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Topological excitonic insulator with tunable 
momentum order
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Correlated topological materials often maintain a delicate balance among 
physical symmetries. Many topological orders are symmetry protected, 
whereas most correlated phenomena arise from spontaneous symmetry 
breaking. Cases where symmetry breaking induces a non-trivial topological 
phase are rare. Here we demonstrate the presence of two such phases in 
Ta2Pd3Te5, where Coulomb interactions form excitons that condense below 
100 K, one with zero and the other with finite momentum. We observed a full 
spectral bulk gap, which stems from exciton condensation. This topological 
excitonic insulator state spontaneously breaks mirror symmetries but 
involves a weak structural coupling. Scanning tunnelling microscopy shows 
gapless boundary modes in the bulk insulating phase. Their magnetic field 
response, together with theoretical modelling, indicates a topological 
origin. These observations establish Ta2Pd3Te5 as a topological excitonic 
insulator in a three-dimensional crystal. Thus, our results manifest a unique 
sequence of topological exciton condensations in a bulk crystal, offering 
exciting opportunities to study critical behaviour and excitations.

In the pursuit of new collective phases of matter that exhibit intriguing 
quantum properties, one long-standing goal has been the realization 
of the excitonic insulator. This excitonic phase of matter, initially pro-
posed in theoretical studies dating back to 1964, is an exotic state where 
excitons spontaneously form and undergo Bose–Einstein condensa-
tion in thermodynamic equilibrium1–4. This elusive phenomenon has 
attracted substantial attention due to its predicted phenomenology, 
such as dissipationless energy transport akin to a superfluid5, electronic 
ferroelectricity6 and superradiant emission7. Formally, the excitonic 
insulator shares similarities with superconductors, as both involve 
many-body effects beyond non-interacting electron theory and the 
spontaneous emergence of a condensate of paired fermions. For an 

excitonic insulator, the condensate is formed by excitons, which are 
bound electron–hole pairs8,9. Although an excitonic insulator is pri-
marily driven by electronic interactions, it is often accompanied by a 
pronounced structural phase transition3,10, leaving many experimental 
signatures ambiguous. For example, among the three-dimensional 
(3D) materials considered as potential excitonic insulators11–16, the 
most promising candidate so far, Ta2NiSe5, experiences such a promi-
nent structural phase transition10,17–19. Consequently, whether Ta2NiSe5, 
indeed, hosts an excitonic insulator state remains a subject of debate10. 
Conversely, two-dimensional systems, such as bilayer heterostructures 
under high magnetic fields20–25 and materials like WTe2 (refs. 26,27), have 
shown indications of exciton condensation. Exciton condensation has 
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Having identified a pristine surface, we conducted spectroscopic 
measurements. The spatially averaged differential conductance (dI/dV)  
spectra exhibited the temperature-dependent characteristics of gap 
formation (Fig. 1d). At higher temperatures (T ≳ 100 K), the system 
exhibited a gapless, semimetallic state, as evident from the nearly 
V-shaped dI/dV spectrum with a low but non-zero local density of states 
at the Fermi energy (EF). However, an insulating gap (Extended Data 
Fig. 4) emerged at T ≲ 100 K. The gap gradually increased in magnitude 
when the sample was cooled (Fig. 1e); see also Supplementary Notes 
5 and 6. The development of this insulating energy gap could also be 
seen with angle-resolved photoemission spectroscopy (ARPES) by 
exploiting matrix-element selection effects and temperature control 
(Supplementary Notes 1–3 and Supplementary Figs. 1–3).

To understand the anomalous semimetal-to-insulator transition, 
we conducted polarization-dependent ARPES measurements. This 
technique leverages linearly polarized X-rays to provide a symmetry 
fingerprint of the electronic states19,33. Specifically, band hybridization 
between bands of distinct orbital characters is detectable through a 
change in the photoemission intensity for certain light polarizations. 
We oriented the sample such that the Γ0–Z0 path lies within the scat-
tering plane, which ensured that photoelectrons emitted from the Γ 
point were free from any experimental asymmetry. We measured the 
energy–momentum cut along the Γ0–Y0 path with s and p polarizations 
at both 330 and 10 K. The results are summarized in Fig. 2. Here, s and 
p designate light with an electric field perpendicular or parallel to the 
plane of incidence, respectively.

At T = 330 K, the ARPES spectra measured with p polarization 
primarily show one parabolic conduction band (CB1) and an M-shaped 
hole-like valence band (VB1) (Fig. 2a). The bottom of CB1 was at the Γ 
point and slightly below the Fermi level, leading to the (semi)metallicity 
of the crystal. Conversely, only a hole-like valence band (VB2) appeared 
under the s-polarized probing light (Fig. 2c). Intriguingly, when the 
temperature dropped to 10 K, the top of the VB2 band descended by 
60 meV, whereas changes to the VB1 band were negligible. Addition-
ally, a faint but discernible spectrum of the VB1 band emerged in the 
s-polarized spectra. These results rule out a rigid band shift and indicate 
the presence of orbital hybridizations.

Note that under the experimental geometry, the My symme-
try still holds for the photoemission process. Moreover, under the 
free-electron final-state approximation, we can conclude that only 
bands with odd (even) My parity have a finite spectral weight under s- 
(p)-polarized light, as the mirror parity of the initial-state wavefunction 
must be consistent with the parity of the electron dipole interaction to 
have non-zero transition probabilities. As depicted in Fig. 2e, CB1 and 
VB1 have positive My parities, whereas VB2 has a negative mirror parity 
in the normal phase. Note that the extracted My parities are consistent 
with the first-principles calculations (Fig. 2f ). However, at T = 10 K, 
the appearance of VB1 in both s- and p-polarized spectra indicates a 
breaking of the My symmetry in the insulating phase. Moreover, the 
pronounced shift in VB2 and CB1, when contrasted with the stability 
of VB1, points to hybridization at lower temperatures between the 
two states, indicating a direct-coupling interaction, that is, coupling 
between two states at the same momentum (Q = 0, where Q represents 
the wavevector of the ordering). This also supports the breaking of the 
mirror symmetry, given the different My parities of these states in the 
normal phase. Additionally, the first-principles calculations reveal 
that VB2 and CB1 exhibit different Mx parities, further indicating the 
breaking of the Mx symmetry at low temperatures; see ‘Broken sym-
metries due to the excitonic insulator transition’ in Methods for the 
symmetry analysis.

Although electron–lattice interactions will generically induce 
a structural phase transition when exciton condensation breaks the 
mirror symmetries, contrasting our polarization-dependent ARPES 
measurements with bulk scattering probes revealed that the driv-
ing mechanism was electronic instead of structural. In fact, our 

been observed for WTe2 exclusively in the monolayer form26,27, whereas 
3D WTe2 is a metal without an energy gap28,29. Here, we report the dis-
covery of an excitonic insulator phase in a 3D material Ta2Pd3Te5, where 
the excitonic insulator transition is accompanied by a relatively weak 
(but non-zero) structural coupling that does not obscure the excitonic 
insulator physics. Our data for this material indicate that excitons spon-
taneously form and condense, thus developing a bulk-gapped excitonic 
insulator state. Notably, our study unveils that this correlated insulating 
state has a topological character, rendering Ta2Pd3Te5 as a topological 
excitonic insulator hitherto unknown in a 3D material.

In a topological excitonic insulator, the exciton condensate opens 
a topological gap in the single-particle band spectrum. Excitons form 
due to the attractive Coulomb interaction between electrons and holes 
near the charge-neutral point, leading to a pairing instability of the 
Fermi surfaces and, thus, the opening of an energy gap. This results in 
a thermodynamic phase transition, corresponding to the condensa-
tion of excitons, where the system transitions from a high-temperature 
(semi)metal to a fully gapped low-temperature insulator characterized 
by a topological mean-field band structure. Although it is not uncom-
mon for electronic correlations to open a charge gap (for example, 
BCS superconductors or Mott insulators), it is very rare for that gap to 
be topologically non-trivial, as in a topological excitonic insulator. In 
topological exciton insulators, the correlated gap is accompanied by 
gapless topological boundary states. Although the topological excitonic 
insulator state has been theoretically suggested for Ta2NiSe5 (ref. 30), its 
presence remains inconclusive given that the experimental evidence for 
the excitonic insulator state in Ta2NiSe5 is itself still under debate. It is, 
therefore, desirable to find other materials that could host a topological 
excitonic insulator phase. In so doing, we demonstrate that Ta2Pd3Te5 
offers a unique competition between two symmetry-distinct topologi-
cal excitonic insulator phases (with broken mirror symmetry and with or 
without broken translation symmetry). The accessibility of the result-
ing transition opens opportunities for studying critical behaviour and 
emergent excitations that link topology and symmetry breaking. Along 
these lines, our spectroscopic investigations reveal the tunable nature 
of the translation breaking under a magnetic field.

Our investigation began by characterizing the atomic structure 
of Ta2Pd3Te5, which has an orthorhombic phase with the space group 
Pnma (No. 62) (Fig. 1a,b)31,32. The unit cell comprises two Ta2Pd3Te5 
monolayers that are stacked along the a axis through weak van der 
Waals interactions. Each monolayer encompasses a Ta–Pd mixed layer 
sandwiched between two Te layers. To confirm the pristine atomic 
structure of our Ta2Pd3Te5 sample, we conducted detailed atomic imag-
ing on the (010) and (001) surfaces using scanning transmission elec-
tron microscopy (STEM) (Extended Data Fig. 1). The results obtained 
confirm the expected lattice parameters of Ta2Pd3Te5, with values of 
a = 14.08 Å, b = 3.72 Å and c = 18.66 Å, which are consistent with previ-
ous investigations31,32. Elemental mapping with an energy-dispersive 
X-ray detector (Extended Data Fig. 2) found unperturbed atomic layers, 
which verified the structural integrity and composition of Ta2Pd3Te5. 
Furthermore, selected-area electron diffraction patterns acquired at 
temperatures of 290 K (top) and 90 K (bottom) (Extended Data Fig. 1) 
exhibited identical crystal symmetries and did not detect any structural 
phase transition in Ta2Pd3Te5 within this temperature range. Refer to 
Extended Data Fig. 3 for the X-ray diffraction results elaborated on 
below. Atomically resolved scanning tunnelling microscopy (STM) 
topographic measurements revealed a freshly cleaved Ta2Pd3Te5 (100) 
surface comprising quasi-one-dimensional atomic chains extending 
along the b axis (Fig. 1c), which corroborates the expected atomic 
structure. The lattice constants obtained from the STM topography are 
b = 3.7 Å and c = 18.6 Å. These values match our STEM results (b = 3.72 Å 
and c = 18.66 Å) and the crystallographic structure model (b = 3.713 Å 
and c = 18.63 Å). Furthermore, the angle between the b and c axes seems 
to be approximately 90°, which is consistent with the crystallographic 
structure for Ta2Pd3Te5 and our STEM results.
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structural measurements (electron and X-ray diffraction) show that any 
symmetry-breaking signatures occurring in conjunction with the gap 
formation were below our detection threshold (Extended Data Fig. 3, 
Supplementary Notes 8 and 9, and Supplementary Figs. 9 and 10). This 
is inconsistent with the possibility of symmetry breaking driven by the 
lattice. Furthermore, our specific heat measurements (Supplementary 
Note 10 and Supplementary Fig. 11) uncovered a weak anomaly near 
T = 100 K, which is difficult to reconcile with lattice-driven structural 
instabilities. Lattice-driven structural phase transitions usually lead 
to pronounced peaks, or lambda anomalies, in the specific heat due to 
the first-order nature of such transitions. Collectively, these measure-
ments indicate that any changes in the lattice degrees of freedom were 
a secondary effect and that the mirror symmetry breaking detected 
by our ARPES measurements had an electronic origin. Therefore, 
the semimetal-to-insulator thermodynamic phase transition and the 
resultant mirror symmetry breaking stemmed from the formation of an 
exciton condensate. This condensate lowered the energy of the system 
by opening a gap, as seen in both the STM and ARPES measurements.

Our conclusion that there is an excitonic insulator state in Ta2Pd3Te5  
is based on detailed STM and ARPES measurements and is consistent 
with the findings of recent ARPES studies34,35. These observations in 
Ta2Pd3Te5 contrast with the scenario for Ta2NiSe5, where a pronounced 
structural phase transition coincides with the exciton formation. 
This concurrence raises questions about the origin of the insulating 
gap in Ta2NiSe5: is it driven by electronic interactions or the lattice 
instability10,17–19? Recent studies indicate that the insulating gap in 
Ta2NiSe5, where a clear structural transition is detected, might primar-
ily arise from structural instability instead of exciton condensation10. 
Conversely, possible structural changes in Ta2Pd3Te5 due to exciton 
condensation were below our detection threshold, implying that the 
insulating gap in Ta2Pd3Te5 primarily arises from electronic instability. 

Because the electronic and structural degrees of freedom were ther-
modynamically coupled, the breaking of electronic symmetry neces-
sarily implies a structural anomaly (for example, a change in volume), 
although not necessarily a structural transition. The detection by 
ARPES of mirror symmetry breaking in Ta2Pd3Te5 coupled with the 
absence of discernible structural changes in X-ray diffraction, electron 
diffraction and thermodynamic measurements indicate that the cou-
pling between the electronic and structural order parameters is very 
weak in this material. A conclusive understanding of how the excitonic 
insulator transition impacts phonons in Ta2Pd3Te5 will require detailed 
structural investigations.

Having unveiled the spontaneous condensation of excitons into 
a correlated insulating state, we investigated the topological proper-
ties of this correlated state. A hallmark of topology is the presence of 
gapless boundary states protected by time-reversal symmetry within 
the insulating bulk energy gap. To explore these boundary states, 
we conducted real-space investigations using STM, which allowed a 
direct, atomic-scale visualization with high spatial and energy resolu-
tion36. It has proven effective in identifying topological boundary states 
in various quantum materials36–48. Upon scanning a freshly cleaved 
Ta2Pd3Te5 crystal, we observed a well-defined monolayer atomic step 
edge along the b axis, as identified by the topographic image and cor-
responding height profile in Fig. 3a. Notably, our spatially resolved 
spectroscopic imaging at T = 5 K revealed a pronounced edge state 
within the correlated insulating gap, as depicted by the differential 
conductance (dI/dV) maps at V = 0 and 30 mV in Fig. 3a (see Extended 
Data Fig. 5 for more results). To characterize the spatial profile of the 
edge state, we extracted a line profile from the dI/dV map, as illustrated 
in Fig. 3b. The line profile demonstrates an exponential decay of the 
edge state along the crystal side with a characteristic decay length of 
r0 ≈ 1.6 nm, indicating an exponential localization of the edge state. 
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Fig. 1 | Real-space characterization of Ta2Pd3Te5 showing the development 
of an insulating bulk gap around T = 100 K. a, Crystal structure (top) and 
top view of the (100) surface (bottom). The highlighted Te atoms are on the 
cleaved topmost plane of the (100) surface. The lattice constants b = 3.713 Å and 
c = 18.63 Å along the b–c plane are also indicated. b, Brillouin zone for Ta2Pd3Te5 
(bottom) and the surface Brillouin zone with surface normal perpendicular to 
the cleave plane (top). High-symmetry points and lines are marked in green. 
c, Atomically resolved STM topographic image of the (100) plane (tunnelling 
junction set-up: voltage bias between tip and sample Vset = 300 mV and tunnelling 
current Iset = 0.5 nA). Bottom inset, magnified view of the topographic image, 
showing lattice constants b = 3.7 Å and c = 18.6 Å and the approximately 90° 
angle between them, matching the crystallographic structure. The top view of 
the crystal structure (shown in a) is superimposed onto the image to indicate 

the atomic chains. Top inset, Fourier transform of the topographic image, 
indicating the Bragg peaks (QB) along the b and c axes. H and L in the colour bars 
denote high and low intensities, respectively. d, Spatially averaged energy-
resolved tunnelling spectra obtained at various temperatures. The spectra were 
averaged over 20 curves along the red line marked in the topographic image 
(inset). Spectra for different temperatures are vertically offset for clarity. No gap 
was observed in the dI/dV spectrum at T = 100 K, whereas at T = 4.2 K, a sizeable 
insulating gap of approximately 75 meV emerged. e, Temperature dependence 
of the insulating gap. The gap was determined from the spectra in d as explained 
in ‘Determining the energy gap from the tunnelling spectra’ in Methods. The gap 
appeared around 100 K and increased with decreasing temperature. Vertical 
(error) bars indicate the thermal broadening energy for each data point.
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The edge state exhibited a steeper decay on the vacuum side. Further-
more, energy-resolved spectroscopic measurements conducted on the 
step edge (Fig. 3c) revealed a substantial dI/dV signal (orange curves) 
around the Fermi energy, whereas the dI/dV spectrum away from the 
step edge (violet curves) had an insulating gap. Note that the spectral 
dip of the Fermi energy of the edge state could possibly be attributed 
to Tomonaga–Luttinger liquid behaviour, a many-body ground state 
associated with one-dimensional bands, as reported for edge states in 
bismuthene49 and Bi4Br4 (ref. 48), for instance.

Although edge modes have been observed in Ta2Pd3Te5 (refs. 31,32),  
no clear evidence for their topological nature has been reported. To test 
the topological nature of the observed boundary state, we investigated 
its response to an external magnetic field. The magnetic field broke 
the time-reversal symmetry, which protected the gapless topological 
edge states. When a magnetic field perpendicular to the b–c plane was 
applied, we observed a substantial suppression of the dI/dV measured 
at the step edge. The field-dependent tunnelling spectra, shown for 
B = 2, 3 and 6 T in Fig. 3c, demonstrate the gradual formation of an 
insulating gap at the edge state. (The field-induced suppression of the 

edge state is also visualized in the dI/dV map under B = 6 T in Fig. 3d.) 
The emergence of this gap at the step edge bears resemblance to a 
Zeeman gap, which typically stems from the field-induced coupling of 
helical edge states in a time-reversal symmetric material50–52. Notably, 
a clear and reasonably linear increase of the energy gap in both the 
terrace (bulk) and the step edge was observed when we plotted the 
energy gap magnitude derived from the field-dependent tunnelling 
spectra as a function of the magnetic field (Fig. 3e), thus corroborat-
ing the anticipated behaviour of the Zeeman effect. By attributing the 
gap only to the Zeeman effect, we could estimate the Landé g-factors 
of the bulk and edge state, yielding values of 9 and 70, respectively. 
Note that these g-factor estimates also include the effect of orbital 
magnetization. Furthermore, because the bulk energy gap was due to 
interactions, its magnitude may have been affected by the magnetic 
field, leading to a nonlinear dependence of the gap on B that cannot 
be characterized by an effective g-factor alone. Overall, the observed 
edge state, initially gapless and located within the bulk insulating 
energy gap, underwent a transition to a gapped state when subjected 
to a time-reversal-symmetry-breaking perturbation, which provides 
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Fig. 2 | Signatures of interband hybridization and mirror symmetry breaking 
in the low-temperature electronic phase of Ta2Pd3Te5. a–d, Experimental 
energy–momentum dispersions along the direction, captured using 54-eV 
photons with s and p polarizations at T = 10 or 330 K. Raw data are presented in 
the upper row, and the corresponding curvature plots are shown in the lower row. 
The conduction band (CB1) and two valence bands (VB1 and VB2) are highlighted 
by the green arrows. Data was acquired under the following conditions: T = 330 K  
(a) with p-polarized light; T = 10 K (b) with p-polarized light; T = 330 K with 
s-polarized light (c); and T = 10 K with s-polarized light (d). e, Full E versus k 
dispersion for the normal phase, obtained by combining s- and p-polarized data. 
f, Calculated band structure for monolayer Ta2Pd3Te5 in its semimetallic phase. 
The calculated mirror-symmetry My parity (without considering spin–orbit 
coupling) for each band is also indicated, which matches the experimental 

results shown in e. g, Same as e, but for the low-temperature excitonic insulator 
phase. The eigenvalues for mirror symmetry My were extracted for each band 
based on their polarization dependencies and are summarized in e and g. Note 
that VB1 appears in both s- and p-polarization channels at low temperatures, 
indicating the breakdown of the My symmetry. Moreover, VB2 shifts substantially 
down to a deeper binding energy compared to VB1, ruling out the possibility of a 
rigid band shift and underscoring the presence of interaction-driven interband 
hybridization. Plus and minus signs indicate the mirror parities for each band. 
At the lowest temperatures, a distinct spectral feature emerges near the Γ0 point 
in the ARPES curvature plot (g). This state has a positive My character and out-of-
plane dispersion and follows the spectrum intensity distribution of CB1 at higher 
temperatures. (See the discussion in Supplementary Note 1.) H and L in the colour 
bars denote high and low intensities, respectively. DFT, density functional theory.
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compelling evidence for its protection by the time-reversal symmetry, a 
characteristic hallmark of topological boundary states53,54; see Supple-
mentary Notes 4 and 15–17 and Supplementary Fig. 17 for more results.

Additionally, we conducted temperature-dependent tunnelling 
measurements to examine the behaviour of the edge state as the bulk 
insulating gap closed above the excitonic insulator transition tem-
perature. The results of these experiments, depicted in Fig. 3f, dem-
onstrate that the insulating bulk gap and the prominent edge state 
observed at T = 5 K disappeared at T = 120 K. At T = 120 K, the bulk 
reverted to a gapless, semimetallic state, whereas the dI/dV magnitude 
of the edge state became suppressed with respect to the bulk. This 
temperature-dependent transition of the quantum state of the bulk 

and edge is also evident in the spatially resolved spectroscopic maps 
in Fig. 3g. At T = 5 K, the dI/dV maps taken at the Fermi energy display 
a pronounced state at the edge and no discernible state at the bulk, 
whereas at T = 120 K, the bulk states are more prominent with respect 
to the edge; see Extended Data Fig. 5 for more results.

The presence of a topological boundary mode within the cor-
related excitonic insulator energy gap indicates that the ground 
state of the material is a topological excitonic insulator. Next, we 
further cooled the sample to examine the excitonic state at lower 
temperatures. Figure 4a displays a large-area topographic image and 
corresponding dI/dV maps of the occupied side (−200 mV) and unoc-
cupied side (100 mV) of the insulating gap at T = 5 K. As alluded to in 
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taken at the step edge and away from it, respectively. The corresponding spatial 
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taken at the same locations and are vertically offset for clarity. Dashed horizontal 

lines mark zero dI/dV for different fields. d, dI/dV map at B = 6 T (V = 0 mV) taken 
in the same region as in a. e, Measured spectroscopic energy gaps at the terrace 
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used for the lock-in detection Vmod = 2 mV. H and L in the colour bars denote high 
and low intensities, respectively.
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earlier discussions, in this zero-momentum exciton condensate, no 
superlattice modulations in the charge distribution were observed. 
Only the Bragg peaks are visible in the respective Fourier transform 
images (Fig. 4a,b). Strikingly, however, at an even lower temperature 
of T = 4.2 K, a secondary spontaneous electronic transition that does 
break translation symmetry with an incommensurate wavevector 
was observed, which is clearly visualized in the topographic image in 

Fig. 4c, with the corresponding Fourier transform image displaying 
distinct peaks denoted as Qexc (Supplementary Note 7). By spatially 
mapping dI/dV on both the occupied side (−200 mV) and unoccupied 
side (100 mV) of the energy gap, we spectroscopically visualize the 
resulting superlattice modulations, demonstrating the spectroscopic 
contrast (Fig. 4c). The maxima (minima) of the local density of states 
at −200 mV correspond to the minima (maxima) of the local density 
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Fig. 4 | Secondary exciton instability with non-zero wavevector leading 
to translation symmetry breaking. a, Top, topography (left) and dI/dV 
maps acquired at the occupied (V = −200 mV) (middle) and unoccupied 
side (V = 100 mV) (right) of the insulating gap measured at T = 5 K. Bottom, 
corresponding Fourier transform images revealing well-developed Bragg peaks 
(purple circles). b, Energy dependence of the Fourier transform magnitude along 
the grey line in the Fourier transform images (the horizontal axis is normalized 
by Qexc, defined in c). c, Topography (left) and dI/dV maps acquired at V = −200 
and 100 mV, measured at T = 4.2 K, showing a pronounced translation-symmetry-
breaking order as revealed through the topographic and spectroscopic contrast. 
The Fourier transform images of the topography and the dI/dV maps shown on 
the bottom display well-defined wavevector peaks (orange circles) alongside 
the Bragg peaks (purple circles). The wavevector, Qexc = ±(−0.43c* + 0.035b*) and 
±(0.57c* + 0.035b*). d, Energy-dependent Fourier transform magnitude along 
the line cut indicated with a grey line in the Fourier transform images showing 

the energy dependence of Qexc. The line cut position is the same as in a. Akin to 
the data in b, the horizontal axis here is also normalized by Qexc. In contrast to 
the b data, however, a non-dispersing, well-developed peak intensity is seen at 
q = Qexc and at both sides of the insulating energy gap. The plots in b and d were 
constructed using voltage bias intervals of 20 meV and 12.5 meV, respectively. 
As such, these plots lack sufficient energy resolution to accurately reflect gap 
sizes at the respective temperatures. e, Top, topography (left) and dI/dV maps 
acquired at the occupied side (V = −200 mV) (middle) and unoccupied side 
(V = 100 mV) (right) of the energy gap, measured at T = 4.2 K under 6 T field, 
revealing the topographic and spectroscopic contrast associated with the 
translation-symmetry-breaking order. Bottom, Fourier transform images of 
the topography and the dI/dV maps. Strikingly, here Qexc = ±(0.5c* + 0.07b*) is 
different from Qexc under zero magnetic field. f, Scatter plot highlighting the 
magnetic field tunability of Qexc. Tunnelling junction set-up, Vset = 300 mV, 
Iset = 0.5 nA and Vmod = 2 mV. FFT, fast Fourier transform.
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of states at 100 mV, indicating a reversal of the spectroscopic con-
trast. This is consistent with a translation-symmetry-breaking order. 
Moreover, the peaks of the wavevectors Qexc obtained from the Fourier 
transform of the dI/dV maps coincide with those from the Fourier 
transform of the topography (Fig. 4c). Additionally, we investigated 
the energy dependence of the wavevectors Qexc and found that they 
seem to be independent of energy, as the Qexc peak locations remained 
non-dispersive outside the insulating gap (Fig. 4d). Within the insulat-
ing gap, by definition, no discernible spectroscopic signal was present. 
Notice that this secondary spontaneous electronic transition was 
accompanied by a marked increase in the spectral gap, as indicated in 
Fig. 1d by the traces collected at T = 5 and 4.2 K.

To understand the nature of the translation-symmetry-breaking 
order formed within the primary excitonic insulator state, we studied 
their dependence on the magnetic field (Fig. 4e,f and Extended Data 
Fig. 6). The series of topographic images acquired at various magnetic 
fields (0, 2, 4 and 6 T) at T = 4.2 K in Extended Data Fig. 6 clearly reveal 
the translation symmetry breaking under all fields. Interestingly, the 

corresponding wavevectors (Qexc) continuously changed with increas-
ing magnetic field, as visualized by the Fourier transform of the topog-
raphy. This field-induced evolution of Qexc is further evidenced by the 
spectroscopic imaging presented in Fig. 4e, which reveals the spec-
troscopic contrast in real space in both the occupied and unoccupied 
sides of the energy gap. There is a contrast reversal between the two 
sides, akin to the zero-field data in Fig. 4c. Importantly, the Qexc peaks 
obtained from the Fourier transforms of the dI/dV maps align with 
those obtained from the Fourier transform of the topography (Fig. 4e), 
both revealing markedly different Qexc peak positions compared to the 
zero-field data. The field-induced evolution of Qexc, as summarized in 
Fig. 4f (also refer to Extended Data Fig. 6f), provides crucial insights  
into the nature of the ordering. At high temperatures (above T ≈ 100 K), 
Ta2Pd3Te5 is a semimetal with a negative indirect bandgap where 
particle- and hole-band extrema are separated by a finite, non-zero 
wavevector in the Brillouin zone. The primary exciton condensate 
is expected to inherit this characteristic wavevector in its effective 
(mean-field) band structure. The secondary order should then be 
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Fig. 5 | Theoretical modelling of the primary and secondary exciton 
condensation transitions. a, Low-energy band structure in the absence of an 
excitonic phase. b, Density of states in the absence of the excitonic phase. The 
system is metallic. The conduction band minimum is at 5.5 meV below the valence 
band maximum. c, Band structure for a ribbon with open boundaries along the 
y (left) and x directions (right). Blue bands represent the bulk continuum. Red 
curves illustrate the Z2 topological edge states that connect the conduction 
and valence bands. d, Band structure in the presence of a primary excitonic 
order at T = 10−3 K and V = 1.16 eV. e, Density of states in the presence of the 
primary excitonic order, exhibiting the opening of a fully developed bulk gap 
Egap ≈ 21.5 meV. f, Projection of the band structure along the x (left) and y (right) 
directions. Red dashed curves indicate the edge states. Qx and Qy denote the 
momentum separation between the conduction band minimum and valence 
band maximum along the kx and ky directions, respectively. g, Band energy 

gap Egap (red curve) as a function of T, exhibiting a monotonic decrease with 
increasing T and its disappearance for T ≥ 110 K, reminiscent of our experimental 
observation. The blue dashed curve plots the maximum value of the primary 
excitonic order parameter in momentum space max(Δk) as a function of T.  
h, Minimum separation between the conduction and valence bands min(Esep) 
as a function of T. The separation is always finite on changing the temperature. 
i, Secondary finite-momentum excitonic order parameter Δexc2 (blue dashed 
curve) and bulk energy gap Egap (red curve) as functions of T, both developing 
below 25 K. We consider the same Coulomb interaction strength as that used 
for the primary excitons. The secondary excitonic order is substantially weaker 
than the primary one and exhibits a lower critical temperature. j, Schematic 
phase diagram of the discovered phases (presented using different shadings) of 
Ta2Pd3Te5. k, Momentum separation Qy between the valence band maximum and 
the Γ point as a function of the Zeeman-like energy h. DOS, density of states.
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interpreted as another exciton condensate with this non-zero wavevec-
tor, which manifests as the periodicity of the excitonic superlattice 
modulation in real space. The magnetic field induces a continuous 
shift in the particle and hole bands due to the Zeeman effect, which 
in turn causes the wavevector of the secondary excitonic order to 
change continuously with increasing magnetic field. This behaviour 
was observed precisely in our experiments. Collectively, the experi-
mental observations of an insulator-to-insulator transition (not 
driven by a structural instability), leading to the development of a 
translation-symmetry-breaking order (Supplementary Figs. 11–13), the 
lack of a Fermi surface in the parent state (Fig. 4) and the continuous 
magnetic field tunability of the q vector (Extended Data Fig. 6) strongly 
support the excitonic character of the secondary order55. Note that the 
edge states are still present in the secondary order (Supplementary 
Fig. 18). Furthermore, we substantiated the bulk nature of the excitonic 
order with systematic transport measurements (Supplementary Note 
11 and Supplementary Fig. 12).

To theoretically understand both exciton condensation orders 
in Ta2Pd3Te5, we formulated a two-band minimum model on a square 
lattice (‘Determining the energy gap from the tunnelling spectra’ in 
Methods and Supplementary Notes 12–14). With an appropriate choice 
of parameters, the model effectively mimics the low-energy band 
structure of monolayer Ta2Pd3Te5 obtained through first-principles 
calculations (Extended Data Fig. 7). In its high-temperature phase, 
the system has no global gap, with the conduction band minimum 
situated near the M point (k = (0, π)) and slightly below (by approxi-
mately 6 meV) the valence band maxima located along the kx = 0 line 
(Fig. 5a). The model has an inverted band structure, which is consist-
ent with the ARPES measurements. Owing to the gap between the 
two bands at all momenta, the inverted electronic band structure of 
Ta2Pd3Te5 can be characterized by a Z2 Kane–Mele topological invari-
ant in the two-dimensional limit, which is non-trivial. The Z2 invariant, 
under time-reversal and spin conservation symmetry (as present in 
our model), is determined by integrating the spin Berry curvature 
across the first Brillouin zone. Consequently, under open boundary 
conditions, this system has states at the edge that are buried by the 
bulk continuum (Fig. 5c).

To account for both excitonic instabilities, we incorporated a 
long-range Coulomb interaction and applied the Hartree–Fock 
mean-field approximation to the model. We initially identified that 
the primary excitonic order, which involves the pairing of electrons 
and holes with identical momentum, emerged at temperatures T ≤ 110 K 
through a second-order phase transition as the temperature was 
decreased. This led to a substantial global bulk energy gap (Fig. 5d–f), 
which grew monotonically as the temperature was lowered (Fig. 5g). As 
the excitonic order strengthened, the direct gap between the conduc-
tion and valence bands was maintained (Fig. 5h). Consequently, the 
topological properties of the model were not changed by the primary 
excitonic order, which is evident in the persistence of the gapless edge 
states across the bulk insulating gap under open boundary conditions 
(Fig. 5f) and which is consistent with our experimental findings. Under 
the excitonic instability, the conduction band minimum and the valence 
band maxima remained well separated in momentum space. This sepa-
ration triggers the formation of a secondary excitonic order, such that 
the ordering wavevector Q is equal to the momentum separation of the 
conduction band minimum and valence band maxima.

To model the secondary excitonic order, we used the same bare 
electronic structure and performed a self-consistent calculation to 
solve for the secondary excitonic order with finite momentum Q. This 
finite-momentum excitonic order primarily involves large momentum 
transfers mediated by the Coulomb interaction. As a result, for the 
same interaction strength as that for the primary order, it tended 
to be substantially weaker and exhibited a lower critical tempera-
ture (Tc2 ≈25 K), as shown in Fig. 5i. Moreover, as the temperature was 
decreased, the primary order first developed and opened the bulk gap, 

which suppressed the formation of the secondary order and further 
reduced Tc2. Therefore, although it breaks translation symmetry, this 
secondary order did not change the system topology (which is pro-
tected by time-reversal symmetry) and only minimally increased the 
bulk gap, in agreement with our experimental observations (Fig. 5j). 
We further accounted for the Zeeman coupling produced by externally 
applied magnetic fields in our calculations. We found that this Zeeman 
term can smoothly change the momentum separation between the 
conduction band minimum and valence band maxima (Fig. 5k), which 
is consistent with the change in the ordering wavevector under the 
application of a magnetic field.

This demonstration of a topological exciton insulator opens the 
door to investigating the intriguing interplay between non-trivial band 
topology and quantum many-body effects in a new context. Although 
the relationship between topology and electronic correlations has 
been intensely studied theoretically (for example, a Kane–Mele–Hub-
bard insulator), there are very few experimentally confirmed systems 
where electronic topology and correlations interplay, especially for 
itinerant systems displaying a full topological gap. They include the 
anomalous quantum Hall phases of moiré systems and topological 
Kondo insulators (for example, SmB6)56. The topological excitonic 
insulator state in Ta2Pd3Te5 now joins this rare group of correlated 
topological systems. The intertwined excitonic orders (Fig. 5j) and 
topological bands in Ta2Pd3Te5 are unprecedented in other candidates 
for exciton insulators and invite integration into innovative optoelec-
tronic and optical devices.
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Methods
Single-crystal synthesis
Ta2Pd3Te5 single crystals were synthesized using a flux method. A mix-
ture of Ta powder (99.995% purity), Pd powder (99.95% purity) and Te 
chunks (99.99% purity) in a molar ratio of 2:4.5:7.5 was sealed in an 
evacuated quartz tube. All the manipulations were performed in an 
argon-filled glovebox to maintain an inert atmosphere. The sealed 
ampoule was then heated to 950 °C over 10 h and held at that tempera-
ture for 48 h to allow for crystal growth. Subsequently, the ampoule 
was gradually cooled to 800 °C with a ramp rate of 2 K h−1. At this tem-
perature, any excess liquid was removed through a centrifuging pro-
cess. The resulting Ta2Pd3Te5 single crystals obtained from the growth  
process were shiny and rod-like and had a silver-grey colour.

Scanning tunnelling microscopy
Single crystals were cleaved mechanically in situ at T = 77 K under 
ultra-high vacuum conditions (<5 × 10−10 mbar). Immediately after 
cleaving, the crystals were inserted into the microscope head, which 
was already at the 4He base temperature (4.2 K). More than 20 sin-
gle crystals were cleaved for this study. For each cleaved crystal, we 
explored surface areas over 10 µm × 10 µm looking for atomically flat 
surfaces. Topographic images were acquired in constant-current mode. 
Tunnelling conductance spectra were obtained with a commercial Ir/Pt 
tip (annealed under an ultra-high vacuum and then characterized with 
a reference sample) using standard lock-in amplifier techniques with 
a lock-in frequency of 977 Hz. The tunnelling junction set-ups used in 
the experiments are indicated in the corresponding figure captions. 
The magnetic field was applied through a zero-field cooling method. To 
acquire field-dependent tunnelling conductance measurements, the 
tip was first withdrawn from the sample, and then the magnetic field 
was slowly ramped to the desired value. The tip then re-approached 
the sample, and spectroscopic measurements were performed at the 
specific magnetic field. For temperature-dependent measurements, 
the tip was retracted from the sample, and the temperature was raised 
and stabilized for 12 h before the tip re-approached the sample for 
tunnelling measurements.

Scanning transmission electron microscopy
Thin lamellae were prepared by focused-ion-beam cutting. All samples 
for the experiments were polished using a 2-kV gallium ion beam to 
minimize damage to the surface caused by the high-energy ion beam. 
Transmission electron microscopy (TEM) imaging, atomic-resolution 
high-angle annular darkfield STEM imaging and atomic-level 
energy-dispersive X-ray spectroscopy mapping were performed using 
a Titan Cubed Themis 300 double Cs-corrected scanning/transmission 
electron microscope. The microscope was equipped with an extreme 
field emission gun source and operated at 300 kV. Additionally, a 
super-X energy-dispersive spectrometry system was used during the 
experiments.

X-ray diffraction measurements
Single-crystal X-ray diffraction measurements were performed using 
a custom-designed X-ray diffractometer equipped with a 17.48–keV 
X-ray source (Genix3D Mo Kα, Xenocs), which delivered 2.5 × 107 pho-
tons per second with a beam spot size of 150 µm at the sample position. 
The samples under investigation were mounted on a Huber four-circle 
diffractometer and cooled using a closed-cycle cryostat with a beryl-
lium dome. The diffraction signals were captured by a highly sen-
sitive, single-photon solid-state area detector (PILATUS3 R 1M),  
boasting 981 × 1,043 pixels, each with a size of 172 µm × 172 µm. Dur-
ing data acquisition, images were taken in 0.1° increments while we 
rotated the samples, and these images were subsequently converted 
into 3D mappings in momentum space. The crystallographic structure 
of the samples was confirmed to conform to the space group Pnma. 
The lattice parameters at room temperature were determined to be 

a = 13.973 Å, b = 3.7098 Å and c = 18.564 Å, with a measurement system 
error of 0.3%.

Angle-resolved photoemission spectroscopy
Synchrotron-based ARPES measurements were performed on single 
crystals cleaved in ultra-high vacuum (<1 × 10−10 mbar) on the ARPES 
manipulator. The high-resolution energy–momentum data shown in 
Fig. 2 and Supplementary Figs. 1–4 were collected at beamline 5–2 of the 
Stanford Synchrotron Radiation Lightsource in Stanford, United States. 
To avoid the non-reversible spectrum broadening due to degradation, 
all the temperature-dependent measurements were performed after 
cooling down a sample that was freshly cleaved at T = 350 K. The energy 
and momentum resolutions were better than 10 meV and 0.008 Å−1. 
The preliminary data were taken at the beamline 4 of the Advanced 
Light Source in Berkeley, United States, the National Synchrotron 
Light Source in Brookhaven, United States, and LOREA of the ALBA 
Synchrotron light source in Barcelona, Spain.

First-principles calculations
Electronic band structure calculations were performed within den-
sity functional theory using the Vienna Ab initio Simulation Package 
(VASP)57,58. The general gradient approximation functional was used 
for treating the exchange-correlation effect59. The relativistic effect of 
spin–orbit coupling was included self-consistently in the calculations. 
An energy tolerance of 10−6 eV was used. We performed the calcula-
tions using 4 × 8 × 4 k-mesh centred at the Γ point for bulk, and 1 × 8 × 4 
k-mesh for monolayer. We extracted the real-space tight-binding Ham-
iltonian with a Wannier function using the Wannier90 code60 with 
d-orbitals of Ta and Pd and p-orbitals of Te as projections. The Wannier 
tight-binding Hamiltonian in the Wannier tools package61 was used to 
study the topological properties.

Electrical transport measurements
To fabricate the Ta2Pd3Te5 sample for transport measurements, we 
employed a polydimethylsiloxane stamp-based mechanical exfoliation 
technique. First, we patterned the sample contacts on the Si substrates 
with a 280-nm layer of thermal oxide using electron beam lithography, 
which was followed by chemical development and metal deposition 
(5 nm Cr/35 nm Au). The fresh Ta2Pd3Te5 flakes were mechanically 
exfoliated from bulk single crystals on polydimethylsiloxane stamps. 
We carefully selected thick flakes (to capture the bulk properties of 
Ta2Pd3Te5) with good geometry through optical microscopy. Next, 
we transferred the flakes onto the SiO2/Si substrates that already had 
prepatterned Cr/Au electrodes. To preserve the intrinsic properties of 
the compound and minimize environmental effects, we encapsulated 
the samples using thin polymethyl methacrylate films with thicknesses 
around ~50 nm, which ensured that the samples on the devices were 
never directly exposed to air. All sample fabrication processes were 
performed in a glovebox equipped with a gas purification system 
(<1 ppm of O2 and H2O).

Electrical transport measurements were conducted using an 
Oxford Heliox system with a base temperature of 0.3 K and a maxi-
mum magnetic field up to 8 T. We employed a standard four-probe 
method to measure the resistance and differential resistance of the 
sample, using a lock-in amplifier technique with a lock-in frequency 
of 13 Hz. The reproducibility of the results was confirmed by conduct-
ing measurements in the National High Magnetic Field Laboratory in  
Tallahassee, Florida, United States. To ensure consistency, several 
devices were prepared and measured over several runs.

No detection of a structural instability in Ta2Pd3Te5

As a structural instability can complicate the experimental detec-
tion of the transition to the excitonic insulator state, it was crucial 
that we investigated whether the observed excitonic insulator tran-
sition in Ta2Pd3Te5 was accompanied by any structural instabilities.  
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For this purpose, we conducted a detailed structural analysis using 
TEM. Our STEM data revealed consistent atom arrangements compared 
to those of the pristine Ta2Pd3Te5 crystal structure on different surfaces 
(Extended Data Figs. 1a,c and 2). Importantly, the selected-area electron 
diffraction patterns obtained from the lamellae cut with a focused ion 
beam at T = 290 and 90 K exhibited identical crystal lattices at both 
temperatures (Extended Data Fig. 1b,d). This observation indicates that 
the potential structural change associated with the excitonic transition 
at T = 100 K was below our detection threshold.

We conducted X-ray diffraction measurements at different tem-
peratures (ranging from T = 300 to 20 K) to strengthen our conclusion 
regarding the structural changes in Ta2Pd3Te5. The results are sum-
marized in Extended Data Fig. 3. The data closely match the expected 
Pnma structure across the entire temperature range. The potential 
t-subgroups of space group 62 (Pnma) that are compatible with the 
mirror symmetry breaking in the zero-momentum excitonic insulator 
phase detected with our photoemission measurements are subgroups 
19 (P212121), 4 (P21), 2 (P-1) and 1 (P1). However, determining the exact 
subgroup will require future ultra-high-resolution structural meas-
urements. We refer the reader to Supplementary Notes 8 and 9 and 
Supplementary Figs. 9 and 10 for more data and a discussion.

Determining the energy gap from the tunnelling spectra
In this section, we present the procedure that we used to determine the 
value of the spectroscopic energy gap from dI/dV curves. The key idea 
is to identify the edges of the energy gap, where a discernible non-zero 
dI/dV signal can be distinguished from the noisy zero dI/dV signal within 
the gap region62. The following steps outline our approach to determin-
ing the energy gap from a single dI/dV curve (Extended Data Fig. 4):

 (1) Initially, we selected a bias range where the dI/dV signal takes 
the form: dI/dV = 0 + ξ, where 0 represents the mean dI/dV value 
within the spectroscopic gap and ξ represents the noise in the 
dI/dV signal. This was done for a bias voltage range V ∈ [V1, V2], 
while avoiding the edges of the spectroscopic gap.

 (2) Next, we calculated the standard deviation of the noisy dI/dV 

signal within the gap, denoted as σ = √ ̄ξ 2 . By determining σ 
from the gap segment of the dI/dV curve, we established a noise 
floor for the dI/dV signal.

 (3) We assumed a Gaussian distribution for ξ and defined Γ = 2.36σ, 
which represents the full-width at half-maximum. Two Gauss-
ian signals can be distinguished if the difference between 
the means of the signals is greater than the full-width at 
half-maximum. Thus, we set Γ as the instrumental resolution of 
the dI/dV signal.

 (4) A non-zero dI/dV signal could be detected only when dI/dV > Γ 
within our instrumental resolution. We set Γ as the threshold 
value for identifying the edges of the energy gap.

 (5) By solving the equation dI/dV = Γ, we determined the intersec-
tions Va and Vb of the threshold value with the dI/dV spectro-
scopic curve. eVa and eVb represent the energies of the gap 
edge above and below EF, respectively. Finally, we calculated 
Δ = eVa − eVb to obtain the value of the spectroscopic energy gap.

Broken symmetries due to the excitonic insulator transition
The excitons form due to the attractive Coulomb interaction between 
electron and hole states. This phenomenon is an electronic property 
related to the spontaneous breaking of particle–hole U(1) symme-
try, akin to BCS superconductivity. In addition to U(1) symmetry, the 
excitonic order may also break the inversion and mirror symmetries.

In the absence of excitonic order, the conduction and valence 
bands at the Γ point have different parities, meaning that they are 
eigenstates of the inversion symmetry with different eigenvalues. The 
excitonic order hybridizes the conduction and valence bands, thereby 
violating this symmetry.

To elucidate this, we examined the symmetries of our model (see 
‘Determining the energy gap from the tunnelling spectra’ in Methods 
for details of our model) both with and without the Q = 0 excitonic 
order. In the absence of excitonic order, the effective Hamiltonian is 
given by:

H (kx, ky) = h (kx, ky)σ0s0 +ℳ(kx, ky)σzs0 + Ax sin kxσxsz + Ay sin kyσys0,
(1)

where {σx, σy, σz} and σ0 are the Pauli matrices and identity matrix for 
pseudo-spin {α, β}, s0 is the identity matrix, sz is the third Pauli matrix 
for spin, Ax and Ay are model parameters, which can be obtained by 
fitting the model with density functional theory, and h(kx, ky) and 
ℳ(kx, ky) are even functions of kx and ky. This model exhibits inversion 
and mirror symmetries, as indicated by:

PH (kx, ky)P−1 = H (−kx, −ky) , (2a)

MxH(kx, ky)M−1
x = H(kx, −ky), (2b)

MyH (kx, ky)M−1
y = H (−kx, ky) , (2c)

where P = σz, and Mx = iσzsx and Mx = iσ0sy are the inversion and mirror 
symmetry operators, respectively.

Applying the unitary transformation U, we can diagonalize the 
Hamiltonian as:

H′ = UH(kx, ky)U−1 = Ec(kx, ky)(σ0 + σz)s0/2 + Ev(kx, ky)(σ0 − σz)s0/2, (3)

where Ec(kx, ky) and Ev(kx, ky) are the conduction and valence bands. The 
transformation matrix is given by U = U1 ⊕ U2, with

U1 = (cos(ϕ/2), sin(ϕ/2) eiθ; − sin(ϕ/2) e− iθ, cos(ϕ/2)), (4a)

U2 = (cos(ϕ/2), − sin(ϕ/2) e−iθ; sin(ϕ/2) eiθ, cos(ϕ/2)), (4b)

where φ and θ are determined by tanϕ = √(Ax sin kx)
2 + (Ay sin ky)

2/

ℳ(kx, ky) and eiθ = (Ax sin kx + iAy sin ky)/√(Ax sin kx)
2 + (Ay sin ky)

2 .
Now, we consider the excitonic order. In the band basis, the exciton 

order parameter takes the form:

H′
exc = H′ +∆ (kx, ky)σσσxs0. (5)

Transforming back to the spin and orbital basis, the full Hamilto-
nian Hexc = U−1H′excU is given by

Hexc(kx, ky) = H(kx, ky) +∆(kx, ky)M, (6)

where M = M1 ⊕ M2 with

M1 = ( − cosθ sinϕ, eiθ(cosθ cosϕ − i sinθ);

e−iθ(cosθ cosϕ + i sinθ), cosθ sinϕ ) ,
(7a)

M2 = ( cosθ sinϕ, e−iθ(cosθ cosϕ + i sinθ);

eiθ(cosθ cosϕ − i sinθ), − cosθ sinϕ ) .
(7b)

At the Gamma point, M1 = M2 = (0, 1; 1, 0). We see that Hexc(kx, ky) no 
longer obeys the symmetry relations in equation (2a)–(2c) due to the 
presence of the exciton term Δ(kx, ky)M. This indicates that the inversion 
and mirror symmetries are explicitly broken.
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Extended STM on the edge states
The existence of edge states in Ta2Pd3Te5 was reported in a previ-
ous work31,32. In our study, presented in Fig. 3, we took an important 
step beyond the observation of the edge state by providing com-
pelling evidence for its exponential localization and time-reversal- 
symmetry-protected Z2 topological nature. In this section, we further 
support the data presented in Fig. 3 by providing extended results 
on the time-reversal-symmetry-protected nature of the edge state 
along different edge configurations. Extended Data Fig. 5 summa-
rizes our STM measurements on two types of atomic step edges: (1) 
a monolayer step edge running along the c axis and perpendicular to 
the one-dimensional Te chains and (2) a four-atomic-layer-thick step 
edge along the b axis.

Extended Data Fig. 5a shows a monolayer atomic step edge along 
the c axis, identified through the topographic image and correspond-
ing height profile. Notably, the spatially resolved dI/dV map at the 
Fermi energy, within the insulating bulk gap, reveals a pronounced 
edge state, akin to the step edge along the b axis shown in Fig. 3a. 
Energy-resolved dI/dV spectra on the step edge (Extended Data Fig. 5b) 
exhibit a substantial dI/dV signal (orange curves) around the Fermi 
energy, whereas the dI/dV spectrum away from the step edge (violet 
curves) has an insulating gap. Additionally, akin to the monolayer 
step edge along the b axis, the application of an external magnetic 
field perpendicular to the b–c plane leads to notable suppression 
of dI/dV measured at the step edge. The field-dependent tunnelling 
spectra, shown for B = 0, 2 and 4 T in Extended Data Fig. 5b, demon-
strate the gradual opening of an insulating gap at the edge-state spec-
trum, confirming its time-reversal-symmetry-protected nature. The 
edge state and its time-reversal-symmetry-protected nature were 
also observed in multilayer step edges. For instance, we present the 
topography, the corresponding height profile and spectroscopic 
measurements of a four-atomic-layer-thick step edge in Extended 
Data Fig. 5c,d. The spectroscopic mapping reveals a pronounced 
gapless in-gap state at the Fermi energy at B = 0, whereas the tunnel-
ling spectra at B = 0, 2 and 4 T exhibit the progressive opening of an 
energy gap with increasing magnetic field, highlighting the presence 
of a time-reversal-symmetry-protected topological edge state in the 
four-layer step edge.

Extended STM data on the field tunability of the secondary 
translation-symmetry-breaking excitonic order
Here, we present high-resolution topographic images obtained 
through STM that reveal the translation-symmetry-breaking order-
ing in Ta2Pd3Te5. Extended Data Fig. 6a displays an atomically resolved 
topographic image of a pristine Ta2Pd3Te5 (100) surface acquired at 
T = 5 K. The inset shows the corresponding Fourier transform image, 
indicating Bragg peaks along the c axis. Note that we are focusing on a 
small region in the Fourier transform image, and the Bragg peaks along 
the b axis are further away in q space (Fig. 1). At T = 5 K, no wavevector 
peaks were visible. However, when the sample was cooled to T = 4.2 K, 
then within the same region as in Extended Data Fig. 6a, we observed 
clear translation symmetry breaking in real space (Extended Data 
Fig. 6b). The corresponding Fourier transform image, plotted for the 
same range as the inset in Extended Data Fig. 6a, now exhibits distinct 
superlattice peaks labelled as Qexc.

Having observed the emergence of the translational- 
symmetry-breaking superlattice order at T = 4.2 K, we proceeded to 
investigate its magnetic field dependence. Extended Data Fig. 6c–e 
presents topographic images captured under magnetic fields of 2, 4 
or 6 T, respectively. The topographic images clearly demonstrate the 
evolution of the superlattice modulation pattern as the magnetic field 
was changed. This evolution is further highlighted in the correspond-
ing Fourier transform images, all plotted within the same q range, 
which illustrate the variation of Qexc with increasing magnetic field. 
Notably, the positions of the Bragg peaks (QB) were unaffected by the 

magnetic field, as expected. To quantitatively summarize the change 
in Qexc as a function of the magnetic field, Extended Data Fig. 6f displays 
a polar plot of the vector Qexc at various magnetic field strengths (a 
scatter plot for Qexc at different magnetic fields is shown in Fig. 4f). The 
plot clearly demonstrates the gradual evolution of Qexc with increas-
ing magnetic field, in accordance with the behaviour expected for a 
finite-momentum exciton condensate. This behaviour may arise due 
to the Zeeman effect experienced by the particle and hole bands associ-
ated with the exciton condensate upon the application of a magnetic 
field. The resulting Zeeman shift in the bands caused a change in the 
exciton wavevector, which in real space led to the variation of Qexc.

Discussion about the finite-momentum excitonic condensate
In semiconductors, the exciton energy typically shifts nearly linearly as a 
function of the magnetic field (Zeeman effect), which leads to an increase 
in the emission peak intensity63,64. However, the observed shift in the 
wavevector (Supplementary Fig. 12) of the excitonic phase in Ta2Pd3Te5 
was measured deep within the finite-q excitonic insulator state, which 
resembles an incommensurate charge density wave phase. Conventional 
charge density wave systems often display small Fermi surface pock-
ets resulting from the opening of the associated gap and the resulting 
Brillouin-zone folding. Small Fermi surface sheets are highly susceptible 
to Landau quantization and the Zeeman effect, being deformed by the 
latter to accommodate an integer number of magnetic flux quanta. As 
the magnetic field increases, the nesting vector is understood to shift 
in k-space to minimize the free energy of the system to maintain the 
stability of the charge density wave. In Ta2Pd3Te5, the finite-momentum 
excitons below T = 5 K emerge from a fully gapped state without a Fermi 
surface (dI/dV spectra in Fig. 1d). Thus, the mechanism leading to the 
shift in the modulation vector of the finite-q excitons in Ta2Pd3Te5 prob-
ably differs from that of conventional charge density waves. Although 
we did not detect any evidence for a structural transition at T = 5 K with 
STM, which has angstrom-scale resolution (Supplementary Fig. 8), we 
cannot discard a more subtle structural change that could be revealed 
by high-resolution X-ray diffraction measurements at low temperatures. 
However, these are beyond our experimental capabilities and should 
motivate future studies. Importantly, the absence of a density of states 
at the Fermi level above the transition observed at T = 5 K (Fig. 1d) rules 
out conventional scenarios such as a charge density wave ground state. 
The field tuning of the q vector would, therefore, mark the direct experi-
mental demonstration of q-vector tuning of an excitonic insulating state 
by a magnetic field.

Furthermore, we substantiated the bulk nature of the excitonic 
order with systematic transport experiments. The results of these 
experiments (Supplementary Fig. 12) support the overall STM obser-
vations as well as the related conclusions. We observed clear electric 
threshold fields Eth for nonlinear carrier conduction due to the slid-
ing or phason mode of the translation-symmetry-breaking excitonic 
order65, but only below T ≈ 5 K. Satellite peaks, associated with the 
finite-momentum exciton condensate, become observable in the 
Fourier transform of the STM images precisely in this range of tem-
peratures. The absence of both translation symmetry breaking in STM 
images and nonlinear electrical conduction confirms the absence of a 
translation-symmetry-breaking order and the zero-momentum nature 
of the electron–hole condensate observed above T ≈ 5 K. Furthermore, 
Eth continuously changes with the magnetic field, in agreement with our 
STM results (see Supplementary Note 11 for details). The two excitonic 
transitions also appear in the thermodynamic measurements (Sup-
plementary Note 10 and Supplementary Fig. 11), clearly indicating the 
bulk nature of the excitonic transitions.

Theoretical description of the two excitonic instabilities in 
Ta2Pd3Te5

In our experiments, the edge states were gapless in the absence of mag-
netic fields. This observation indicates the presence of time-reversal 
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symmetry, which prevented the coupling between the two spin species. 
This allowed us to address the two spin species separately. Therefore, 
we focused on one spin species to elucidate the essential physics, 
whereas the results for the other spin species could be straightfor-
wardly obtained by exploiting time-reversal symmetry. The low-energy 
band structure for monolayer Ta2Pd3Te5, derived from first-principles 
calculations, is displayed in Extended Data Fig. 7. The conduction band 
minimum was at k = (0, π/c), whereas the valence band maxima were 
close to the ky = 0 line. Notably, the system was gapless in the absence 
of the excitonic order. Specifically, the bottom of the conduction band 
minimum was slightly lower (by 6 meV) with respect to the top of the 
valence band maxima. Moreover, the band structure was topological 
and could be characterized by a non-zero topological invariant. Based 
on these properties, we constructed a two-band minimum model on a 
square lattice as follows:

H = ∑
k
Ψ
†
k {ℳ(k)σz + Ax sin kxσx + Ay sin kyσy + h(k)σ0}Ψk. (8)

In equation (8), Ψk = (cα,k, cβ,k)
T

, ℳ(k) = M0 +Mx (1 − cos kx)
+My (1 − cos ky) and h(k) = Cx(1 + cos kx)+Cy(1 − cos ky). The lattice con-
stants were set to unity. This is, essentially, a modified Bernevig–
Hughes–Zhang model66.

The two energy bands are given by:

εc/v(k) = h(k) ± E(k), (9)

where E (k) = [ℳ(k)2 + A2
xsin

2
kx + A2

ysin
2
ky]

1/2
. To mimic the low-energy 

band structure of monolayer Ta2Pd3Te5, we chose the following para-
meter values: M0 = −0.072 eV, My = 3.2 eV, Mx = 0.04 eV, Ax = 0.006 eV, 
Ay = 0.064 eV, Cx = 0.003 eV and Cy = −0.24 eV. The resulting band struc-
ture is illustrated in Fig. 5a. The conduction band minimum was slightly 
lower (by 5.5 meV) with respect to the valence band maxima. As dictated 
by the non-trivial topological invariant, the model exhibits gapless 
edge states under open boundaries. However, the edge states are buried 
by the bulk continuum (Fig. 5c).

Topological excitonic instability. We considered the Coulomb interac-
tion, which can be expressed in momentum space as67:

Hint =
1
N

∑
k,k ′ ,q

W(q)c†k+q,cc
†
k ′−q,vck ′ ,vck,c, (10)

where c†k,c(v) and ck,c(v) represent creation and annihilation operators for 
an electron with momentum k at the conduction (valence) band, 
respectively. N is the number of k points in the Brillouin zone. W(q) 
stands for the q-resolved screened Coulomb interaction:

W (q) = U (q)
1 + 2πα |q| , (11)

and U(q) = V/|q| denotes the unscreened Coulomb interaction, 
which is the dominant contribution to the electron–hole attraction. 
We consider two-dimensional screening, which leads to an intrinsic 
q-dependent dielectric function of the form 1/(1 + 2πα|q|), as shown 
in equation (11)68,69. V represents the interaction strength, and α para-
metrizes the screening strength. In the Coulomb interaction described 
by equation (10), the summation involves three momenta, k, k′ and 
q. To simplify this for the Hartree–Fock approximation, we imposed 
specific constraints on the relation between these momenta, guided by 
the electronic band structure of the material. Specifically, we consid-
ered q = k′ − k and q = k′ − k ± Q in equation (1), where Q is the ordering 
wavevector (corresponding to the distance between the positions of 
the conduction minimum and valence maximum). Consequently, the 
Coulomb interaction can be rewritten as two terms (components):

Hint =
1
N
∑k,k ′ W(k′ − k)c†k ′ ,cc

†
k,vck ′ ,vck,c

+ 1
N
∑k,k ′ W(k′ − k ±Q)c†k ′∓Q,cc

†
k±Q,vck ′ ,vck,c.

(12)

Note that the two terms arise from different restrictions of q in 
equation (1) and, therefore, are independent. With these restrictions, 
the summation now involves only two momenta k and k′, enabling us 
to perform the Hartree–Fock decomposition.

We first focus on the first term Qy in equation (12) and decouple it as

Hexc = (
0 ∆k

∆k 0
) (13)

in the band basis (ck,c, ck,v). The momentum-dependent order parameter 
Δk is calculated self-consistently through

∆k = − 1
N
∑
k ′

W(k − k′) ⟨c†k ′ ,cck ′ ,v⟩ , (14)

where 〈…〉 stands for the quantum statistic average. This yields the 
primary excitonic order that couples electrons and holes with identi-
cal momenta k. Importantly, the order parameter is influenced solely 
by the Fock term. The influence of the Hartree term is detailed in Sup-
plementary Note 14.

Through a self-consistent computation, using an interaction 
strength V = 1.16 eV, a small screening factor α = 0.3 (in units of the lat-
tice constant) and employing a 201 × 561 grid within the Brillouin zone, 
we observed the distinctive emergence of the excitonic order. This order 
engendered a bandgap for temperatures T < Tc ≈ 110 K. The order param-
eter Δk was most pronounced near the kx axis (ky = 0), where the two 
bands were closest to each other. With decreasing T, Δk became stronger, 
which resulted in a consistent increase in the bulk gap. Ultimately, for 
T ≤ 30 K, the bulk gap saturated at a large value of 21.5 meV. Notably, 
the valence maxima relocated to ±(0, 0.071π) (as depicted in Fig. 5d).

Figure 5g shows the calculated maximum value of the order param-
eter max(Δk) as a function of T. We found that the critical temperature 
for Δk was Tc′ ≈ 120 K, which substantially exceeded Tc. This deviation 
was due to the negative bandgap in the bare band structure (without 
Δk). Additionally, Fig. 5h portrays the minimum value of the energy 
separation between the conduction and valence bands, min(Esep), as a 
function of T. Notably, ΔEmin remained consistently positive throughout 
the entire range of T. This observation indicates that, when we turned on 
the excitonic order by decreasing temperature, the two bands still did 
not touch each other. Thus, the topology of the system was preserved.

Note that in refs. 70,71, exciton condensation in the Bernevig–
Hughes–Zhang model was studied under the assumption of local 
interaction. It was shown that the interaction spontaneously breaks the 
time-reversal, spin U(1) and parity symmetries, eventually driving the 
system into a trivial band insulator. However, this cannot explain our 
experiments, as we observed gapless edge modes that became more 
robust and localized within the exciton phase.

Excitonic translation-symmetry-breaking order. Next, we consider 
the second term in the Coulomb interaction, equation (12), which 
involves the ordering wavevector Q ≈ (π, 0.035π). This allows the 
coupling between the conduction band minimum and valence band 
maxima. In the Hartree–Fock decomposition, a finite-momentum 
excitonic order is found:

∆exc2 = − 1
N
∑
k ′

W(k − k′ ±Q) ⟨c†k ′∓Q,cck ′ ,v⟩ . (15)

This order couples electrons and holes with a finite momentum 
difference ±Q. In the calculation, we split the Brillouin zone into small 
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rectangular pieces with an area of QxQy and considered eight pieces 
with the lowest energies. For simplicity, we assumed an approximately 
constant interaction strength, UCDW = W(Q), between the conduction 
and valence bands, originating from the next-nearest-neighbour 
pieces in momentum space. We used the same values, V = 1.16 eV and 
α = 0.3, used for the primary excitons. Note that the wavevector for 
the translation-symmetry-breaking ordering is not necessarily com-
mensurate. The results are the same if more pieces of the Brillouin zone 
are considered, because the finite-momentum excitonic order occurs 
only between the pieces that are closest to the bandgap. Figure 5i shows 
the calculated finite-momentum excitonic order parameter Δexc2 (blue 
dashed curve) and bulk energy gap Egap (red curve) as functions of T. A 
secondary excitonic order developed, but it was substantially weaker 
than the primary one and had a lower critical temperature (Tc2 ≈ 25 K). 
It is also important to note that as the temperature decreased, the pri-
mary excitonic order developed first, opening a global bulk gap. This 
bulk gap made it harder for the second finite-momentum excitonic 
order to form, thereby further lowering Tc2.

Note that the Coulomb interaction can, in principle, generate an 
infinite number of orders, each associated with a given q. Based on the 
unique band structure and experimental observations, we considered 
two of these orders that are the most prominent and relevant to the 
experiments. The first one corresponds to the q = k − k′ component of 
the Coulomb interaction, resulting in a Q = 0 excitonic order. The sec-
ond order, corresponding to q = k − k′ + Q, resulted in a Q ≠ 0 excitonic 
order. Importantly, the second effect fundamentally differs from, and 
is not included in, the first, even though both are rooted in the same 
Coulomb interaction.

Magnetic field dependence. Here we investigate the influence of the 
magnetic field on the wavevector of the translation-symmetry-breaking 
order, based on the Zeeman coupling. As previously discussed, the 
wavevector can be determined by the momentum separation Q of the 
conduction band minimum and valence band maxima in momentum 
space. In the model, the magnetic field B can be incorporated through 
a Zeeman-like term:

HZeeman = hσz. (16)

Here h = g̃μBB represents the Zeeman energy, where g̃  is the effec-
tive g-factor difference between two orbitals (which form the 
pseudo-spin {α, β} degrees of freedom in equation (8)) and μB is the 
Bohr magneton. As shown before, the conduction band minimum is 
always at the M point, and the x component of Q remains relatively 
fixed at π, particularly in the presence of the primary excitonic order. 
Thus, it suffices to focus solely on the y component of the wavevector 
of the translation-symmetry-breaking order. The problem can then be 
reformulated to investigate how h influences the y component of the 
momentum separation (Qy). Its solution is illustrated by Fig. 5k.

The impact of magnetic fields on the band structure is complex, 
as it encompasses both Zeeman and orbital effects. In general, distinct 
orbitals generally respond differently to an applied magnetic field due 
to their distinct angular momenta. To simplify and illustrate the key 
physics, we modelled this response using an effective g-factor between 
the two orbitals, resulting in a Zeeman-like term in equation (16).

In general, the magnetic field couples to the system in two  
key ways:

 (1) Orbital coupling, which leads to the formation of Landau levels.
 (2) Zeeman coupling, which affects the spin and orbital magnetic 

moments and is encapsulated by the effective g-factor.

Zeeman coupling (effect 2) reduces the excitonic insulator gap, 
whereas orbital coupling (effect 1) generally increases the exciton 
binding energy, at least in simple models72,73. In the excitonic insula-
tor phase—where excitons have already condensed—a larger binding 

energy may lead to a larger gap, analogous to superconductors. Because 
this gap is induced by correlation, its enhancement is governed not 
only by the cyclotron frequency but also by the Coulomb interaction 
strength. This effect can outweigh the Zeeman contribution, resulting 
in an increase in the energy gap with the magnetic field, as observed in 
our experiments, rather than the expected Zeeman-driven suppression.

Quantifying these competing effects poses different challenges. 
Estimating the orbital coupling effect required a robust tight-binding 
model derived from density functional theory followed by a mean-field 
exciton calculation. However, due to technical difficulties in converging 
hybrid functional calculations for this material, we leave a quantita-
tive prediction of the exciton gap evolution under a magnetic field 
for future work.

On the other hand, estimating the effective g-factor is more feasible— 
at least for the bare band structure derived from a monolayer calcu-
lation. Using the method in ref. 74, we obtained g-factors of g ≈ 2 for 
in-plane and g ≈ 2.8 for out-of-plane magnetic fields. This resulted in a 
Zeeman-induced gap reduction of Ez = gμBB ≈ 1 meV at 6 T (out-of-plane), 
which is substantiallysmaller than the 6 meV gap change observed 
experimentally. We, therefore, attributed the dominant effect to orbital 
coupling. Although Zeeman coupling was undoubtedly present, its influ-
ence was quantitatively overshadowed by orbital effects. Future theo-
retical studies will be necessary to fully unravel the interplay between 
the orbital and Zeeman contributions to the excitonic insulator gap.

Finally, it is important to emphasize that, from a broad perspec-
tive, the excitonic insulator is expected to endure high magnetic fields 
due to the absence of a Meissner effect (intrinsic to superconductors). 
Fenton75 investigated the field dependence of the excitonic insulator 
based on orbital coupling, demonstrating that in systems with a band 
overlap (such as Ta2Pd3Te5), or in small-bandgap semiconductors, the 
application of a magnetic field induces a stronger excitonic insulator 
than observed with no field. Note that ref. 75 assumed isotropic bands, 
thus implying that there was no anticipated shift in the wavevector. In 
a more complete consideration, the combination of orbital and Zee-
man effects and also Fermi surface anisotropies need to be considered. 
In materials featuring anisotropic bands, like Ta2Pd3Te5, this would 
generically also lead to a shift in the wavevector of the excitonic order 
under applied magnetic fields, particularly if the initial state was incom-
mensurate. These basic trends—the magnetic field enhancement of 
the exciton gap as well as a shift of the ordering wavevector—are fully 
consistent with our experimental observations.

Data availability
Source data are provided with this paper. Further data are available 
from the corresponding authors upon request.
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Extended Data Fig. 1 | Selected area electron diffraction patterns detecting 
no lattice instabilities near T = 100 K. a, Atomic-resolution image of the (010) 
surface of a lamella captured by scanning transmission electron microscopy, 
demonstrating a consistent atomic arrangement when compared to pristine 
Ta2Pd3Te5 (010) crystallographic structure. b, Selected area electron diffraction 
patterns obtained from the focused-ion-beam cut lamella at T = 290 K (top) 
and 90 K (bottom). The patterns exhibit identical crystal lattice at both 
temperatures, detecting no structural phase change in this temperature range. 

c, Atomic-resolution scanning transmission electron microscopy image of the 
(001) surface, revealing a consistent atom arrangement when compared to 
pristine Ta2Pd3Te5 (001). d, Selected area electron diffraction patterns acquired 
from the focused-ion-beam cut lamella at T = 290 K (top) and 90 K (bottom). 
Akin to panel b, the patterns demonstrate the same crystal lattice at both 
temperatures. The temperature-dependent selected area electron diffraction 
patterns detect no structural phase transition around 100 K.
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Extended Data Fig. 2 | Structure and phase characterization of Ta2Pd3Te5. 
a, Atomic resolution image of the side surface of Ta2Pd3Te5 (that is, 010 plane), 
obtained through scanning transmission electron microscopy, displaying 
a consistent atomic arrangement when compared to pristine Ta2Pd3Te5. 

b–i, Elemental mappings of the side surface utilizing an energy dispersive 
X-ray detector. The mappings demonstrate the unperturbed atomic layers, 
highlighting the structural integrity and composition of Ta2Pd3Te5.
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Extended Data Fig. 3 | X-ray diffraction measurements on Ta2Pd3Te5  
detecting no structural phase transition as a function of temperature.  
a, X-ray diffraction pattern measured at the same sample position for different 
temperatures ranging from 300 K to 20 K. b, Maps along the H-L direction 
obtained by summing over K= [−2.5, 3.5] and measured at four temperatures. 
c, Maps along H-L obtained by taking a slice at K = [0.5,1.5] measured at four 

temperatures. d, Maps along H-K obtained by summing over L = [−7.5, 20.5] and 
measured at four temperatures. e, Maps along H-K obtained by taking a slice 
at L = [1.5, 2.5]. Notably, there is no emergence of any new or additional peak at 
low temperatures. X-ray diffraction measurements consistently exhibit a good 
agreement with the Pnma crystal structure at all the measured temperatures.
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Extended Data Fig. 4 | Determination of the energy gap from tunneling 
spectroscopy. a, Averaged dI/dV spectrum acquired by tunneling into the bc 
plane of clean Ta2Pd3Te5 at T = 5 K. The voltage interval [V1,V2] is used to calculate 
the noise floor, σ. The dashed red line represents Γ = 2.36σ, which corresponds 

to the instrumental resolution of the dI/dV signal. Va and Vb are the solutions of 
the equation dI/dV = Γ . The spectroscopic energy gap is calculated as 
∆ = eVa–eVb, resulting in Δ ≃ 70 meV. b, Magnified view of panel a, focusing on 
the gapped region in the averaged dI/dV spectrum.
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Extended Data Fig. 5 | Observation of time-reversal-symmetry-protected edge 
states for different edge configurations. a, dI/dV maps acquired at different 
bias voltages (corresponding topography is shown in the bottom panel) around a 
monolayer step edge parallel to the c-axis measured at T = 5 K. The height profile 
perpendicular to the c-axis is also displayed. The dI/dV map obtained within the 
energy gap (V = 0 mV) reveals a pronounced edge state, whereas at V = 210 mV, the 
edge state is suppressed. b, Tunneling spectra acquired at locations away from 
the step edge and on the step edge measured under various magnetic fields. The 
orange and violet curves represent the differential spectra obtained at the step 
edge and away from it, respectively. The corresponding spatial locations where 
the spectra are acquired are marked with color-coded dots on the topographic 
image in panel a. Spectra at different magnetic fields were collected at the same 
locations and are vertically offset for clarity. Dashed horizontal lines mark the 

zero dI/dV for different fields. c, dI/dV maps acquired at different bias voltages 
(corresponding topography is shown in the bottom panel) around a four-layer 
step edge parallel to the b-axis direction. The height profile perpendicular  
to the b-axis is also shown. The dI/dV map obtained within the energy gap  
(V = 0 mV) reveals a pronounced edge state, whereas at V = 210 mV, the edge state 
is suppressed. d, Tunneling spectra acquired at locations away from the step edge 
and on the step edge measured under various magnetic fields. The orange and 
violet curves represent the differential spectra taken at the step edge and away 
from it, respectively. The corresponding spatial locations where the spectra are 
acquired are marked with color-coded dots on the topographic image in panel 
a. Spectra at different magnetic fields were taken at the same locations and 
are vertically offset for clarity. Dashed horizontal lines mark the zero dI/dV for 
different fields. Tunneling junction set-up: Vset = 300 mV, Iset = 0.5 nA, Vmod = 2 mV.
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Extended Data Fig. 6 | Magnetic field tunability of the wavevector of the 
translational symmetry breaking order. a, Atomically resolved topographic 
image of a clean Ta2Pd3Te5 (100) surface acquired at T = 5 K. Inset shows the 
corresponding Fourier transform image displaying well-defined Bragg peaks 
(purple circles). b, Topographic image of the same region presented in panel a, 
acquired at T = 4.2 K and B = 0 T, revealing a pronounced translational symmetry 
breaking order. Inset: Fourier transform image displaying well-defined 
superlattice peaks (orange circles) alongside the Bragg peaks (purple circles). The 
extracted wavevector is Qexc = [ ± (−0.43c∗ + 0.035b∗) ,±(0.57c∗ + 0.035b∗) ]. 
c–e, Topographic images from the same location but acquired at magnetic fields 

of 2 T, 4 T, and 6 T, respectively, highlighting a change in the translational 
symmetry breaking ordering pattern upon increasing the magnetic field.  
The Fourier transform images shown in the inset reveal a gradually evolving Qexc  
where Qexc changes to [±(−0.44c∗ + 0.051b∗) ,± (0.56c∗ + 0.051b∗)] at 2 T, 
[±(−0.47c∗ + 0.06b∗) ,±(0.53c∗ + 0.06b∗)] at 4 T, and ±(0.5c∗ + 0.07b∗)] at  
6 T. f, Polar plot summarizing the magnetic field tunability of Qexc. Starting  
from being incommensurate along both b- and c-axes at B = 0 T, Qexc evolves 
continuously and becomes commensurate along the c-axis at B = 6 T. Tunneling 
junction set-up: Vset = 300 mV, Iset = 0.5 nA.
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Extended Data Fig. 7 | Low-energy band structure of monolayer Ta2Pd3Te5 obtained from first-principles calculations. Monolayer Ta2Pd3Te5 exhibits semimetallic 
band structure.
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