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Bistable switching typically arises from ferroic orders, such as ferroelectricity and
ferromagnetism, in which the bistable states are encoded in charge or spin degrees
of freedom"?. Here we report the observation of bistable superlattice switchingin
monolayer TalrTe,, a dual quantum spin Hall insulator®>. Switching occurs between
two lattice configurations with sharply contrasting periodicities. In particular,

ina pristine monolayer, we observe the spontaneous emergence of along-period
superlattice that can be programmed on and off in a non-volatile manner by
electrostatic tuning of low-energy electronic states. This switching toggles the
system between two structural configurations with unit cell areas differing by two
orders of magnitude. Mechanistically, our results reveal two independent and
distinctinstabilities, one in the lattice and the other in the quantum spin Hall
electrons. These instabilities are coupled, leading to electrostatic control of lattice
configurations with non-volatile memory. This finding is enabled by combining linear
and nonlinear transport measurements® >, Raman spectroscopy and scanning
tunnelling microscopy, which probe complementary aspects of the underlying
orders. Notably, this non-volatile memory stabilizes a spontaneous superlattice
with a periodicity on the few-nanometre scale that remains robust across a wide
doping range, persists over days and survives above 70 K. Our preliminary data
also show the emergence of new insulating states at fractional superlattice fillings,
which canbe switched on and off together with the superlattice.

In solids, memory phenomena often originate from spontaneous
symmetry breaking. For example, the breaking of spatial inversion and
time-reversal symmetries gives rise to ferroelectricity and magnet-
ism'?, respectively (Fig. 1a,b), where the associated charge and spin
degrees of freedom serve asinformation carriers. Beyond charge and
spin, the lattice configuration itself constitutes afundamental degree
of freedom, one governed by translational symmetry breaking and
manifested in the (approximate) periodicity of the crystal lattice.
This underlying periodicity defines the intrinsic length and energy
scales of amaterial and sets the stage for its electronic structure and
related phenomena. Recent breakthroughs with moiré superlattices
have shown that periodicities of several nanometres can produce flat
electronic bands, thus enabling a range of exotic quantum phenom-
ena'*?, Realizing the memory control of superlattices, therefore,
naturally enables the memory control of these quantum phenomena

and may lead to new classes of memory technologies®®, which have
been lacking® ™.

Here wereportthe observation of anon-volatile ‘superlattice mem-
ory’, simply using an electrostatic gating (Fig. 1c). Specifically, in the
absence of a predefined superlattice structure—whether fabricated
or grown—we observe, upon cooling, the spontaneous formation of
asuperlattice in monolayer TalrTe,, arecently identified dual quan-
tum spin Hall (QSH) insulator®. This superlattice can be reversibly
switched on and off by tuning the low-energy QSH electrons. This
toggles the system between an atomic lattice (unit cell area approxi-
mately 0.47 nm?) and a superlattice (supercell area approximately
62 nm?). In the context of charge-density-wave (CDW) systems and
their memory and control®®*?, the memory here resides exclusively
in the lattice order. Moreover, the electronic order can be indepen-
dently controlled within each lattice memory state. All these states
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Fig.1|Nonlinear Hall characterization of the dual QSH state inmonolayer
TalrTe,. a-c, lllustrations of the charge (a), spin (b) and superlattice (c)
memories. d, Top view of the atomic lattice structure witha mirror plane M,,
which permitsaBerry curvature dipole Aalongd. e, Calculated spectral weight
projected along k,,, showing QSH edge states within the bulk bandgap and VHSs
inthebulk conductionband.f, Calculated density of states (DOS) versus energy.
Alarge DOSis observed atthe VHSs. g, Thelinear resistance R, as afunction of
carrier density nat T=4 K (sharing the same x axis as h). Two resistance peaks
areobserved corresponding to the single-particle bandgap (n=0, charge neutral
point (CNP), see the left schematic below the x axis) and the correlated bandgap
(n=n,,seetheright schematic below the xaxis), respectively. Inset, optical
image of device 1. h, The second-order (2w) nonlinear Hall voltage V22, versus n,

measured withana.c.current/°=1pAatw=17.777 Hzand T=4K. Large V2%,

responses are observed near the CNP and n.. The positive and negative V2,
responses are shaded by red and blue, respectively.Scalebar, 5 pm (inseting).
P, polarization; £, electric field; M, magnetization; H, magnetic field; X, lattice

order; k,, wavevector alongd; E;, Fermilevel.

are long-lived under (quasi-)equilibrium conditions. Our findings
raise the possibility of realizing lattice-memory control of correlated
topological states.

Dual QSH state

Structurally, TalrTe, consists of alternating Ta and Ir atomic chains
running along the crystallographicaaxis, withamirror plane M , per-
pendicular to @ (Fig. 1d). Electronically, monolayer TalrTe, was pre-
dicted to be a QSH insulator (Fig. 1e). Recent experimental progress
reveals a dual QSH state’ that extends beyond previous theoretical
predictions**. Asshown inref. 5 and also reproduced in this work (for
example, Fig. 1f,g), the dual QSH behaviour manifests as follows. At
charge neutrality, the system exhibits a QSH insulating state consistent
with single-particle band structure calculations. Upon electron doping,
asecond insulating peak emerges. We label the density of this peak as
n.and find n. = 6.5 x 10" cm™ (Fig. 1g). This second insulating state,
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-
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Fig.2|Observationofahiddenstate beyond the dual QSH state.
a,Schematicofthelineartransportsetup.b, Linear resistance R, as afunction
of carrier density n and temperature Tduring warm-up from 40 K. Resistance
peaksareobserved at the CNPand at ., corresponding to the single-particle
and correlated QSH gaps, respectively. As the temperature increases from 4 K
to40K, the correlated-gap peak shifts to lower carrier density; consequently,
n.appearsslightly right of the resistance peakin this panel (Extended Data
Fig.3a).c, Temperature dependence of R, measured at fixed density n=n,,
(R,,|ny) during the warm-up (magenta dashedline inb).d, Schematic of the
nonlinear Hall transportsetup. e, Nonlinear Hall voltage V2%, measured
simultaneously with the datainb. f, Temperature dependence of V2% measured
simultaneously withthe dataincatn, (vgmnh) (magentadashedlineine).

The detection sensitivity of V22, —defined as the normalized jump across the
transition—is 45%, compared with just 0.13% in R, highlighting the enhanced
sensitivity of nonlinear Hall measurementsin revealing the hidden state. Further
dataandanalysis are presented in Extended Data Figs.2and 3. V*, first-order
voltage; V*“, second-order voltage.

identified as a correlated QSH phase’, arises from Van Hove singulari-
ties (VHSs) in the conduction band (Fig. 1e).

We investigate the nonlinear Hall effect, which probes the Fermi-
surface Berry curvature dipole® >*™%, The lattice symmetry of TalrTe,
permitsaBerry curvature dipole Aalongd. According to theory®, apply-
ing I along A(@ axis) generates a second-order Hall voltage V22 along
b. This nonlinear Hall response is expected to be enhanced near the
QSH gaps due to concentrated Berry curvature hotspots. Consistent
with this expectation, our measurements reveal prominent V2% signals
near both QSH gaps (Fig. 1h). We further establish its connection to
the Berry curvature dipole through systematic investigations in Meth-
ods, Extended DataFig.1and Supplementary Information sections 2-5.

Observation of a hidden state

We now explore abroader density range and its temperature depend-
ence duringthe warm-up. The dual QSH statesat n=0and n.are again
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Fig.3|Memory effect of the hiddenstate revealed by cooling-dependent
protocols. a-c, Cooling process1. Thesampleis cooled from100 Kto 50 Kata
fixed doping level of n ., =-10 x10"> cm?, followed by V2 measurements at

50 Kduringboth forward (orange) and backward (green) doping scans (a). The
signal V22 |n, remains negligible (off state) (b) and shows no dependence on the
perpendicular electric field £ (c). d-f, Cooling process 2. Same asinabut with
Moo =+10 X102 cm2 (d). At 50 K, V2% |n,, exhibits a strong response (on state) (e),

readily identified in Fig.2a,bin R,.and inFig. 2d,e in V22 Importantly,
beyond these, we observe anew feature in V2% on the hole-dopedside.
We label the density of this feature in Fig. 2e as n, and find
n,=-n,~-6.5x10"2 cm™. This n, feature, denoted as V2 |n,, emerges
sharply below 76 K (Fig. 2f), and we refer to it as the hidden state. A
similar jump is also visible in R,,|n, (Fig. 2¢c) with less sensitivity. We
also note that although V22 |n, is reliably reproduced across several
devices, itsbehaviour below 40 Kis not entirely consistent, indicating
that there are other device-dependent effects (Extended Data Fig. 3).
Below, we focus on the consistent behaviour above 40 K.

Memory effect of the hidden state

Interestingly, the hidden state is highly sensitive to the doping level
during the cool-down. We fix the carrier density during cooling,
denotedas n,,, and cool the sample from100 K to 50 K. After reaching
50 K, we read out the hidden state throughV,2%|n,. When the sample s
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againindependent of £ (f). g, Summary of V2% |n, responses at 50 K across
several cooling cycles with various n. values. A critical doping threshold,
Neoo = Ne, corresponding to the carrier density of the correlated QSH gap, is
identified—above which the hidden stateisactivated. Error bars represent the
standard deviation of fiveindependent measurements. h, Both on and off
states of V2% |n,, persisted for several days, limited only by the duration of our

measurement.

cooled under n.,,=-10 x 10 cm (Fig. 3a), the hidden state V2% |n,, is
absent (Fig. 3b,c). By contrast, cooling under n,, = +10 x 10 cm™
(Fig.3d) results in arobust Vbzfalnh (Fig. 3e,f). These contrasting out-
comes demonstrate that the hidden state is not asimple state function
of temperature and doping but, instead, depends on the history of the
system as it reflects a memory effect.

We next repeat the cool-down while varying n.,, stepwise and read
outV2%|n,at 50 K (Fig. 3g). The results reveal a critical value of n., that
coincides with n.. This correspondence points to a close connection
between the hidden state at n, and the correlated QSH phase at nn.. Note
that when the system is cooled to 50 K and maintained below this tem-
perature, the presence or absence of the hidden state becomes fixed
and cannot be switched. This phenomenon exhibits long retention
times of at least several days and is limited only by the duration of our
measurements (Fig. 3h).

We now investigate whether doping can directly toggle the hid-
den state. We fix the temperature at T=70K, slightly below the onset
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temperature of 76 K, and scan the carrier density ninboth forward and
backward directions (Fig. 4a). The datareveal clear hysteresis (Fig. 4b):
the hidden state is on when scanning n backwards and off when scan-
ning forwards, thereby directly demonstrating the memory effect.
We note that the on and off of the hidden state at n, are accompanied
by a noticeable and highly reproducible change in the features at n,.
This indicates that the order responsible for the response at i, also
exhibits on and off states at n,, a point that will be important for later
discussions.

Direct doping hysteresis is observed between approximately 72 K
and approximately 60 K, as shown in Extended Data Fig. 4. At each

Fig.4|Direct doping switch ofthe hiddenstate and observation of
superlattice memory. a,b, Schematicillustration (a) and the corresponding
measurement results of forward and backward doping scans of V22 at T=70 K (b).
Theresultsdemonstrate that the hidden state at n, can bereversibly switched
onand offby doping alone. The switching is highly reproducible, as evidenced
by two overlapping measurement cycles (green and light green; orange and
light orange). c,d, Identification of erase (on (blue) - off (black)) (c) and write
(off (black) > on (blue)) (d) transitions of the hidden state at T=72 K. Background
datafrom T=70K (orange and green) are shown for comparison. e, R, near
n,at T=4Kfor the on (bluecircles) and off (black circles) states. f, R, near n. at
T=4Kfortheon (bluecircles) and off (black circles) states. The correlated QSH
gapatn.remains robustinboth cases.g, The hidden state correspondstoa
superlattice order X that exhibits on and off configurations atboth n.and n;,
whereas thelow-energy electronic order @ is always on at n. and always off at n,,.

temperature, a critical ‘write’ density can be identified at which the hid-
denstate switches fromoffto on. For example, at T=72K, the transition
occursnear n.during the forward scan, asindicated by the black arrow
in Fig. 4d. At this point, the off-state data (black squares), consistent
withthe orange squaresinFig. 4b, transition to the on-state data (blue
squares), matching the greensquaresin Fig. 4b. Repeating this proce-
dureat different temperatures allows us to map the critical write density
and construct the writing boundary shown in Fig. 6a. As the system is
cooled further, the write density shifts towards higher electron doping.
Below 58 K, switching from off to onis nolonger achievable within the
accessible doping range, indicating that the writing force becomes
insufficient to drive the transition.

A similar method can be used to identify the ‘erase’ density of the
hiddenstate. At 72 K (Fig. 4c), we observe ajump from the on to the off
state near n,, (blue arrow) when scanning n backwards. As the system
iscooled, the erase threshold shifts towards higher hole doping. How-
ever, in this device, V2% |n, in the on state is narrowly confined near n,,
such that away from n, the distinction between on and off states
becomes negligible. This limits the number of data points available for
precisely determining the erase boundary. Below 61K, the state can
nolonger be switched from onto off withinthe accessible doping range,
making the maximum hole doping another boundary point at 61 K. We
note that this narrowness of V2% n, is not universal: in another device,
awider doping-range response allows the erase boundary to be deter-
mined more precisely (Extended Data Fig. 4).

Wealso find fromR,, that the correlated QSH state at nn. is always on,
regardless of the hidden state (Fig. 4e,f and Extended Data Fig. 5). By
contrast, the hidden state—revealed by V2% —exhibits clear on and off
behaviour that depends on the temperature and doping history, with
pronounced signatures not only at n, but also at n, (Fig. 4b,d).

The hidden stateis asuperlattice

We summarize the key experimental observations and theirimmediate
implications. Observation 1: We observe alarge V2% |n, only below 76 K
(Fig. 2e), indicating a new ordered phase that reconstructs the elec-
tronic structure and Berry curvature near n;,,. Observation 2: We find
that n, =—n,. Observation 3: The emergence of V2% |n, depends strongly
onthedoping history andis triggered by doping through n.. Together
withtherelation n,=-n,, this pointsto anintrinsic connection between
the hidden state and the correlated QSH state at n,. Observation 4: The
onand off switching of V2% |nyis accompanied by a highly reproducible
hysteretic change in V22|n,, indicating that the hidden state also
switches on and off near n, (Fig. 4b). By contrast, the linear resistance
R, consistently exhibits a peak at n, (Fig. 4€,f), demonstrating that the
correlated QSH insulating state at n, remains robustly on.

We now examine several possible interpretations. Possibility 1: V2 |n;,
arises from charge trapping by defects orimpurities, which can produce
hysteresis and memory effects. However, this scenario cannot readily
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Fig.5|Electronically drivensuperlattice and Raman signature of two lattice
states. a, Schematic of superlattice switching. Doping tunes the system between
X=0andX#0 through coupling to ¢, thus driving transitions across local
minimainthe p-Xfree-energy (F) landscape. Technically, this occurs through
deformationor tilting of the landscape. For example, as napproaches n, the
minimum hifts from ¢ =0 to ¢ # 0. We simplify this process with an effective
arrow.Amorerigorous analysisis provided in Supplementary Information
section 5.b, Raman spectra taken while cooling the sample from270 Kto 40 K

explain the sharp temperature onset or the relation n, = —n.. Possibility
2:V2% |n,originates from an unintentional superlattice formed between
TalrTe, and theboron nitride substrate. This could account for n,=-n,,
as these densities would correspond to full electron and hole fillings
of the same superlattice unit cell. In this case, however, the values of
n. and n, would be sample dependent and vary with the relative rota-
tional alignment. By contrast, all devices studied here consistently
show n, =—n,=—-6.5x10" cm™. Moreover, this scenario is inconsistent
with the observed memory effect and the sharp temperature onset.
Possibility 3: V22 |n,arises from the same underlying order responsible
for the correlated QSH state at n,, for example, a charge order driven
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atn,,=-10x10" cm?, corresponding to programming the systeminto the
superlattice offstate.c, The spectrumat T=40Kand n=-10x10">cm™.d,Raman
spectratakenwhile cooling the sample from 270 Kto 40 Kat n.,, =8 10> cm™?,
corresponding to programming the systeminto the superlattice on state. During
cooling, peak Asoftens and anew peak, denotedB’, emerges. e, The spectrum
at T=40 K after tuning the doping from n ;=8 10> cm2ton=-10 x102 cm™.
The B’mode persists. The top panels of b-e show schematics of the measurement
conditions, with the results shown below. a.u., arbitrary units.

by the VHSs. This could explain the relation n, = —n. and potentially
account for the temperature onset and memory behaviour. However,
this interpretation conflicts with observation 4: the correlated QSH
state at n is always on. If the feature at n,, originated from the same
order, it should likewise remain on at n.. Instead, V2% clearly reveals
two distinct states near n, that switch in concert with the state at n;,
(Fig. 4b,d).

Although we do not claim to have exhausted all possibilities, we
propose a phenomenological framework (our possibility 4) that natu-
rally accounts for our observations. We introduce a low-energy elec-
tronic order parameter ¢, which characterizes the correlated
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Fig. 6 | Experimental control diagram and emergence of fractional
superlatticefilling states with memory. a, Experimental control diagram.
T,and Tydenote the critical temperatures of the electronic (¢) and lattice (X)
orders, respectively. T,is determined from the temperature dependence of
V2 atn, (Fig.2f), whereas T,isdetermined from the temperature dependence
of R, atn.(Supplementary Information section 12). Cooling from the write
region (green) switches the superlattice to the on state, whereas cooling from
theeraseregion (white) sets it to the off state. In the doping plus cooling
controlregion (blue), the state is locked by temperature. In the doping control
region (lightblue), it canbereversibly switched by doping alone (Figs. 3 and 4).
b,c,Indevice 2, the same programming protocol is applied to set the sample
intothe superlattice off (b) and on (c) states (see Supplementary Information
section 5 for further characterizations). The linear resistance R, maps
asafunctionof carrier density nand temperature 7Tare measured during
warmingin the off state and on state, respectively. The on state exhibitsa
weak resistance peak at n,, and another distinct peak appears near the

filling approximately n./2, which vanishes sharply around 75 K together with
the n, feature.

insulating phase at n.. This order, which may be a CDW, emerges as
doping approaches the VHSs. In parallel, we introduce a lattice order
parameter X, which takes two values: X # 0 denotes the presence of a
superlattice that breaks the same translational symmetry as @, whereas
X=0 corresponds to its absence. Figure 4g summarizes the states of
these two order parameters near n.and n,. Their connectiontotheR,,
and V2% responses are explained in Extended DataFig. 6. From Fig. 4g,
the observed memory effect is encoded in the order parameter X, a
lattice memory.

Two instabilities

Figure 4gillustrates that the electronic and lattice orders (¢, X) areinde-
pendentinstabilities that can exist separately, rather than co-emerging

or co-vanishing as in typical CDW systems. Moreover, the X on state
is triggered by the onset of ¢ (Fig. 3), indicating a coupling between
them. We now describe this behaviour with a phenomenological
Ginzburg-Landau model:

F(@,X; T, 1) = Faice™®) + Fotectron(®) + Feoupting(@. X),
ﬁ_attice(X; )= _a(T)XZ + —ﬂ(T)X4 + —Xé,
: N ¢ )

1 1
FEIectron((p ;T,n)= Ea(T, n)(oz + zqo‘i-’
FCoupIing((p' X) =pX.

Here, Aisthe electron-lattice coupling coefficient. A full analysis of
this model and its ability to reproduce the control diagram in Fig. 6a
are presented in Methods (where the coefficients of a(T), B(T) and
a(T, n) are defined) and Supplementary Information section 5.
Here we highlight several key features. First, the functional forms
Of Feiectron(@) and F,ic.(X) can support independent local minima at
non-zero @ and X, respectively, as illustrated in Extended Data Fig. 7.
Friecron(@) €xhibits a single minimum-—eitherat @ =0or @ #0 (up to
sign)—set by doping. By contrast, F,...(X), modelled as a sixth-order
polynomial, supports two coexisting minima at X=0 and X # O (also
up to sign), separated by a finite energy barrier. The coupling term
ApXallows dopingto tilt the free-energy landscape of Xand modulate
this barrier. The energy barrier is essential for decoupling the dynam-
ics of Xfrom ¢ (Extended Data Fig. 8): once established, X can remain
trapped in either the X=0 or X# 0 minimum, independent of the cur-
rentstate of ¢. Below, we use thismodel to describe the observationsin
Figs.3and 4:

(1) Doping-induced superlattice switching during cooling (Fig. 3):
As the system cools through the superlattice transition temperature
Ty—set by F.ic.(X)—the barrier between X=0 and X # 0 is minimal,
allowing the weak writing force F,,;. to favour X# 0. Forn<n,, ¢ =0
andthe coupling vanishes, keeping the systemat X=0.Forn>n, @ #0
activates the coupling, favouring X # 0. As cooling proceeds, the bar-
rier grows and locksin the selected state. See Extended Data Fig. 9 for
illustrations.

(2) Doping-induced superlattice switching without cooling (Fig.4):
Following Fig.5a and starting from n=0, the systemresidesinthe p=0
and X=0 minimum. As nincreases towards n, @ turns on, and the cou-
pling term generates a writing force F,,;. that overcomes the energy
barrier, switching the system to X # 0. The required writing density
increases at lower temperatures (Fig. 6a), indicating that higher elec-
trondopingis needed to generate a sufficient writing force to overcome
the growing energy barrier. Upon reversing the doping, ¢ vanishes,
but the system remains trapped in the X # O state. The return transi-
tion occurs near n,, shifting towards higher hole doping at lower tem-
peratures (Fig. 6a). This indicates that higher hole doping generates
alarger erasing force. The microscopic mechanism by which doping
influences the writing or erasing force remains to be explored. Once
erased, the system remains in the X = O state until F,,;. again exceeds
thebarrier, thus completing the hysteresis loop. See more discussions
inthe Methods.

Raman signature of two lattice states

We now present the Raman data. The sample was first cooled to 40 K
atn.,=-10 x102 cm™ (superlattice off). The Raman spectrumin the
7-11 meV range exhibits three modes—labelled A, Band C—that remain
largely unchanged upon cooling (Fig. 5b,c). By contrast, upon cooling
at n ., =8 x 10" cm™ (superlattice on), mode A begins to soften and
broaden near approximately 200 K and becomes very weak below
approximately 76 K (Fig. 5d). One possible origin of this softening and
broadening is strong electron-phonon coupling (see the discussion
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in Supplementary Information section 12). Simultaneously, another
mode (labelled B") emerges just below the energy of the Bmode. Further
evidence supporting B’ as a distinct Raman mode is provided in
Extended DataFig.10. When the systemisheld at40 Kand the doping
istuned from 8 x10> cmt0-10 x10” cm?—the same doping and tem-
perature as in Fig. 5c—the B’ mode persists (Fig. 5e). These Raman
results, therefore, reveal two distinct lattice states that depend on the
doping and cooling history.

Interestingly, arecent study® reported CDW transitions in few-layer
TalrTe, using nonlinear Hall and Raman, indicating that CDW phases
are a prevailing feature of TalrTe, from monolayer’ to multilayers.
What we demonstrate here is different: an electronically driven lat-
tice memory. Both nonlinear Hall and Raman reveal two lattice states
that can be non-volatilely switched by tuning the low-energy electronic
states.

Emergent state at halffilling

This non-volatile memory stabilizes a spontaneous superlattice that
remains robust across a wide doping range, persists for days (limited
only by measurement duration) and survives temperatures above 70 K.
See discussions regarding further performance metrics and future
prospects in Supplementary Information sections 9,13 and 14. More-
over, by combining transport data with preliminary scanning tunnelling
microscopy results, we estimate the supercell area to be approximately
62 nm? (Supplementary Information sections 10 and 11), comparable
with that of flat-band moiré systems.

Combined with the QSH topology, this platform presents a promising
route torealizing exotic correlated phases. Indevice 2, we employ the
same doping-cooling programming protocol to set the system into
the superlattice off (Fig. 6b) and on (Fig. 6¢) states. In the on state, we
directly observe a weak but discernible linear resistance peak at n;,,
further supporting our interpretation of a superlattice-induced gap
at n,,. Strikingly, another resistance peak emerges near n./2, which is
unique to the onstate and vanishes—together with the n, peak—abruptly
at approximately 75 K. These observations point to afilling-enabled
correlated insulating phase within the superlattice flat band. Possibili-
tiesinclude CDW with longer periodicity, Mott, Stoner-typeinstability
and fractional QSH**"*%, These represent compelling directions for
future investigation.

Discussion and outlook

CDW-related memory phenomena, electronic and lattice instabilities,
and electron-lattice coupling have been reported in transition-metal
dichalcogenides, kagome metals and cuprates among others$ >4,
What distinguishes our system is, probably, twofold. On one hand,
independent electronic and lattice instabilities, with the energy bar-
rier and electron-lattice coupling operating at comparable energy
scales, are delicately balanced within the free-energy landscape. On
the other hand, the monolayer and semimetallic nature enables con-
tinuous and selective tuning of the electronic state through doping.
Together, these features allow the electronic and lattice orders to be
independently accessed, tuned and stabilized in quasi-equilibrium,
withthe memoryresiding exclusively in the lattice sector. This enables
new steady-state functionalities and investigation using experimental
equilibrium probes.
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Methods

TalrTe, crystal growth

High-quality TalrTe, crystals were synthesized by a Te flux growth
method withamolarratio of Ta, Ir and Te elements (purity over 99.99%)
of 3:3:94 in an alumina crucible and sealed in a vacuum quartz tube.
Thetube wasslowly heated and maintained at 1,373 K for 10 hand then
gradually cooledto 873 Katarate of 1.5 K h™. The TalrTe, single crystals
were separated from the Te flux by centrifuging.

TalrTe, monolayer fabrication

Monolayer TalrTe, was prepared by mechanical exfoliation onto
285-nm-thick SiO,/Si substrates using the Scotch tape method. Owing
to the air sensitivity of thin TalrTe, flakes, exfoliation was conducted
entirely inside an argon glovebox. Before exfoliation, the SiO, sub-
strates were treated with mild oxygen plasma to enhance flake adhe-
sion. The tape carrying exfoliated TalrTe, was brought into contact
with the substrate and gently pressed to eliminate trapped air bubbles.
The stack was then heated at 80 °C for 15 min. After cooling, the tape
was carefully peeled off, and monolayer flakes were identified under
an optical microscope.

We employed a bottom-contact device architecture with full boron
nitride (BN) encapsulation. The fabricationbegan with the assembly of a
bottom-gate stack (few-layer graphene/BN) using adry-transfer method
facilitated by a polycarbonate/polydimethylsiloxane stamp. Residual
polymer was removed by thermal annealing at 350 °Cfor3 hinaforming
gasatmosphere (Ar/H,) using a tube furnace. Subsequently, metal con-
tacts were patterned using electron-beam lithography (Elionix HS50),
followed by deposition of 2 nm of Ti/10 nm of Pt by electron-beam evapo-
ration (Angstrom Engineering). These contacts were then cleaned using
both post-annealing and contact-mode tip-cleaning with an atomic
force microscope. The prepared contact stack was transferred into an
argonglovebox for theremainder of the fabrication. Inside the glovebox,
we assembled the top-gate stack (BN/few-layer graphene/BN) using a
polycarbonate/polydimethylsiloxane stamp. Monolayer TalrTe, flakes
were exfoliated, identified, picked up by the top stack and transferred
onto the bottom stack—all within a single day—within the glovebox.
Finally, to protect the completed device, a poly(methyl methacrylate)
capping layer was applied through spin-coating inside the glovebox.
See Supplementary Information section 1for more fabrication details.

Linear and nonlinear Hall transport measurements

The linear (w) and nonlinear Hall (2w) transport measurements>>*
were conducted simultaneously by standard lock-in techniques at a
frequency of w = 17.777 Hz. Gate voltages were applied using Keithley
source meters. Indual-gated devices, the carrier densities nand exter-
nal electric field £ can be independently adjusted through the com-
bination of the top-gate voltage (V,,) and bottom-gate voltage (V,,):

€o€enVt €o€anVs
n= OBNbg+ 0°BNVtg

edy, ed, ’ )
_ 1 ng Vtg
E=3 ( d, d.) )

where €, is the vacuum permittivity, egy is the BN dielectric constant
(egn=3) and d,, (d,) is the thickness of the bottom (top) BN dielectric
layer.

Characteristics of the nonlinear Hall response
Thenonlinear Hall current J"*"¢ arising from the Berry curvature dipole
canbe expressed as:

JNLHE = €T EA-B) )
2(1+iwrt) !

where eis the electron charge, tis the relaxation time, w is the fre-
quency, Eisthe applied electric field and A denotes the Berry curvature
dipole.Based on equation (4), the following key features are expected:
(1) Hall effect: The term ¢ x E indicates that JM"€ is transverse to the
applied electric field E, characteristic of a Hall response. (2) Angle
dependence: The term (A - E) introduces a dependence on the angle
between AandE. The response is maximized when A || Eand vanishes
when A L E. (3) Quadratic /-V: The nonlinear Hall voltage (current)
scales quadratically withthe applied current I (electric field E), regard-
less of signal polarity. (4) Linear scaling between 2% and o,,: In our

case, the second-order nonlinear Hall conductivity 2% is given by:

Jy e’r
Opaa= baaz Py A,
()" 2nr°(1+iwT)

(%)

where jbza“; is the nonlinear Hall current, E, is the applied electrical
field ar31d h is the Planck constant. With w7 < 1, this simplifies to
O = %A, indicating a linear dependence on the relaxation time 7.
From the Drude model, the linear conductivity is givenby g,, = ne’r/m,
which is also proportional to 7, indicating that 62% « g,,. Here, m is
the electron mass. These criteria have been systematically examined
in our measurements, as shown in Extended Data Fig. 1, and we con-
firmed the Berry curvature origin of the observed responses.

Raman measurements

Raman spectra were taken in a backscattering geometry using a
home-built set-up integrated with an Attodry 2100 cryostat, which
provided atemperature range from approximately 1.7 K to 300 K. A
dual-gated monolayer TalrTe, device was loaded into the cryostat,
which enabled doping control during the Raman measurements.
A 532-nm diode laser (cobalt) or 633-nm He-Ne laser served as the
excitationsource, with afixed laser power of 1 mW and anintegration
time of 200 s per spectrum. Elastic scattering signals were suppressed
using a series of notch filters. The Raman set-up enabled us to detect
low-energy signals above 20 cm™ with an energy resolution of approxi-
mately 0.5 cm™ using an Andor spectrometer equipped with a1,800
lines per millimetre grating. The polarization was controlled by adjust-
ing the combination of the incident polarizer, quarter-wave plate or
half-wave plate angles, and detection analyser. The data shownin the
main text were measured in a circular cross-polarized configuration
controlled by the quarter-wave plate.

First-principles calculations

TheVienna abinitio simulation package (VASP)> was used for the den-
sity functional theory (DFT)* calculations. The valence electron config-
urations of Ta, Ir and Te were described with projector augmented-wave
pseudopotentials®, and the electronic interactions were addressed
by the Perdew-Burke-Ernzerhof functional®®. The cutoff of the plane
wave was 500 eV, and the width of the Gaussian smearing was 0.05 eV.
The k-grid of the Monkhorst-Pack scheme was set to 16 x 6 x 1 for the
integrations of the Brillouin zone. For the structural relaxation, the
convergence criteria for lattice optimizations were set at 10® eV and
0.1 meV A for total energy and ionic forces, respectively.

We modelled the superlattice-modulated band structure using a
Frohlich-Peierls Hamiltonian® and computed the Berry curvature
dipole, finding qualitative agreement with the experimental second-
order nonlinear Hall response (Supplementary Information section 3).

Free-energy model

We developed a phenomenological free-energy model with two order
parameters (low-energy electronic order and superlattice order) and
two external control parameters (doping and temperature). A detailed
description of thismodel and its correspondence with the experiment
is providedin Supplementary Information sections 6 and 7. Here we out-
linethe key points. The free energy F(g, X; T, n) takes the following form:



F(p,X;T,n)= La(T, n)e?+ igo“ + l¢x( X%+ L;Li(T))(4
2! 41 2! 41 )
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Here @ isthelow-energy electronic order, Xis the superlattice order,
nis the carrier density, T is the temperature and A is the electron-
lattice coupling coefficient. Near the phase transition, the coefficients
inequation (6) take the lowest order temperature (7) and carrier density
(n) dependence as

a(T)=(—c;T+cy) +cs, (7)
B(T)=c,T-cs, (8)
a(T,n)=c4T-cn+cg. 9)

Where the coefficients ¢, to cg are constants. We first examine the
behaviour of individual order parameters without the coupling. The
dependence of the free energy F on the low-energy electronic order ¢
follows the standard Ginzburg-Landau mean-field theory®, in which
anegative quadratic coefficient a(7, n) <0 leads to spontaneous sym-
metry breaking of the electronic order (Extended Data Fig. 7a). The
anharmonicity of the superlattice distortion X is a central feature of
our model. Unlike a simple harmonic lattice, in which distortions are
governed by quadratic terms, the potential landscape of a superlat-
tice distortion requires higher order anharmonic terms, such as X*
and X° (Extended Data Fig. 7b). Anharmonicity generally exists in all
crystalsand molecules, butitis usually neglected, as lattice vibrations
are usually confined to the harmonic regime by the steep potential
barrier. The anharmonic effects become stronger for superlattices
with along wavelength, which reduces the symmetry, folds the pho-
nonspectrumand leads to a shallower potential surface accessible by
electron-phonon coupling.

After analysing the free energy F as a function of individual order
parameters, we now examine its behaviour in a two-dimensional
order-parameter space. In this extended space, F(¢, X) develops several
local minima. To illustrate, we start with the decoupled system, that
is, A= 0in equation (6). In this limit (Extended Data Fig. 7c), the local
minimaofthe free energy correspond to the Cartesian product of the
one-dimensional minima. At a low carrier density far from the VHSs
(n < n,; Extended Data Fig. 7c, left), the electronic order ¢ vanishes
(¢ =0) for all local minima and F(¢, X) has three local minima, which
can be classified based on the superlattice order. We denote the local
minimawithout asuperlattice order (X=0) asthe typel phase, whereas
the minimawith afinite superlattice order (X# 0) are the type Il phase.

At a carrier density close to the VHSs (n > n.; Extended Data Fig. 7c
right), the charge susceptibility is amplified and spontaneous sym-
metry breaking occurs in the ¢ part of the free energy. The con-
sequence of this ordering in the context of the free energy F(¢p, X)
is the splitting of these potential wells along the ¢ (low-energy
electronic order) axis. In this case, with the finite electronic order
parameter (¢ # 0), we denote the minima without and with the
superlattice order as type Il (X = 0) and type IV (X # 0) phases,
respectively.

If the coupling coefficient A is adiabatically increased from zero to
its physical value, the local minima of free energy corresponding to
phases|, II, Ill and IV will be modified accordingly. However, they can
still be categorized based on whether they maintain the low-energy
electronicorderand superlattice order. Note that the electronic order
of phase Il and the superlattice order of phase Ill are small but do not
exactly vanish due to the finite coupling A (Extended Data Fig. 7d).
The order parameters for the different phases are summarized in
Extended Data Fig. 7e.

Extended Data Fig. 7f shows a phase diagram featuring four distinct
phases. In phasel, neither the electronic order nor the superlattice is
present. This phaseresides ontheleft-hand side of the phase diagram. In
phasell, the electronic order is weak, and the superlattice is on (denoted
as1). This phase occupies the left-hand bottom corner of the diagram.
Notably, the left-hand bottom corner can host either phase I or phase
II, depending on whether the system undergoes ¢-field cooling. Both
phasellland phaseIV correspondto astrongelectronic orderinduced
by VHSs and arelocated on the right-hand half of the diagram. The dis-
tinctionliesinthe superlattice state: phase Il corresponds to superlat-
tice off (denoted as 0), whereas phase IV corresponds to superlattice
on (1). Theupper part of phaselll occurs because @ is not large enough
toinduce the superlattice. The lower part of phase IlI, which overlaps
with phaselV, arises when the cooling path corresponds to no ¢ cooling.

In this model, the writing force that drives the transition from X=0
toX#0Qisclearly the coupling termA@X, consistent with experimental
observations that the X # 0 phase is triggered by the electronic order
atn.. Thereverse transition—from X# 0 back to X=0-can occur when
@ vanishes, provided the barrier between the two states is negligible.
There is also the possibility of explicit erasing forces arising from
coupling between the superlattice and holes. For instance, DFT cal-
culations indicate the presence of VHSs in the valence band below n,,
(refs. 5,61,62), which could stabilize an alternative electronic order
with a distinct wavevector Q that competes with the order at nn.. Such
competition may generate another erasing force capable of overcom-
ing the barrier and restoring the X= 0 state. It would be interesting to
explore deeper hole doping towards the valence VHSs, where compet-
ing electronic instabilities may stabilize a second superlattice with a
distinct periodicity. Observing reversible transitions between the two
superlattices would provide strong support for this scenario. We leave
this as an open question for future investigation.
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Extended DataFig.1|Key characteristics of Berry curvature nonlinear Hall
responses. a, Opticalimage of Device1, scale bar,5um.b-d, Characteristics of
the nonlinear Hall response close to the CNP: (1) The longitudinal Vf;jl issmaller
thanV22. Note that the two V2%, curves are measured from two parallel sets of
Hall probes and exhibit highly consistent results. (2) Angular dependence of
thenonlinear Hall response V?*, consistent with the mirror symmetry M. Here,
Orepresentsthe angle between the crystal axis (@ direction) and the injection
currentdirection /?, asillustrated in panela. (3) The scaling relationship
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between the nonlinear Hall conductivityg;gz anthhe Drude conductivity g,,is
investigated. 02 can be obtained from: o - %' where/,istheinjected

currentalongd, R, is thelongitudinal resistance, and [is the samplelength,
respectively. The observed linear relationship between 622 and o,,,indicates
thato2%, dependslinearly ont, consistent with the Berry curvature-induced
nonlinear Hall effect. e-g, Similar characteristics are observed closeton=n,.

Notably, the angular dependenceisinterestingly sharper.
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Extended DataFig.4d (left). The warm-up measurementis more straightforward,

Extended DataFig.2| Temperature dependence of nonlinear Halland
linearresistance responsesatn,and n..a, Temperature dependence of V&,
atn,. The cooldown measurementis not straightforward because, to trigger
then,response during cooling, the carrier density must first be tuned ton,or
above. The corresponding measurement protocol and raw dataare shownin

20

asthesystemis preparedinthe ONstate and held at fixed n,. b, Temperature
dependence of R,,, asthe systemis preparedin the ON state and held at
fixed n,.Inset shows azoomed-in view of the resistance jump near 7-76 K.

20

c,d, Temperature dependence of V;% and R, atn,.
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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 samplesize used here, as well as strain effects®?. b,c, In Devices1and 4,
V2% In,is suppressed below ~40 K, and no R, peakaat n, (c).d,e, In Devices 2

and 3,V |n, persists down to 4 K,accompanied by a R, 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,
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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 gapis present atn=n, makingthe system
more susceptible to such redistribution, with the suppression of V2 |n,as a
possible consequence.In contrast,in Devices2and 3, the presence ofagap
atn=n, maystabilize the electronic structure and Berry curvature against
additional correlation effects arising from the hole-side VHSs. Further
investigationisneeded to fully understand this interesting observation.
Notethatthe gap observedatn,inDevices2and 3 appearsonly whenthe
deviceiscooled fromdensities 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.
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