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Discrete degeneracies distinguished by the 
anomalous Hall effect in a metallic kagome 
ice compound

K. Zhao    1,2 , Y. Tokiwa1,3, H. Chen    4,5  & P. Gegenwart    1 

In magnetic crystals, despite the explicit breaking of time-reversal symmetry, 
two equilibrium states related by time reversal are always energetically 
degenerate. In ferromagnets, this time-reversal degeneracy is reflected in 
the hysteresis of the magnetic field dependence of the magnetization and, 
if metallic, in that of the anomalous Hall effect (AHE). Under time-reversal, 
both these quantities change signs but not their magnitude. Here we show 
that a time-reversal-like degeneracy appears in the metallic kagome spin ice 
HoAgGe when magnetic fields are applied parallel to the kagome plane. We 
find vanishing hysteresis in the field dependence of the magnetization at low 
temperature, but finite hysteresis in the field-dependent AHE. This suggests 
the emergence of states with nearly the same energy and net magnetization 
but different sizes of the AHE and of the longitudinal magnetoresistance. 
By analysing the experimental data and a minimal tight-binding model, we 
identify a time-reversal-like operation connecting these near-degenerate 
states, which is related to the non-trivial distortion of the kagome lattice 
in HoAgGe. Our work demonstrates the diagnostic power of transport 
phenomena for identifying hidden symmetries in frustrated spin systems.

Geometrically frustrated spin systems are a promising platform for 
novel states of matter1–7. Although magnetic neutron diffraction and 
magnetometry measurements are direct probes on the spin sector6,7 
when the systems of study are sufficiently conductive, electric trans-
port can often provide an enlightening perspective for understanding 
exotic spin ordering and its consequences8–12. This is especially the case 
when the transport coefficients can be directly related to symmetries of 
the spin order13–23. A well-known example is the anomalous Hall effect 
(AHE) observed in pyrochlore iridate Pr2Ir2O7, which provides evidence 
of time-reversal symmetry breaking despite the absence of long-range 
magnetic ordering10.

As a fundamental discrete symmetry operation, time-reversal 
plays a particularly important role in magnetic crystals. Adding 
time-reversal to space group operations establishes magnetic space 

groups which allow systematic classification and investigation of mag-
netic phases. Governed by the basic principles of quantum mechanics, 
almost all measurable physical quantities have definite transformation 
properties under time-reversal, which can often provide system- 
independent predictions. For example, for magnetic phases that break 
the time-reversal symmetry, two states related by time-reversal are 
energetically degenerate (a macroscopic manifestation of Kramers 
theorem). If the magnetic phase is characterized by a non-zero net 
magnetization, the two phases must have mutually antiparallel net 
magnetization of same size, and if the phase displays the AHE8,9, the 
AHE must also have opposite signs but same size in the two 
time-reversal-related states, a consequence of Onsager reciprocity 
relations24–26. Recently, theory and experiment have demonstrated 
that in certain non-collinear antiferromagnets the AHE can distinguish 
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first appear below about 7 K (Supplementary Fig. 3), where the fraction 
means the ratio between the net magnetization on a given plateau and 
that in the saturated state. These values can be understood by enforc-
ing the kagome ice rules in a √3 ×√3  unit cell. A 1/6 plateau, with a 
magnetic configuration that is still unclear at the moment, is observed 
around 4 K (Supplementary Fig. 4). Between 1 T and 2 T, the sharp peak 
in Cmag around 10 K marks the transition from the paramagnetic phase 
to a partial-ordered phase presumably similar to that under zero field, 
while the broad peak around 7 K corresponds to the transition into a 
low-temperature metastable phase (1/3 plateau) with Am'm2' sym-
metry (Fig. 1a and Supplementary Fig. 12c,d). Above 2 T, the sharp peak 
in Cmag and Γmag around 8 K marks the transition from the paramagnetic 
state to another metastable state (2/3 plateau) with Am'm2' symmetry. 
The intermediate region between the two phase boundaries is expected 
to consist of both P-6'm2' and Am'm2' symmetry components. The 
metamagnetic transition into the saturated state is accompanied by 
the disappearance of the magnetic vector (1/3, 1/3, 0) in neutron data, 
with the magnetic unit cell becoming the same as the structural unit 
cell. (See Supplementary Fig. 5 for other thermodynamic data.)

Figure 2 summarizes field- and temperature-dependent mag-
netotransport data with H//b (see Supplementary Figs. 1, 6, 7, 8 and 
9 for details). Through careful analyses of the transport data, the raw 
Rca signal of our Hall devices is found to involve admixtures from the 
longitudinal channel due to effective misalignments of the Hall and/
or current leads that are inevitable in our small devices. Nonetheless, 
the intrinsic Hall signal can still be faithfully obtained (see in-depth 
discussion in Supplementary Notes 1 and 2) from the raw Rca data after 
proper antisymmetrization. The Hall resistivity ρca is measured with 
current along c and voltage along a. When H < 3.2 T (dashed line in 
Fig. 2a), both the Hall resistivity and the MR show clear changes at 
the metamagnetic transitions. The MR also has a pronounced jump 
at the 1/6 plateau at 2 K. At 2 K, ρca increases with the field despite the 
sudden changes at the metamagnetic transitions. At 3 T, when the 
system transitions to the saturated state, ρca changes rather abruptly 
with its sign also reversed. Such a feature becomes less pronounced 
and shifts to lower fields with increasing temperature and eventually 
disappears at about 11 K, in agreement with Fig. 1c. Previous density 
functional theory calculations (see Supplementary Fig. S20 of ref. 43) 
indicate that HoAgGe has multiple bands crossing the Fermi energy in 
the paramagnetic state, which is consistent with a nonlinear-in-H Hall 
resistivity at 50 K, shown in Supplementary Fig. 15a. The sign change 
of ρca around 3 T shown in Fig. 2 may therefore be related to substantial 

time-reversal symmetry breaking even though net magnetization is 
vanishing, although the AHE for the two time-reversal-related states 
still has the same size13–23. In this work, however, we show it is possible 
to use the AHE and the closely related longitudinal magnetoresistance 
(MR)24,27,28 to distinguish near-degenerate states related by an emergent 
discrete symmetry operation 𝒳𝒳  in a metallic kagome spin ice com-
pound29–39 HoAgGe under finite magnetic fields parallel to the kagome 
plane. Different from time-reversal, net magnetization (excluding the 
Berry-curvature-related orbital magnetization25,40–42) is unchanged 
under 𝒳𝒳, while the AHE and the MR take changed values (Fig. 1a,b).

HoAgGe is an intermetallic compound consisting of stacked kag-
ome lattices with non-trivial distortion formed by Ho3+ ions43. Consider-
ing the Ho3+ ions alone, the distortion reduces the D6h symmetry of the 
kagome lattice to D3h, but does not change the local easy axes of the 
Ho3+ moments. The strong local easy-axis anisotropy, together with 
ferromagnetic nearest-neighbour coupling of the Ho3+ moments, leads 
to ‘1-in-2-out’ or ‘2-in-1-out’ ice rules on the kagome lattice29–39; the 
massive degeneracy resulting from the ice rules is weakly lifted by 
further-neighbour interactions of the Ruderman–Kittel–Kasuya–
Yosida type, leading to a √3 ×√3 ground state of the dipolar kagome 
ice below 4 K through a partially ordered phase with decreasing tem-
perature43. Interestingly, at low temperatures the magnetization versus 
external magnetic fields parallel to the kagome plane exhibits a series 
of plateaus, due to the competition between the Ho3+ moments’ cou-
pling with the fields and the further-neighbour interactions among 
them43. In this work we show that, partly due to the non-trivial distortion 
of the kagome lattice in HoAgGe (refs. 44,45), a time-reversal-like sym-
metry operation 𝒳𝒳  as introduced above becomes effective on the 
magnetic plateaus.

Contrasting hysteretic behaviour of the AHE, MR 
and magnetization
HoAgGe crystals were cut into different shapes for magnetic and trans-
port measurements with the demagnetization correction considered 
(see Methods for details). As shown in Supplementary Fig. 2, the demag-
netization correction enables quantitative comparison between meas-
urements on differently shaped crystals. Figure 1c displays a phase 
diagram of HoAgGe under H//b (H along b) based on magnetic suscep-
tibility χ , magnetic specific heat Cmag and magnetic Grüneisen param-
eter Γmag. The colour coding in Fig. 1c is based on low-temperature 
magnetic susceptibility (Supplementary Fig. 4). Metamagnetic transi-
tions into the two lower-field states labelled by 1/3 and 2/3 plateaus 
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Fig. 1 | Time-reversal-like degeneracies in field-induced plateau phases of 
HoAgGe. a, Illustration of the finite-field hysteresis of the anomalous Hall 
resistivity size due to emergent time-reversal-like degenerate states. The two 
states on the finite-field plateau are S1/3 (top right) and S ′

1/3 (bottom right); these 
are described in the text. Depicted at the left are the two degenerate time-reversal 
partners of the kagome ice ground state (one greyed out for better contrast) 
which have zero AHE. b, Open circles display the anomalous part ρAH

ca  (constant-
in-field) of the Hall resistivity ρca (current along c, voltage along a) of HoAgGe 
under H//b at 2 K (see details in Supplementary Fig. 31), through subtracting the 

ordinary field-linear Hall part, with dashed lines linking the ρAH
ca  plateau values 

and red and green arrows indicating increasing and decreasing field. Dashed 
coloured lines display the corrected magnetization M after subtracting an H 
linear term (see details in Supplementary Fig. 26), with the grey regions 
indicating the transitions between different magnetic plateaus and µB standing 
for Bohr magneton. c, The H–T phase diagram of HoAgGe under H//b as derived 
from magnetization M (filled circles) and Cmag and Γmag (empty stars) 
measurements, with the colour coding representing the magnetic susceptibility 
(see text).
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changes of the band structure near the Fermi energy driven by the 
magnetic order change. The similar trends between the Hall and MR 
signals at the metamagnetic transitions are likely caused by the same 
mechanisms contributing to both being affected by the transitions. 
One example is that the transport relaxation time that controls both 
the extrinsic AHE and the MR is approximately proportional to the 
inverse of the density of states at the Fermi energy, which can change 
abruptly at the metamagnetic transitions.

More interestingly, Fig. 2 shows that at 2 K, the magnetotransport 
data have clear hysteresis for the 1/3 and 2/3 plateaus, in contrast to 
the indiscernible hysteresis in the magnetization versus field curves 
(Supplementary Fig. 26). The hysteresis also persists through the whole 
1/3 and 2/3 plateaus rather than just appearing near the metamagnetic 
transitions. In the middle of each plateau, the physical observables 
(magnetization, transport coefficients, etc.) have weak dependences 
on magnetic fields, suggesting that the magnetic order is substantially 
uniform (more evidence and discussion on this are given below). The 
hysteretic behaviour of the Hall and MR signals, together with the same 
critical field values of the metamagnetic transitions at the two halves of 
the hysteresis loop, strongly indicates the existence, at these tempera-
tures, of at least two degenerate states with the same magnetization 
on each plateau when H is between 1 T and 3 T.

To show that the hysteresis of the transport data is inseparable 
from the finite-magnetic-field ordering derived from the √3 ×√3  
ground state, we directly compare the thermodynamic and transport 
data versus H//b at two temperatures (8 K and 3 K) in Fig. 3. At 8 K 
(Fig. 3a), when there is only one metamagnetic transition to the satu-
rated state, there is one sharp peak in magnetic specific heat, with 
position that agrees with the zero-crossing of Γmag, due to the entropy 
accumulation at the phase boundary between the partial-ordered 
phase and the fully saturated phase. Indeed, the calculated magnetic 
entropy difference displays a sharp peak and decreases upon further 
raising magnetic field. The ρca data at 8 K display no hysteresis. At 3 K 
(Fig. 3b), when the √3 ×√3 ground state is realized at zero field, the 

three metamagnetic transitions separating 1/3 plateau, 2/3 plateau and 
the saturation state with their adjacent states are clearly observed in 
the behaviours of Cmag, Γmag and magnetic entropy difference ΔSmag.

The c-axis spin order around 2.5 K
Figure 4a shows the results for magnetic susceptibility χ(T) down to 
1.8 K with denser data points as compared to Fig. 1A of ref. 43. Besides 
the sharp peak at 11.8 K and the broad peak at about 7 K, another anom-
aly appears at 2.5 K, for both H//b and H//c under 500 Oe. The isother-
mal out-of-plane magnetization for HoAgGe at 2 K is shown in Fig. 4b. 
Distinct from the behaviour at 3 K and 4 K, the dM/dH curve exhibits a 
zero-field peak and an anomaly at approximately 1.1 T at 2 K (ref. 46). 
Correspondingly, in Fig. 4c, the MR ρa shows an anomaly around 1.1 T 
at 2 K under H//c, with a hump feature centred around 7 T. Besides the 
anomaly at approximately 1.1 T, the Hall resistivity ρab deviates from 
the linear behaviour above 10 T, which likely originates from the 
non-saturating magnetization for H//c under high fields.

The above observations suggest that the c-axis components of Ho 
spins have a dominant antiferromagnetic interaction and become 
ordered at about 2.5 K under weak magnetic fields. A possible order is 
the √3 ×√3 ground state of the antiferromagnetic kagome Ising model 
with further-neighbour interactions of ref. 30, considering the consist-
ent (1/3, 1/3, 0) ordering vector from our low-temperature neutron data 
(Supplementary Fig. S8 in ref. 43). The dM/dH anomaly at about 1.1 T 
is understood as a longitudinal-field-induced transition in the antifer-
romagnetic kagome Ising model. Below, we focus on the metastable 
phases driven by fields in the ab plane, which have been more clearly 
understood.

Time-reversal-like degeneracy with different AHE 
and MR size
The experimental data above suggest that there exist at least two 
near-degenerate states on the 1/3 and 2/3 plateaus at low temperatures. 
First, we focus on the 1/3 plateau. Our previous elastic neutron-scattering 
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experiments in ref. 43 suggest that besides the state depicted at the 
top of Fig. 1a (denoted by S1/3; also see Supplementary Fig. 12c), there 
exists another ice-rule state S ′

1/3 (Supplementary Fig. 12d) equivalent 
to the state depicted below S1/3 in Fig. 1a, with the same net magnetiza-
tion and the same refinement factors (Supplementary Fig. 13). An 
exhaustive search for all √3 ×√3  ice-rule states with the same net 
magnetization confirmed that S1/3 and S ′

1/3 are the only distinct states 
on the 1/3 plateau. Figure 5a shows that the two states can be visualized 
as a 6-spin ring with opposite chiralities (or toroidal moments)47 
enclosed in a larger 3-spin triangle in a 2-in-1-out state. S1/3 and S ′

1/3 
are distinct since they cannot be made equivalent by any operations 
in their magnetic space group Am'm2'. Moreover, they have the same 
energy, based on the classical spin model in ref. 43, which involves up 
to 4th neighbour exchange couplings and dipolar interactions among 
the Ho spins (Supplementary Note 8), even with symmetry-allowed 
Dzyaloshinski–Moriya interaction and canting taken into account (Sup-
plementary Note 10).

To see whether S1/3 and S ′
1/3 can have different AHE, we constructed 

a minimal tight-binding model respecting the symmetries of HoAgGe 
and directly calculated the intrinsic contribution to the anomalous Hall 

conductivity (AHC). The minimal model (Supplementary Note 6) 
describes s-electrons hopping between nearest-neighbouring Ho sites 
subject to local exchange fields parallel to the ordered Ho moments 
and to spin–orbit coupling determined by the inversion symmetry 
breaking with respect to the nearest-neighbour bond centres. Surpris-
ingly, despite the complex lattice structure and magnetic order, the 
band structures for S1/3 and S ′

1/3 are completely identical (Fig. 5c). While 
this is partly due to the minimal nature of the model (Supplementary 
Note 7 and Fig. 20), the exact degeneracy of the Bloch band structures 
implies non-trivial symmetry relations between S1/3 and S ′

1/3, which 
are discussed below. What is more interesting, however, is that the two 
states generally have different Berry curvatures (summed over occupied 
bands) at the same positions in the Brillouin zone (Fig. 5c). Conse-
quently, integrating the Berry curvature over the Brillouin zone gives 
different intrinsic AHC for S1/3 and S ′

1/3 (Fig. 5d). The same effect also 
results in the two states having differences in other Berry- 
curvature-related quantities, such as the linear magnetoconductivity 
(Fig. 5c,e) and the orbital magnetization (Fig. 5a,c,f).

We next turn to the 2/3 plateau, noting that if assuming a vanishing 
c-axis component for the Ho spins, there is only one ice-rule state 
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compatible with the Am'm2' symmetry. However, based on the experi-
mental data in Fig. 4, we propose two possible 2/3 plateau states (S2/3 
and S ′

2/3, illustrated in Fig. 5b; see also Supplementary Fig. 12e), which 
are distinct due to the c-axis spin order and are also related by 𝒳𝒳. The 
specific c-axis spin order is the ground state of the antiferromagnetic 
Ising model mentioned above. Critically, S2/3 and S ′

2/3 have different 
AHC, MR and orbital magnetization (Fig. 5d–f), although the total 
energies and band structures are still the same (Supplementary 
Note 9 and Fig. 22). As discussed below, the c-axis spin order also pro-
vides a natural explanation for the kinetic separation between the 
near-degenerate states across the transition between the 1/3 and 2/3 
plateaus.

Origin of the AHE size difference
To understand why the operation 𝒳𝒳 preserves the band structure but 
not the AHE, we first note that it is not only that S1/3 and S ′

1/3 (S2/3 and 
S ′

2/3, as well; the subscripts are omitted below unless noted) cannot 
be made equivalent by operations in their symmetry group Am'm2', 
but they also cannot be connected by any magnetic space group oper-
ations. This indicates that 𝒳𝒳 must involve non-trivial operations beyond 
those in standard magnetic space groups and also implies the possibil-
ity of 𝒳𝒳 changing the AHE sizes48 since otherwise the AHC would trans-
form as a pseudovector with fixed length. In our system, 𝒳𝒳  can be 
concisely represented by Rπ

b𝒟𝒟, where Rπ
b  is a usual π-rotation about 

the b axis by π on both orbital and spin degrees of freedom and 𝒟𝒟 is a 
special operation that reverses the distortion of the lattice but keeps 
the spin degrees of freedom untouched (Fig. 5a; see also Fig. 1a). We 
stress that the use of 𝒟𝒟 is only to facilitate the discussion of the relation-
ship between S and S ′. The actual magnetic transitions involving them 
are not accompanied by any structural distortion reversal. In the para-
magnetic state, 𝒟𝒟 is equivalent to a vertical mirror parallel to the b axis, 
or a π-rotation about the c axis, but cannot be represented by a stand-
ard magnetic space group operation when the magnetic order on the 
1/3 or 2/3 plateaus is in place. Note that distortion reversal has been 
suggested for inclusion as an additional ‘colour symmetry’ operation 
in crystalline space groups44,45. In non-magnetic crystals, however, 
distortion reversal can usually be made equivalent to other space group 
operations, such as mirror reflection, which transform physical observ-
ables in a well-defined manner. The effect of 𝒟𝒟 on physical quantities 
such as the Hamiltonian and the AHE needs to be analysed case-by-case 
due to its separate actions on orbital and spin degrees of freedom. It 
also does not necessarily lead to exact degeneracy, in contrast to mag-
netic space group operations. In Supplementary Note 7, we proved 
that 𝒟𝒟 leaves all terms in our tight-binding model invariant except for 
changing the sign of the crystal momentum along c, thereby 

time-reversal-like. Thus, 𝒳𝒳𝒳 Rπ
b𝒟𝒟 keeps the band structure invariant 

additionally due to the time-reversal plus Rπ
a  symmetry in Am'm2'. We 

also proved that the classical spin model of HoAgGe, including Heisen-
berg, dipolar and Dzyaloshinski–Moriya interactions, gives identical 
energies for S1/3 and S ′

1/3 (Supplementary Notes 8 and 10).
The reason the size of the AHC is not invariant under 𝒳𝒳  is more 

subtle. In Supplementary Note 7 we showed that 𝒟𝒟 critically changes 
the Berry connection, or the position operator’s matrix elements 
between Bloch states, due to the shift of sublattice positions under 𝒟𝒟, 
which changes the Berry curvature of occupied states and hence the 
AHC. Such a contribution is a manifestation of the fact that the Berry 
curvature encodes geometric information of the Bloch wavefunctions 
beyond the band structure. We note that this mechanism will generally 
be relevant in structurally distorted magnetic systems in which the 
distortion reversal operation is not equivalent to a magnetic space 
group operation.

Because of their different Berry curvatures, S and S ′ have addi-
tional properties that differ in the two states, such as the orbital mag-
netization and the (linear) longitudinal magnetoconductivity 
(Fig. 5c–f), which depend on the Berry curvature, because it modifies 
the governing semiclassical equations of motion. On the one hand, the 
different linear MR serves as an explanation of the hysteresis in the 
longitudinal resistivity of HoAgGe on the 1/3 and 2/3 plateaus and also 
captures the intriguing MR hysteresis in the ground state region where 
the AHE vanishes due to the P-6'm2' symmetry, since the two 
time-reversal partners of the ground state may have different MR. On 
the other hand, the difference in the small but finite orbital magnetiza-
tions of S and S ′ weakly lifts their degeneracy in the presence of the 
magnetic field in the plateau region and explains the contrasting behav-
iour of the hysteresis for the various field-sweep protocols discussed 
in detail below. We note that beyond our minimal model, there can well 
be other intrinsic or extrinsic mechanisms leading to the differences 
in these quantities in the real material, since 𝒳𝒳 is not an exact symmetry 
operator (‘Discussion’). For example, the AHC and linear magnetocon-
ductivity in Fig. 5 are smaller than the experimental data, which may 
be due to considerable extrinsic contributions at low temperatures in 
high-quality samples, in addition to the sensitive parameter depend-
ence of Berry-curvature-related quantities.

Kinetic origin of the hysteresis
Existence of the degenerate states in the plateau regions does not alone 
warrant the appearance of the hysteresis. To understand what kinetic 
processes enable the hysteresis and to further confirm the existence 
of the various plateau states, we additionally performed Hall measure-
ments with the following sweeping and cooling protocols: (1) sweeping 
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H between −2.5 T and +2.5 T after cooling the sample in zero field to 2 K 
(this protocol is denoted as SP1), (2) cooling the sample under +7 T to 2 K 
and sweeping between +1.3 T and +5 T, with the negative-field sweeping 
(for antisymmetrization; see Supplementary Note 14) done in a similar 
manner (denoted as SP2), (3) cooling the sample under +1.8 T to 2 K and 
sweeping between +0.85 T and +1.8 T, with the negative-field sweep-
ing done in a similar manner (denoted as SP3). For the convenience 
of discussion, the full-range sweep between ±7 T is denoted as SP0.

Figure 6a summarizes the Hall data obtained from the various 
sweep protocols. We found that SP1 and SP3 show almost no hysteresis, 
while SP2 shows hysteresis, albeit smaller than that of SP0. The SP3 
curve coincides with that of SP1 in the contained SP3 field range. These 
observations, together with the other experimental facts presented 
above, point to the interpretations, observations and conclusions 
about these contrasting behaviours that are outlined in the following 
paragraphs and comprehensively discussed in Supplementary Note 11.

The field-cool initialization of SP3 at +1.8 T selects a state with 
the lowest energy out of its near-degenerate partners on the 1/3 pla-
teau. The resulting Hall signal therefore corresponds to that of this 
low-energy state. That SP1 does not show hysteresis and the SP1 behav-
iour overlaps with that of SP3 indicates that the ground state is kineti-
cally connected with the low-energy 1/3 plateau state or at least does 
not strongly favour any higher-energy 1/3 plateau states. Similarly, the 
low-energy 1/3 plateau state does not strongly favour any higher-energy 
2/3 plateau states kinetically. However, since the SP1 and SP3 curves 
lie outside the hysteresis loop of SP0, the latter is expected to involve 
mixing of near-degenerate states.

The surprising appearance of hysteresis for SP2 suggests that 
the transition from the saturated state to the 2/3 plateau during the 
+5 T → +1.3 T sweep strongly favours a 2/3 plateau state that is kineti-
cally different from the lowest-energy state. Such a higher-energy 2/3 
plateau state is kinetically linked to a higher-energy 1/3 plateau state, 
which can be explained by considering the c-axis spin order of the for-
mer (Supplementary Note 11). Consequently, during the +1.3 T → +5 T 
sweep, a mixture of at least two near-degenerate states appears on 
each of the 1/3 and 2/3 plateaus similar to that for SP0, although the 
composition of the mixtures may differ.

The symmetric part of the raw Rca data plotted in Fig. 6b, which 
can be understood as an anisotropic part of the MR, additionally shows 
that, in contrast to SP0, SP1 does not have hysteresis in the ground state 
region. The zero-field resistance of SP1 is also smaller than that of SP0, 
suggesting that zero-field cooling in SP1 leads to a largely uniform 
ground state, while in SP0 the ground state region has mixing of two 
time-reversal partners illustrated in Fig. 1a with unequal weights. That 
SP1 does not have hysteresis therefore means the other time-reversal 
partner of the ground state can only appear through a kinetic pathway 
involving the higher-energy 1/3 plateau states, although the detailed 
process is unclear because of the 1/6 plateau.

The kinetic pathways between non-collinear spin states are 
expected to be more complex than those of collinear magnets24,25. 
Future studies done with high-resolution magnetic imaging tech-
niques will hopefully reveal more details of the phase boundaries at 
the metamagnetic transitions in HoAgGe. Before ending this section, 
we also stress that the hysteresis is not likely to be due to any remaining 
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domains of a neighbouring plateau. Because the states on different 
plateaus have considerable differences in their net magnetization, 
such domains must lead to hysteresis in the magnetization curve. 
Such a possibility is, however, excluded by a careful quantification of 
the tiny magnetization hysteresis, as shown in Supplementary Fig. 26.

Discussion
Our work shows that there can be deeper connections between 
near-degenerate states of frustrated spin systems, especially when 
there exists a natural partition of the degenerate manifold by, for exam-
ple, reversing the distortion of the lattice. Conversely, since the 
time-reversal-like degeneracy introduced in this work is not protected 
by any magnetic space group symmetry, the two 𝒳𝒳-partners can have 
different physical properties including thermodynamic, transport, 
optical and other properties. Such a degeneracy is an accidental or 
‘fragile’ one for the real HoAgGe crystal, although it raises an interest-
ing question if the band structure of the real material can also exhibit 
near degeneracy for the two magnetic states on the 1/3 and 2/3 plateaus, 
a question that can hopefully be answered by spectroscopic experi-
ments in the future.

The consideration of c-axis spin order also leads to the question 
of whether there are more than two near-degenerate states in each 
plateau region. In Supplementary Note 8 we show that assuming the 
same c-axis spin order on top of S1/3 and S ′

1/3 increases the number of 
possible states to six, which can be grouped into three pairs of 𝒳𝒳
-partners and the degeneracy between different pairs is not guaranteed. 
More generally, even if there are other possible near-degenerate states 
on each plateau, as long as they are not equivalent under any magnetic 
space group operations and can be kinetically distinguished through 
metamagnetic transitions, hysteretic behaviour should appear. There-
fore, our picture can in principle also apply to other systems that show 
similar phenomena, that is, vanishing hysteresis in magnetization 
coexists with pronounced hysteresis in transport properties, such as 
TmB4 (ref. 49) and Pr2Ir2O7 (ref. 10). In these systems, the degeneracy 
when the hysteresis appears is presumably much larger since the mag-
netic order (or even short-range order) has not been precisely deter-
mined. It may still be possible that only a couple of low-energy or 
kinetically favoured states that have distinct transport properties are 
relevant in the field sweep, which leads to hysteresis in transport 
measurements.

Another issue is why the hysteresis appears above 2.5 K where 
the c-axis spin order comes into play, but quickly disappears near 
5 K (Supplementary Fig. 30) when the plateaus are still present. One 
explanation for the appearance above 2.5 K is that the c-axis spin order 
can be stabilized by large H//b through its coupling with in-plane spin 

components; this surmise needs to be verified by future studies. The 
quick disappearance can be understood by the fact that the kinetic 
selection of near-degenerate states crucially relies on the competitions 
between the kinetic pathway, barrier, temperature and field-sweep 
speed. Even if the plateau states are thermodynamically stable, hys-
teresis will not appear if the kinetic barrier difference between the two 
possible final states is too small compared to the temperature scale.

In this work, with the help of electrical transport measurements 
in the metallic kagome ice compound HoAgGe at low temperatures, 
we identified an emergent time-reversal-like degeneracy between 
metastable ice-rule states that have virtually the same net magneti-
zation but different magnetotransport properties. The different 
sizes of the various Berry-curvature-related properties of the pla-
teau phases of HoAgGe can be traced through our minimal model to 
the distortion-induced Berry connection of the Bloch electrons. We 
expect similar phenomena should commonly appear in frustrated 
spin systems with non-trivial structural distortion and finite ordering 
wave vectors. Our study suggests a prominent potential for transport 
measurements in distinguishing hidden symmetries in metallic frus-
trated spin systems.
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Methods
Single-crystal growth and characterization
High-quality single crystals of HoAgGe were grown using the Ag–
Ge-rich self-flux method, with typical concentration R0.06(Ag0.75Ge0.25)0.94 
(R: Ho and Lu) (ref. 50). Mixtures were placed in alumina crucibles and 
sealed in a quartz tube, heated to 1150 °C, held there for 10 h and cooled 
to 836 °C within 76 h, where the flux was decanted using a centrifuge.

All single crystals were characterized via X-ray diffraction with a 
Rigaku X’pert diffractometer using Cu Kα1 radiation. Magnetization 
measurements were performed using a vibrating sample magnetom-
eter (Quantum Design MPMS). Electronic transport and specific heat 
data were obtained with Quantum Design PPMS.

Demagnetization correction
A photo of the HoAgGe crystal for Hall effect measurements is included 
in Supplementary Fig. 1. The b axis is perpendicular to the paper. The 
sample thickness is 0.45 mm, and the length along the c axis is 1.4 mm. 
Due to slightly different lengths of the a axis between the top and bot-
tom surfaces, we adopt the average length of the a axis as 1.1 mm. The 
demagnetizing factor of this crystal is calculated by approximating it 
by a rectangular cuboid and using the corresponding formula in ref. 51, 
which yields D = 0.6. The demagnetization correction is Hint = Hext − DM, 
where D is the demagnetization factor and M is the measured magneti-
zation. The magnetization curve labelled as A in Supplementary Fig. 2 
shows the raw data, while curve B shows the result after correction for 
the internal demagnetizing field.

Thermodynamic measurements
The magnetic specific heat Cmag data in Fig. 3 and Supplementary Fig. 5 
were obtained by subtracting the contributions from Ho nuclei, lattice 
vibrations and itinerant electrons, as discussed in ref. 43. The ordering 
temperature around 7 K in Supplementary Fig. 5a is determined by the 
mid-point of the hump feature.

The magnetic Grüneisen parameter or adiabatic magnetocaloric 
effect was measured using an alternating field technique adapted to a 

dilution refrigerator; see ref. 52. Note that Γmag ≡
1
T
( dT
dμ0H

)
S
𝒳 − 1

μ0C
dS
dH

, 

which can be approximated by − 1
μ0Cmag

dSmag

dH
since the non-magnetic 

specific heat is much smaller than the magnetic specific heat, even at 
12 K, cf. Fig. 3A of ref. 43. This approximation allows us to estimate the 
field-dependence of magnetic entropy by integration.

Magnetic structure refinement
Elastic single-crystal neutron-scattering details can be found in the 
Supplementary Materials of ref. 43. The magnetic structures are deter-
mined using Jana 2006 software53.
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