetic fields in the
H | bc and H || b directions, respectively. With the increase
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FIG. 2. (a) The ZFC-FC magnetic susceptibility of Ce;MgBis with applying 100 Oe magnetic field in the directions of H L be, H || b,
and H || ¢. (b)—(d) The ZFC-FC x (T') curves under various magnetic fields in these three directions. In panels (c) and (d), to more clearly
demonstrate the changes in magnetic transitions, the curves have been shifted along the vertical axis.

of the magnetic field, the transition at 7y; gradually widens
and shifts to lower temperature, while the transition at Tnp
begins to emerge, manifested as a sudden increase in magnetic
susceptibility above Ty;. This indicates that magnetic ordering
is gradually changing with temperature rather than suddenly
formed, and 7y; is only the beginning of spin changes. As
the magnetic field further increases, the sudden increase in
magnetic susceptibility at Ty, evolves into a decrease, forming
the AFM order. When the magnetic field exceeds 4 T, another
AFM order Ty3 develops. In the range of 7-14 T, no new phase
transition occurs after Ty3 is suppressed and disappears in
the H || b direction. However, in the H L bc direction, a new
AFM order Ty emerges, which seems to be the reappearance
of the suppressed 7y3;. This difference is also reflected in
the subsequent magnetic-field-dependent magnetization and
electron transport, manifested as an additional transition in the
H L bc direction under high fields.

Figures 3(a) and 3(b) plot the isothermal magnetization of
Ce3;MgBis as a function of magnetic field for H L bc and
H || b, respectively. With the application of magnetic field,
the in-plane magnetization of Ce3;MgBis exhibits a series
of metamagnetic transitions, indicating the formation of dif-
ferent spin states. The values of magnetization obtained at
14 T are much smaller than the saturation magnetic moment
of free Ce®* ion (2.14up), which can be mainly attributed
to the shielding of Ce’™ magnetic moment by the crys-
talline electric field effect [27]. No transition or anomaly was
observed for H || ¢ (see the Supplemental Material [38]). In
order to show the magnetization plateaus more clearly, a linear
background usually related to the Van Vleck paramagnetism
has been subtracted from the data at 1.8 K [39,40]. As shown

in Figs. 3(c) and 3(d), the magnetization plateaus correspond
to a series of fractional magnetization phases, demonstrating
the changes in spin states during the increase of magnetic
field. For H || b, after experiencing the 1/3Mg and 1/2Mg
plateaus, the magnetization quickly enters the saturation state

@ sk (b)os —18K H//b
06— 22K HLbe | —ask
25K SK — 4K 8K
0 4K 0 6K
3 ok 7d 8 12K|
s s
2 204} 0K
S03; 0K 3 30K
30K
0.0 : : 0.0
0 0
HoH (T) HoH (T)
(©) (@)
H Lbc Mg H//b Mg
30‘4"""" Mg @0‘4'
O F------F-35a5" """ S
e 23Ms e 1/2Mg
S02f 1/2Mg S02f 1/3M
T T T T AMy T T T T
0.0 : : 0.0 :
0 5 10 0 10
H#oH (T) 4H (T)

FIG. 3. (a), (b) Magnetic-field-dependent magnetization of
Ce;MgBi; in the H L bc and H || b directions at different temper-
atures. (c), (d) Magnetization curves at 1.8 K for H L bc and H || b
after subtracting the Van Vleck term.
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FIG. 4. (a)—(d) Schematic diagrams of the four electronic transport measurement configurations used. In panels (a) and (b), the magnetic
field is along the b axis, while the current flows along the ¢ axis (I || ¢, perpendicular to the distorted kagome lattice) and perpendicular
to the bc direction (I L bc, parallel to the distorted kagome lattice), respectively. In panels (c) and (d), the magnetic field is perpendicular
to the bc direction, while the current flows along the ¢ axis (I || ¢, perpendicular to the distorted kagome lattice) and b axis (I || b,
parallel to the distorted kagome lattice), respectively. (e)—(h) Magnetic-field-dependent resistivity (upper panel), Hall resistivity (middle
panel), and magnetization (lower panel) corresponding to four measurement configurations. The black lines and the red lines represent the
measurement results of the magnetic field sweeping from +14 to —14 T and from —14 to 414 T, respectively. The temperature is fixed at
1.8 K. The data have been symmetrized or antisymmetrized to eliminate the influence of electrodes.

around 7.3 T [Fig. 3(d)]. However, for H L bc, two additional
kinks can be observed at 2/3Mg and 5/6Mg, indicating more
complex changes in magnetic structure in this direction. The
saturation magnetic field in H || b can only make the magneti-
zation reach 5/6Mg in H L bc, after which the magnetization
gradually increases to the saturation value Mg under larger
magnetic field. In fact, the observed fractional magnetization
of 1/3 (4/12), 1/2 (6/12), 2/3 (8/12), and 5/6 (10/12) can be
understood based on the process of gradual spin reversal in
the AFM kagome lattice.

Since Ce3;MgBis possesses the distorted kagome lattice
and exhibits the fractional magnetization plateaus, it is inter-
esting to explore whether it has the similar time-reversal-like
degenerate states to HoAgGe and distinguish them through
electronic transport measurements. Four configurations are
employed for the measurements of resistivity and Hall ef-
fect. As shown in Figs. 4(a)-4(d), in two cases where the
magnetic field is along H || b and H L bc, the current is
applied perpendicular and parallel to the distorted kagome
plane, respectively. The resistivity and Hall resistivity are
measured simultaneously. Figures 4(e)—4(h) show the mea-
surement results of resistivity and Hall effect under increasing
and decreasing fields for four configurations, as well as the
comparison with the magnetization. In Figs. 4(e) and 4(f),
both MR and Hall resistivity exhibit three transitions, cor-
responding to the three changes in spin states present in
the magnetization, indicating a strong correlation between
electronic transport and magnetism. Before and after the for-
mation of the magnetization plateaus, spin disorder and order,
respectively, enhance and weaken the magnetic scattering,

resulting in a peak in the MR curves. When the magnetic
field exceeds 7.3 T, the magnetization enters a saturation state,
and the MR continuously decreases as the magnetic field
increases, forming the negative MR values of —45% (I || c,
H | b)and —31% (I L bc, H || b) at 1.8 K and 14 T (see the
Supplemental Material [38]). The Hall resistivity o, exhibits
significant AHE at the 1/3 and 1/2 magnetization plateaus.
In Figs. 4(g) and 4(h), since the magnetic field is along the
H _L bc direction, the electronic transport properties become
more complex. Between H3 and Hy, the 2/3 magnetization
appears as a broad peak in MR but does not induce the change
in pyy, likely due to the weak signal. The 5/6 magnetization
exhibits a kink in the MR and Hall resistivity at Hy, after
which the magnetization gradually increases to the saturation
state. The transition to saturation magnetization at Hs can also
be observed in MR and Hall resistivity. The position of Hs
in Figs. 4(g) and 4(h) is different, which may be due to the
gradual and slow nature of this transition rather than a sudden
change. Since the magnetic moments are constrained within
the distorted kagome plane, the application of in-plane current
allows carriers to perceive the change in magnetic order at the
onset of the transition.

One of the most striking features in Fig. 4 is the signif-
icant finite hysteresis of MR and Hall resistivity at the 1/2
magnetization plateau, while the hysteresis almost vanishes
in the magnetic-field-dependent magnetization. Although the
hysteresis of p,, in Fig. 4(f) is relatively small, it still ex-
ists. As the temperature increases, hysteresis in MR and
Hall resistivity gradually weakens and disappears (see the
Supplemental Material [38]). These observations indicate the
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FIG. 5. (a) Model of the chirality reversal process of the toroidal
moment states in HoAgGe under D and R, operations. (b), (c) The
effects of D and R} operations on the two sublattices of Ce;MgBis.

existence of time-reversal-like degenerate states in Ce3MgBis,
similar to that in HoAgGe, which are closely related to the
reversal of toroidal moment states. The clockwise and coun-
terclockwise toroidal moment states have opposite chirality
and Berry curvature. The application of an in-plane magnetic
field will reverse the chirality of the toroidal structures and
alter the distribution of degenerate states, thereby affecting
the MR and Hall effect but not the net magnetization. Dur-
ing the decrease of the magnetic field, these changes will
be preserved rather than restored to the previous state due
to the hindrance of the distorted kagome lattice. Therefore,
hysteresis appears in MR and Hall effect but is absent in
magnetization measurements. Overall, the electronic transport
in Ce3MgBij; is closely related to magnetism. The hysteresis
in MR and Hall resistivity, as a reflection of time-reversal-
like degenerate states, is also influenced by the measurement
configuration. When the current is applied perpendicular to
the distorted kagome plane [Figs. 4(e) and 4(g)], the sizes of
the hysteresis in MR and Hall effect are roughly equivalent,
reflecting their similar diagnostic power for the degenerate
states under such conditions. However, when current is ap-
plied within the distorted kagome lattice plane [Figs. 4(f) and
4(h)], the hysteresis size of MR is significantly larger than
that of Hall effect, indicating that measuring in-plane voltage
is easier to distinguish the degenerate states than measuring
out-of-plane voltage. This may be because when current flows
within the plane, the in-plane voltage is more sensitive to the
changes in the toroidal moment states than the out-of-plane
voltage.

It is interesting to compare the experimental results of
Ce3;MgBis with those of HoAgGe. It is worth noting that
hysteresis occurs at the 1/2 plateau in CesMgBis, while it
occurs at the 1/3 and 2/3 plateaus in HoAgGe (the 1/2 plateau
is absent in HoAgGe). We further explored the underlying
mechanism. Figure 5(a) shows the chirality reversal model
of the toroidal moment states of HoAgGe at the 1/3 plateau,

which is equivalent to the result of the superposition of D
and R} operations. Here, D is a special time-reversal-like
operation that reverses the distortion of the lattice while main-
taining the spin degree of freedom unchanged, and R is an
operation that rotates both orbital and spin degrees of freedom
by 7 about the b axis [7]. However, the stacking pattern of
distorted kagome layers along the ¢ axis in Ce;MgBis and
HoAgGe is different. The stacking in HoAgGe is an over-
lapping arrangement, while in Ce;MgBis, adjacent layers are
rotated by 180°, forming two sets of sublattices [Figs. 1(b)
and 1(c)]. Figures 5(b) and 5(c), respectively, show the trans-
formation processes of two sublattices with the same chirality
in CesMgBis under D and R} operations. It can be seen that
sublattice 1 after operation D is actually equivalent to the ini-
tial state of sublattice 2. Similarly, sublattice 2 after operation
D is also equivalent to the initial state of sublattice 1. The two
sublattices with the same chirality did not cause any change
in the system after operation D, indicating that operation D
is ineffective in this case. However, D is important for the
change of MR and Hall resistivity, as it can change the Berry
curvature of the occupied states [7]. Therefore, the absence of
hysteresis at the 1/3 plateau in Ce3sMgBi5 can be attributed to
the inefficiency of the time-reversal-like operation D due to its
special crystal structure. The 2/3 plateau in HoAgGe becomes
more complex due to the involvement of c-axis spin order,
but the transition between degenerate states is also related
to the operation R} D [7]. The absence of hysteresis at the
2/3 plateau in Ce3MgBi; can also be understood in a similar
way.

It should be noted that the above analysis is based on the
assumption that the two sublattices in CezMgBis have the
same chirality. If the two sublattices have different chirality,
the effectiveness of operation D will not be eliminated and
hysteresis will emerge, which may be the case at the 1/2
plateau. With the increase of the magnetic field, the two sub-
lattices evolve from the same chirality at the 1/3 plateau to the
opposite chirality at the 1/2 plateau, resulting in the absence
and appearance of hysteresis.

To further explore the magnetic structure of CesMgBis,
we performed the theoretical calculations. Two spin config-
urations have been considered: the all-in/all-out type and the
1-in-2-out/2-in-1-out type, which gives rise to chiral toroidal
magnetic moments. In addition, since different symmetry
relations may exist between adjacent distorted kagome lat-
tice layers, we calculated four magnetic structures in total.
Table I summarizes the relative energies of these four mag-
netic structures at different U values. As shown in Table I,
the all-in/all-out magnetic structure is the most energetically
stable. However, the energy difference between the chiral
magnetic structure and the all-in/all-out magnetic structure is
very small. This suggests that an external magnetic field may
induce a transition from the all-in/all-out magnetic structure
to the 1-in-2-out/2-in-1-out magnetic structure, which is con-
sistent with our experimental observations.

In summary, single crystals of a new compound Ce;MgBi;
are grown. The crystal structure, magnetic properties, and
electrical transport properties have been systematically stud-
ied. CezMgBis exhibits complex AFM transitions and a
series of fractional magnetization plateaus. During the rise
and fall of the magnetic field, the significant hysteresis
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TABLE I. Relative energies (eV) of the various magnetic struc-
tures at different U values. Different symmetry relations between
adjacent distorted kagome lattice layers are considered, where I
and T denote inversion symmetry and time-reversal symmetry,
respectively.

Magnetic Same Opposite All-in/ All-in/
structures chirality chirality all-out all-out
Symmetry 1 IT I IT

U=4 0.00905 0.01194 0 0.02564
U=5 0.01070 0.00714 0 0.02587
U=6 0.00655 0.00403 0 0.02945

in MR and Hall resistivity at the 1/2 magnetization plateau
and the vanishing hysteresis in magnetization indicate the
existence of hidden time-reversal-like degenerate states in
Ce3;MgBis, which is related to the chirality of the toroidal
moment states. Further analysis suggests that the unique crys-
tal structure of CesMgBis may have a shielding effect on
the time-reversal-like operation. Our study will be beneficial

for designing or exploring similar degenerate states in other
materials.

ACKNOWLEDGMENTS

This work was supported by the National Key Re-
search and Development Program of China (Grant No.
2023YFA1406500), the National Natural Science Founda-
tion of China (Grants No. 12474098, No. 12574042, No.
12274388, No. 12404043, and No. 12174361), and the
Natural Science Foundation of Anhui Province (Grant No.
2408085QA024).

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not techni-
cally feasible and/or the cost of preparing, depositing, and
hosting the data would be prohibitive within the terms of this
research project. The data are available from the authors upon
reasonable request.

[1] S. K. Ghosh, M. Smidman, T. Shang, J. F. Annett, A. D. Hillier,
J. Quintanilla, and H. Yuan, Recent progress on superconduc-
tors with time-reversal symmetry breaking, J. Phys.: Condens.
Matter 33, 033001 (2021).

[2] C. Herring, Effect of time-reversal symmetry on energy bands
of crystals, Phys. Rev. 52, 361 (1937).

[3] M. Z. Hasan and C. L. Kane, Colloquium: Topological insula-
tors, Rev. Mod. Phys. 82, 3045 (2010).

[4] Y. Ando, Topological insulator materials, J. Phys. Soc. Jpn. 82,
102001 (2013).

[5] X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov,
Topological semimetal and Fermi-arc surface states in the elec-
tronic structure of pyrochlore iridates, Phys. Rev. B 83, 205101
(2011).

[6] S. Wang, X. Feng, J.-Z. Fang, J.-P. Peng, Z.-T. Sun, J.-J. Yang,
L. Xiong, J. Liu, J.-J. Zhao, N. Kang, X.-S. Wu, Z. Zhang, X.
Fu, K. T. Law, B.-C. Lin, and D. Yu, Unconventional hysteresis
due to time-reversal symmetry breaking superconductivity in
RbV;Sbs, Nat. Commun. 17, 1310 (2026).

[7] K. Zhao, Y. Tokiwa, H. Chen, and P. Gegenwart, Dis-
crete degeneracies distinguished by the anomalous Hall effect
in a metallic kagome ice compound, Nat. Phys. 20, 442
(2024).

[8] S. Nakatsuji, N. Kiyohara, and T. Higo, Large anomalous Hall
effect in a non-collinear antiferromagnet at room temperature,
Nature (London) 527, 212 (2015).

[9] H. Chen, Q. Niu, and A. H. MacDonald, Anomalous Hall effect
arising from noncollinear antiferromagnetism, Phys. Rev. Lett.
112, 017205 (2014).

[10] K. Zhao, T. Hajiri, H. Chen, R. Miki, H. Asano, and P.
Gegenwart, Anomalous Hall effect in the noncollinear antifer-
romagnetic antiperovskite Mn3;Ni,_,Cu,N, Phys. Rev. B 100,
045109 (2019).

[11] A. K. Nayak, J. E. Fischer, Y. Sun, B. Yan, J. Karel, A. C.
Komarek, C. Shekhar, N. Kumar, W. Schnelle, J. Kiibler, C.

Felser, and S. S. P. Parkin, Large anomalous Hall effect driven
by a nonvanishing Berry curvature in the noncolinear antiferro-
magnet Mn3Ge, Sci. Adv. 2, e1501870 (2016).

[12] K. Zhao, H. Deng, H. Chen, K. A. Ross, V. Petiicek, G.
Giinther, M. Russina, V. Hutanu, and P. Gegenwart, Realiza-
tion of the kagome spin ice state in a frustrated intermetallic
compound, Science 367, 1218 (2020).

[13] N. Li, Q. Huang, X. Y. Yue, S. K. Guang, K. Xia, Y. Y. Wang,
Q. J. Li, X. Zhao, H. D. Zhou, and X. F. Sun, Low-temperature
transport properties of the intermetallic compound HoAgGe
with a kagome spin-ice state, Phys. Rev. B 106, 014416
(2022).

[14] E. Liu, Electronic transport probes a hidden state, Nat. Phys. 20,
356 (2024).

[15] J. FE. Khoury, B. Han, M. Jovanovic, R. Singha, X. Song, R.
Queiroz, N.-P. Ong, and L. M. Schoop, A class of magnetic
topological material candidates with hypervalent Bi chains,
J. Am. Chem. Soc. 144, 9785 (2022).

[16] Z.-K. Yi, Z.-F. Ouyang, P.-J. Guo, H. Liang, Y.-R. Li, P. Su,
N. Li, Y. Zhou, D.-D. Wu, Y. Sun, X.-Y. Yue, Q.-J. Li, S.-G.
Wang, X.-F. Sun, and Y.-Y. Wang, Extremely large anomalous
Hall conductivity and unusual axial diamagnetism in a quasi-1D
Dirac material La;MgBi;, Adv. Mater. 36, 2400166 (2024).

[17] J. F. Khoury, B. Han, M. Jovanovic, R. Queiroz, X. Yang, R.
Singha, T. H. Salters, C. J. Pollak, S. B. Lee, N. Ong, and
L. M. Schoop, Towards 1D transport in 3D materials: SOC-
induced charge-transport anisotropy in Sm3ZrBis, Adv. Mater.
36, 2404553 (2024).

[18] X. Han, H. Pi, D. Yan, R. Zhang, Y. Li, X. Wang, Z. Dun, Z.
Wang, H. L. Feng, Q. Wu, and Y. Shi, Quantum oscillations
and transport evidence of topological bands in La;MgBi; single
crystals, Phys. Rev. B 108, 075157 (2023).

[19] X. He, Y. Li, Y. Ge, H. Zeng, S.-J. Song, J. Liu, S. Zou, Z.
Wang, Y. Li, W. Ding, J. Dai, G.-H. Cao, X.-X. Zhang, T. Zhai,
G. Xu, and Y. Luo, Rich unconventional Hall effects in a single

033195-6


https://doi.org/10.1088/1361-648X/abaa06
https://doi.org/10.1103/PhysRev.52.361
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.7566/JPSJ.82.102001
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1038/s41467-025-68067-8
https://doi.org/10.1038/s41567-023-02307-w
https://doi.org/10.1038/nature15723
https://doi.org/10.1103/PhysRevLett.112.017205
https://doi.org/10.1103/PhysRevB.100.045109
https://doi.org/10.1126/sciadv.1501870
https://doi.org/10.1126/science.aaw1666
https://doi.org/10.1103/PhysRevB.106.014416
https://doi.org/10.1038/s41567-023-02382-z
https://doi.org/10.1021/jacs.2c02281
https://doi.org/10.1002/adma.202400166
https://doi.org/10.1002/adma.202404553
https://doi.org/10.1103/PhysRevB.108.075157

DISTINCTION OF TIME-REVERSAL-LIKE DEGENERACY ...

PHYSICAL REVIEW RESEARCH 8, 033195 (2026)

quasi-kagome Kondo Weyl semimetal candidate Ce;TiSbs,
Commun. Mater. 6, 206 (2025).

[20] Y.-Y. Wang, Z.-K. Yi, N. Li, Y.-R. Li, P. Su, Y. Zhou, D.-D.
Wu, Y. Sun, Q.-J. Li, X.-Y. Yue, X. Zhao, X.-F. Sun, and H.
Liang, Magnetic and electrical transport properties of quasi-
one-dimensional Ln;HfBis single crystals (Ln = Pr, Nd, Sm),
Phys. Rev. B 110, 134432 (2024).

[21] L. Duan, X. C. Wang, J. Zhang, Z. Hu, J. F. Zhao, Y. G. Feng,
H. L. Zhang, H.-J. Lin, C. T. Chen, W. Wu, Z. Li, R. Wang,
J. F. Zhang, T. Xiang, and C. Q. Jin, Synthesis, structure, and
magnetism in the ferromagnet LazMnAss: Well-separated spin
chains coupled via itinerant electrons, Phys. Rev. B 106, 184405
(2022).

[22] L. Duan, X. Wang, F. Zhan, J. Zhang, Z. Hu, J. Zhao, W. Li,
L. Cao, Z. Deng, R. Yu, H.-J. Lin, C.-T. Chen, R. Wang, and
C. Jin, High-pressure synthesis, crystal structure and physical
properties of a new Cr-based arsenide La;CrAss, Sci. China
Mater. 63, 1750 (2020).

[23] L. Duan, J. Zhang, X. Wang, J. Zhao, L. Cao, W. Li, Z. Deng,
R. Yu, Z. Li, and C. Jin, High-pressure synthesis, structure
and properties of new ternary pnictides La;TiXs (X = P, As),
J. Alloys Compd. 831, 154697 (2020).

[24] S. Hayami and H. Kusunose, Magnetic toroidal moment under
partial magnetic order in hexagonal zigzag-chain compound
Ce;TiBis, J. Phys. Soc. Jpn. 91, 123701 (2022).

[25] C. Ritter, A. Pathak, R. Filippone, A. Provino, S. Dhar, and
P. Manfrinetti, Magnetic ground states of Ce;TiSbs, Pr;TiSbs
and Nd;TiSbs determined by neutron powder diffraction and
magnetic measurements, J. Phys.: Condens. Matter 33, 245801
(2021).

[26] Y.-R. Li, Y.-H. Gao, X.-Q. Lu, P. Su, H. Liang, Y. Zhou,
D.-D. Wu, Y. Sun, Q.-J. Li, J.-Y. Liu, S.-G. Wang, G. Chen,
T.-L. Xia, N. Li, X.-F. Sun, and Y.-Y. Wang, Power-law scaling
of low-temperature effective mass in La;ScBis, Chin. Phys. B
35, 057107 (2026).

[27] M. Matin, R. Kulkarni, A. Thamizhavel, S. Dhar, A. Provino,
and P. Manfrinetti, Probing the magnetic ground state of single
crystalline Ce;TiSbs, J. Phys.: Condens. Matter 29, 145601
(2017).

[28] N. Gauthier, R. Sibille, V. Pomjakushin, O. S. Fjellvag, J.
Fraser, M. Desmarais, A. D. Bianchi, and J. A. Quilliam, Mag-
netic structure of Ce;TiBis and its relation to current-induced
magnetization, Phys. Rev. B 109, L140405 (2024).

[29] M. Shinozaki, G. Motoyama, M. Tsubouchi, M. Sezaki, J.
Gouchi, S. Nishigori, T. Mutou, A. Yamaguchi, K. Fujiwara,
K. Miyoshi, and Y. Uwatoko, Magnetoelectric effect in the
antiferromagnetic ordered state of Ce;TiBis with Ce zig-zag
chains, J. Phys. Soc. Jpn. 89, 033703 (2020).

[30] K.-Y. Hu, H. Liang, N. Li, D.-D. Wu, Y. Sun, Q.-J. Li, X. Zhao,
Y. Zhou, X.-F. Sun, and Y.-Y. Wang, Magnetic and electrical
transport properties of Ln3ScBis single crystals (Ln = Pr, Nd,
Sm), J. Low Temp. Phys. 222, 80 (2026).

[31] X. Han, Y. Li, M. Yang, S. Miao, D. Yan, and Y. Shi, Complex
magnetic and transport properties in Pr;MgBis: A material with
distorted kagome lattice, Phys. Rev. Mater. 7, 124406 (2023).

[32] Z. Xu, Y. Wang, C. Zhang, H. Liu, X. Han, L. Wu, X. Zhang,
Q. Wu, and Y. Shi, Magnetization plateau and anisotropic
magnetoresistance in the frustrated Kondo-lattice compound
Ce;ScBis, Phys. Rev. B 110, 165106 (2024).

[33] K. Gornicka, B. R. Ortiz, H. Zhang, A. D. Christianson, and
A. F. May, Anisotropic magnetic behavior of Nd;ScBis and
Pr;ScBis single crystals, Phys. Rev. Mater. 9, 064414 (2025).

[34] Y.-R. Li, N. Li, P. Su, H. Liang, K.-Y. Hu, Y. Zhou, D.-D. Wu,
Y. Sun, Q.-J. Li, X. Zhao, X.-F. Sun, and Y.-Y. Wang, Crystal
structure, magnetic properties, and tunable Kondo effect in a
new compound NdsScSby,, Chin. Phys. B 34, 067502 (2025).

[35] G. Kresse and J. Furthmiiller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[36] P. E. Blochl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[37] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient
approximation made simple, Phys. Rev. Lett. 77, 3865 (1996).

[38] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/1zq3-h31c for some additional data, including the
crystallographic parameters, more magnetic and electronic
transport data, etc.

[39] F. Gao, J. Sheng, W. Ren, Q. Zhang, X. Luo, J. Qi, M. Cong,
B. Li, L. Wu, and Z. Zhang, Incommensurate spin density
wave and magnetocaloric effect in the metallic triangular lattice
HoAl,Ge,, Phys. Rev. B 106, 134426 (2022).

[40] J. Guo, X. Zhao, S. Ohira-Kawamura, L. Ling, J. Wang, L.
He, K. Nakajima, B. Li, and Z. Zhang, Magnetic-field and
composition tuned antiferromagnetic instability in the quantum
spin-liquid candidate NaYbO,, Phys. Rev. Mater. 4, 064410
(2020).

033195-7


https://doi.org/10.1038/s43246-025-00927-8
https://doi.org/10.1103/PhysRevB.110.134432
https://doi.org/10.1103/PhysRevB.106.184405
https://doi.org/10.1007/s40843-020-1344-x
https://doi.org/10.1016/j.jallcom.2020.154697
https://doi.org/10.7566/JPSJ.91.123701
https://doi.org/10.1088/1361-648X/abe9db
https://doi.org/10.1088/1674-1056/ae39d1
https://doi.org/10.1088/1361-648X/aa57c0
https://doi.org/10.1103/PhysRevB.109.L140405
https://doi.org/10.7566/JPSJ.89.033703
https://doi.org/10.1007/s10909-026-03410-x
https://doi.org/10.1103/PhysRevMaterials.7.124406
https://doi.org/10.1103/PhysRevB.110.165106
https://doi.org/10.1103/8b7v-jc4v
https://doi.org/10.1088/1674-1056/adc2df
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
http://link.aps.org/supplemental/10.1103/1zq3-h31c
https://doi.org/10.1103/PhysRevB.106.134426
https://doi.org/10.1103/PhysRevMaterials.4.064410

