






Extended Data Fig. 3 | Observations of R x x and VVbbaaaa
22ωω  below 40 K.  

a, Simultaneously measured R x x and Vbaa
ω2  as functions of n and T for Device 1, 

similar to Fig. 2b,e but extended to 4 K. The white dotted line labels the R x x peak 
near ne, which shifts to lower carrier density as the temperature increases from 
4 K to 40 K. The extracted gap sizes (inset of the left panel) are smaller than 
those reported in ref. 5, likely due to enhanced inhomogeneity associated with 
the larger sample size used here, as well as strain effects62. b,c, In Devices 1 and 4, 
V nbaa

ω
h

2  is suppressed below ~ 40 K, and no R x x peak at nh (c). d,e, In Devices 2  
and 3, V nbaa

ω
h

2  persists down to 4 K, accompanied by a R x x peak at nh (e, marked by  
the black arrows). Based on these empirical observations, together with DFT 
calculations5,61,62 showing hole-side valence-band VHSs at higher doping,  

we speculate that the suppression of V nbaa
ω

h
2  observed below 40 K reflects a 

redistribution of Berry curvature driven by correlation effects near the hole-side 
VHSs. In Devices 1 and 4, no sizable gap is present at n = nh, making the system 
more susceptible to such redistribution, with the suppression of V nbaa

ω
h

2  as a 
possible consequence. In contrast, in Devices 2 and 3, the presence of a gap  
at n = nh may stabilize the electronic structure and Berry curvature against 
additional correlation effects arising from the hole-side VHSs. Further 
investigation is needed to fully understand this interesting observation.  
Note that the gap observed at nh in Devices 2 and 3 appears only when the 
device is cooled from densities near the electron-side VHS, consistent with  
the superlattice mechanism linked to the electron-side VHS.
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Extended Data Fig. 4 | Systematic hysteretic measurements of the hidden 
state during cooling. a,b, The temperature is stepped down at n = − 10 × 1012 cm−2 
(a, Path 1) and n = + 10 × 1012 cm−2 (b, Path 2). At each temperature, both forward 
and backward doping scans are performed to determine the switching points, 
identified as the densities at which the forward and backward sweeps begin to 
merge. These points define the critical write boundary for the hidden-state 
transition from OFF → ON and the erase boundary for the transition from  
ON → OFF. c,d, Vbaa

ω2  maps of Device 1 measured following Path 1 and Path 2.  

A hysteresis window develops upon cooling (72-60 K for Path 1; 73-61 K for  
Path 2), and the device ultimately stabilizes to distinct final states: V nbaa

ω
h

2  OFF 
state (c, Path 1); ON state (d, Path 2). e,f, Hysteresis linecuts from panels c,d for 
Device 1. The gray square marks the write (OFF → ON) boundary (e, Path 1) and 
the erase (ON → OFF) boundary (f, path 2). g, Hysteresis measurement of Device 2 
following Path 2, with the write (OFF → ON) and erase (ON → OFF) boundaries 
indicated by light yellow squares.



Extended Data Fig. 5 | Demonstration of robust ON state of the correlated 
insulating phase at ne. a–d, Starting from 70 K, the system is cooled along  
path 1 (cooling with doping away from the VHSs), programming the hidden 
state to OFF at low temperatures. As shown, V nbaa

ω
h

2  is nearly zero, while the 

correlated QSH gap at ne remains robustly ON, as evidenced by R x x. e–g, Similar 
to panels b–d, but following cooling path 2 (cooling above the VHSs), which 
programs the hidden state to ON at low temperatures. In this case, V nbaa

ω
h

2  is 
large, while the correlated QSH gap at ne remains ON, as again indicated by R x x.
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Extended Data Fig. 6 | Superlattice ON-OFF contrast in the nonlinear Hall 
and linear resistance responses at different carrier densities. a,b, Schematic 
illustration of the superlattice memory effect and the associated hysteretic 
Vbaa

ω2  responses programmed by doping scans. c, In the superlattice ON state, 
band folding induced by the superlattice order persists over a wide density 
range, encompassing both nh and ne. d, In the superlattice OFF state, the band 
structure remains pristine and unfolded at nh and near the CNP, and becomes 
folded only when the doping is tuned to ne due to the electronic order. The two 
lattice states therefore result in density-dependent ON-OFF contrast. At nh,  
the OFF state lacks Berry curvature hot spots, resulting in a nearly zero Vbaa

ω2  
response, whereas the ON state exhibits band folding with emergent Berry 

curvature hot spots, producing a large Vbaa
ω2  response and thus a strong ON-OFF 

contrast. Near the CNP, Berry curvature hot spots already exist in the OFF state 
due to the topological gap at the CNP; superlattice formation only weakly 
modifies the band structure and redistributes the Berry curvature, resulting in 
a small ON-OFF contrast in Vbaa

ω2 . Near ne, electronic order alone induces band 
folding and Berry curvature hot spots even in the OFF state, while the lattice 
order provides an additional modulation, yielding a modest ON-OFF contrast 
in Vbaa

ω2 . Similarly, at other carrier densities, switching between the superlattice 
ON and OFF states modifies the band structure and redistributes the Berry 
curvature, thereby producing measurable experimental contrast.



Extended Data Fig. 7 | Construction of the phase diagram from the 
free-energy model. a, Dependence of the free energy F on the low-energy 
electronic order φ, with the superlattice order fixed at X = 0. b, Dependence of 
the free energy F on the superlattice order X, with the low-energy electronic 
order fixed at φ = 0. c, In the decoupled regime (λ = 0), the local minima (phases) 
of the free energy F are classified as Phase I (no electronic order, no superlattice 
order) and Phase II (no electronic order, with superlattice order) at low carrier 
density (n ≪ ne); and Phase III (with electronic order, no superlattice order) and 
Phase IV (with electronic order, with superlattice order) at high carrier density 
(n ≥ ne). d, Free-energy landscapes at finite coupling λ > 0. e, Summary of the 
distinct phases determined by the low-energy electronic order φ and superlattice 

order X. f, Phase diagram: the black solid line represents the phase boundary of 
the superlattice. Above this boundary, the superlattice order has only one phase 
(‘1’ or ‘0’); below the boundary, it is bistable, depending on the history. When 
crossing the boundary from above to below, the superlattice order remains 
unchanged. However, when crossing from below to above, the superlattice 
order transitions to the phase above. The yellow dashed line marks the phase 
boundary of the low-energy electronic order, which is second-order and 
exhibits no hysteresis. On the left side of this boundary, there is no electronic 
order or only weak electronic order (due to coupling with the lattice); on the 
right side, the electronic order is present. The grey dashed line represents a 
crossover in the superlattice order, rather than a true phase transition.
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Extended Data Fig. 8 | Comparison of free-energy models without and  
with independent lattice bistability. a–c, Without lattice bistability:  
We first consider a lattice free energy FLattice with a single minimum, modeled  
as a purely parabolic potential F X T α T X( ; ) = ( )Lattice

1
2

2, for which the lattice 
order is strictly slaved to the electronic order: when φ = 0, X = 0, and when  
φ ≠ 0, coupling to φ shifts the minimum to a finite X. Extending FLattice to a 
fourth-order polynomial, F X T α T X β T X( ; ) = ( ) + ( )Lattice

1
2

2 1
4 !

4, yields a unique 
X ≠ 0 ground state at low temperature, where coupling to φ only renormalizes 
the lattice distortion in a reversible manner. In both cases, no intrinsic bistability 
or hysteresis is supported, inconsistent with the experimentally observed 
conditional emergence of the X ≠ 0 state only when φ is activated by doping.  
d–f, Independent lattice bistability: We next consider the model discussed  

in the main text, where FLattice is described by a sixth-order polynomial supporting 
two locally stable minima at X = 0 and X ≠ 0, separated by a finite energy barrier 
(the sign or phase of X is not distinguished). This intrinsic bistability allows  
the lattice order to exist in either configuration independently of φ: both X = 0 
and X ≠ 0 are locally stable for φ = 0 and for φ ≠ 0. The coupling term λφX tilts  
the free-energy landscape, enabling transitions between the two lattice states, 
while the finite barrier gives rise to pronounced hysteresis. g, Schematic 
evolution of the lattice free-energy landscape versus doping. Electron doping 
induces a finite electronic order φ, which lowers the X ≠ 0 minimum via φX 
coupling and enables barrier crossing from X = 0 into X ≠ 0. Upon removing φ, 
the barrier persists, trapping the system in the X ≠ 0 configuration and 
producing hysteretic, nonvolatile lattice behavior.



Extended Data Fig. 9 | Free-energy evolution of the lattice order X during 
the ‘doping + cooling’ process. a,b, Cooling at n < ne, i.e., in the absence of φ, 
the free-energy landscape favors the X = 0 minimum, and the system will naturally 
fall into the superlattice OFF state. c,d, Cooling at n ≥ ne, i.e., in the presence of 
φ, the coupling term φX tilts the free-energy landscape, making the X ≠ 0 state 
the global minimum. As a result, the system settles into the superlattice ON 
state. At low temperatures, the energy barrier separating the X = 0 and X ≠ 0 
minima increases and becomes sufficiently large that the coupling term φX is no 
longer strong enough to drive transitions between the two states. Consequently, 
if the system cools into the X = 0 state, it remains trapped there even when φ is 
subsequently applied (b); conversely, if the system cools into the X ≠ 0 state in 
the presence of φ, removing φ does not restore the X = 0 state, again due to the 
large energy barrier that must be overcome (d). In this low-temperature 
regime, the system is therefore effectively locked into whichever lattice state is 
selected during cooling.
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Extended Data Fig. 10 | Additional Raman evidence of  ′′B  mode. a, Raman 
intensity map measured in the left-right (L-R) circular polarization configuration 
using a 532 nm excitation laser during cooling from 270 K to 40 K at a fixed 
carrier density of ncool = 8 × 1012 cm−2. b, Raman intensity map measured under 
identical cooling and doping conditions using a 633 nm excitation laser. In both 
cases, three Raman modes (A, B, and C) are observed at high temperature, with 
mode A softening upon cooling. Notably, mode B′ is selectively enhanced 
under 532 nm excitation and is absent under 633 nm excitation, indicating a 

resonant enhancement effect. c, Angle-dependent Raman spectra measured in 
the linear cross-polarization configuration (X-Y), where the angle of incident 
and scattered light polarization is controlled using half-wave plate, while 
keeping the polarizer and analyzer fixed in orthogonal position. Four distinct 
modes (A, B, B′, and C) are clearly resolved. d,e, Polarization-angle dependence 
of modes B′ and B, revealing distinct symmetry behaviors and confirming that 
B and B′ correspond to separate Raman modes. Additional Raman data and 
discussions are provided in SI Section 8.




