








Extended DataFig.3|Observations of R, andV22 below 40 K.

a, Simultaneously measured R,,and V2%, as functions of nand T for Devicel,
similar to Fig.2b,e but extended to 4 K. The white dotted line labels the R, peak
near n,, which shifts to lower carrier density as the temperature increases from
4Kto40K. Theextracted gapsizes (inset of the left panel) are smaller than
thosereportedinref.5, likely due to enhanced inhomogeneity associated with
thelarger samplessize used here, as well as strain effects®>. b,c, InDevices land 4,
V2% In,is suppressed below ~40 K, and no R, peakaat n, (c).d,e, In Devices 2
and3,V2%|n, persists down to 4K, accompanied by aR,, peak at n, (e, marked by
theblack arrows). Based on these empirical observations, together with DFT
calculations®****showing hole-side valence-band VHSs at higher doping,

we speculate that the suppression of V2% |n, observed below 40 K reflects a
redistribution of Berry curvature driven by correlation effects near the hole-side
VHSs.InDevices1and 4, nosizable gap is present at n=n,, making the system
more susceptible to such redistribution, with the suppression of V2 |n,as a
possible consequence. In contrast, in Devices 2 and 3, the presence of agap
atn=n, maystabilize the electronic structure and Berry curvature against
additional correlation effects arising from the hole-side VHSs. Further
investigationis needed to fully understand this interesting observation.
Notethatthe gap observedatn,inDevices2and 3 appearsonly whenthe
deviceiscooled from densities near the electron-side VHS, consistent with
the superlattice mechanismlinked to the electron-side VHS.
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Extended DataFig. 4 |Systematic hysteretic measurements ofthe hidden Ahysteresis window develops upon cooling (72-60 K for Path 1; 73-61K for

state during cooling.a,b, The temperatureissteppeddownatn=-10x102cm™  Path2),and the device ultimately stabilizes to distinct final states: V2% |n, OFF
(a,Path1l)and n=+10x10"cm™ (b, Path 2). At each temperature, both forward state (c, Path1); ONstate (d, Path 2). e,f, Hysteresis linecuts from panels c,d for

and backward doping scans are performed to determine the switching points, Devicel. The gray square marks the write (OFF > ON) boundary (e, Path1) and
identified as the densities at which the forward and backward sweeps begin to the erase (ON~> OFF) boundary (f, path 2). g, Hysteresis measurement of Device 2
merge. These points define the critical write boundary for the hidden-state following Path 2, with the write (OFF > ON) and erase (ON > OFF) boundaries
transition from OFF > ON and the erase boundary for the transition from indicated by light yellow squares.

ON - OFF. c,d, V2% maps of Device 1 measured following Path 1and Path 2.
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Extended DataFig. 5| Demonstration of robust ONstate of the correlated
insulating phase atn,.a-d, Starting from 70K, the systemis cooled along
path1(cooling with doping away from the VHSs), programming the hidden
state to OFF at low temperatures. Asshown, V2 |n, is nearly zero, while the
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correlated QSH gap at n.remains robustly ON, asevidenced by R,,. 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, V2% |n,,is

large, while the correlated QSH gap at n,remains ON, as againindicated by R ,.
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Extended DataFig. 6 |Superlattice ON-OFF contrast in the nonlinear Hall
and linearresistanceresponses at different carrier densities. a,b, Schematic
illustration of the superlattice memory effect and the associated hysteretic
V22 responses programmed by doping scans. ¢, In the superlattice ON state,
band foldinginduced by the superlattice order persists over awide density
range, encompassing both n,andn..d, Inthe superlattice OFF state, the band
structure remains pristine and unfolded at n,and near the CNP, and becomes
folded only when the dopingis tuned to n.due to the electronic order. The two
lattice states thereforeresultin density-dependent ON-OFF contrast. At n,,
the OFF state lacks Berry curvature hot spots, resulting in a nearly zero V2%,
response, whereas the ON state exhibits band folding with emergent Berry

curvature hotspots, producing alarge V2 response and thus a strong ON-OFF
contrast. Near the CNP, Berry curvature hot spots already exist in the OFF state
duetothetopological gap at the CNP; superlattice formation only weakly
modifies the band structure and redistributes the Berry curvature, resulting in
asmall ON-OFF contrast in V2% Near n,, electronic order aloneinduces band
folding and Berry curvature hot spots evenin the OFF state, while the lattice
order provides anadditional modulation, yielding amodest ON-OFF contrast
inv2%. Similarly, at other carrier densities, switching between the superlattice
ONand OFF states modifies the band structure and redistributes the Berry
curvature, thereby producing measurable experimental contrast.
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Extended DataFig.7|Construction of the phase diagramfromthe
free-energy model.a, Dependence ofthe free energy Fonthe low-energy
electronic order ¢, with the superlattice order fixed at X=0.b, Dependence of
thefreeenergy Fonthesuperlattice order X, with the low-energy electronic
order fixedat ¢ =0.c,Inthe decoupled regime (1=0), the local minima (phases)
ofthe free energy Fare classified as Phasel (no electronic order, nosuperlattice
order) and Phasell (no electronic order, with superlattice order) at low carrier
density (n < n,); and Phaselll (with electronic order, no superlattice order) and
PhaseIV (with electronic order, with superlattice order) at high carrier density
(n=n,).d,Free-energylandscapesat finite coupling 1> 0. e, Summary of the
distinct phases determined by the low-energy electronic order ¢ and superlattice

Carrier density

order X. f, Phase diagram: the black solid line represents the phase boundary of
thesuperlattice. Above this boundary, the superlattice order has only one phase
(‘1’or‘0’); below the boundary, itis bistable, depending on the history. When
crossingthe boundary fromabove 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, whichis second-order and
exhibits no hysteresis. On the left side of this boundary, thereis no electronic
order or only weak electronic order (due to coupling with the lattice); on the
rightside, the electronicorderis present. The grey dashed linerepresentsa
crossover inthe superlattice order, rather thanatrue phase transition.
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Extended DataFig. 8| Comparison of free-energy models without and
withindependentlattice bistability. a-c, Withoutlattice bistability:

We first consider alattice free energy F . With asingle minimum, modeled
asapurely parabolic potential £, jco(X; T) = %a(T)XZ, forwhich thelattice
orderisstrictlyslaved to the electronic order: when ¢ =0,X=0,and when
@#0, couplingto @ shifts theminimum to afinite X. Extending F ... toa
fourth-order polynomial, i, ce(X; T) = %ot(T)X2 + %ﬁ(T)X 4 yieldsaunique
X#0groundstate atlow temperature, where coupling to ¢ only renormalizes
thelatticedistortioninareversible manner.Inbothcases, nointrinsic bistability
or hysteresisis supported, inconsistent with the experimentally observed
conditional emergence of the X# 0 state only when g is activated by doping.
d-f,Independentlattice bistability: We next consider the model discussed
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inthe main text, where F .. is described by asixth-order polynomial supporting
two locally stable minimaat X=0and X# 0, separated by afinite energy barrier
(thesign or phase of Xis not distinguished). Thisintrinsic bistability allows
thelattice orderto existin either configurationindependently of :both X=0
and X#O0arelocally stable for ¢ =0 and for ¢ # 0. The coupling term AgX tilts
thefree-energylandscape, 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
inducesafinite electronic order ¢, which lowers the X# 0 minimum via X
coupling and enables barrier crossing from X=0into X# 0. Uponremoving ¢,
thebarrier persists, trapping the systemin the X# 0 configuration and
producing hysteretic, nonvolatile lattice behavior.
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Extended DataFig.9|Free-energy evolution of thelattice order Xduring
the‘doping + cooling’ process.a,b, Coolingatn<n,,i.e.,inthe absence of ¢,
thefree-energylandscape favors the X=0 minimum, and the system will naturally
fallinto the superlattice OFF state.c,d, Coolingatn>n,,i.e.,inthe presence of
@, the coupling term gXtilts the free-energy landscape, making the X# O state
the global minimum. As aresult, the systemsettlesinto the superlattice ON
state. Atlow temperatures, the energy barrier separatingthe X=0and X#0
minimaincreases and becomes sufficiently large that the coupling term gXisno
longer strong enough to drive transitions between the two states. Consequently,
ifthesystemcoolsinto the X=0state, itremains trapped thereevenwhen gis
subsequently applied (b); conversely, if the system coolsinto the X # O statein
the presence of ¢, removing ¢ 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 systemis therefore effectively locked into whichever lattice stateis
selected during cooling.
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Extended DataFig.10 | Additional Raman evidence of B’ mode. a, Raman resonant enhancement effect. ¢, Angle-dependent Raman spectra measuredin
intensity map measured in the left-right (L-R) circular polarization configuration  thelinear cross-polarization configuration (X-Y), where the angle of incident
usinga 532 nmexcitation laser during cooling from270Kto 40K ata fixed and scattered light polarizationis controlled using half-wave plate, while
carrier density of n,,;=8 10" cm™. b, Raman intensity map measured under keepingthe polarizer and analyzer fixed in orthogonal position. Four distinct

identical cooling and doping conditions using a 633 nm excitationlaser.Inboth  modes (A, B,B’,and C) are clearly resolved. d,e, Polarization-angle dependence
cases, threeRamanmodes (A, B, and C) are observed at high temperature, with of modesB’and B, revealing distinct symmetry behaviors and confirming that
mode A softening upon cooling. Notably, modeB’is selectively enhanced BandB’correspond to separate Raman modes. Additional Raman data and
under 532 nmexcitation and is absent under 633 nmexcitation, indicatinga discussionsare provided in SISection 8.





