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Charge density waves appear in numerous condensed matter platforms
ranging from high-temperature superconductors to quantum Hall systems.
Despite such ubiquity, there has been alack of direct experimental study
of boundary states that can uniquely stem from the charge order. Here we
directly visualize the bulk and boundary phenomenology of the charge
density wave in atopological material, Ta,Segl, using scanning tunnelling
microscopy. At amonolayer step edge, we demonstrate the presence of an
in-gap boundary mode persisting up to the charge ordering temperature
with modulations along the edge that match the charge density wave
wavevector along the edge. Furthermore, these results manifesting

the presence of an edge state challenge the existing axion insulator
interpretation of the charge-ordered phase in this compound.

Axion particles, originally proposed as an explanation for the absence
of charge-parity violationin the stronginteraction between quarks and
asacandidate for dark matter, found their manifestationin condensed
matter platforms such as topological antiferromagnets, ferromag-
netic topological insulators and charge density wave Weyl semimet-
als' ™, Ta,Segl is the only known material platform so far" '* where, in
theory, a charge density wave transition from a Weyl semimetal state
couldlead toanaxioninsulator phase. Here, the charge density wave,

whose sliding mode (phason) is anaxion, supposedly connects the pair
of Weyl points with opposite chirality at different positions in the
momentum space, thus breaking the chiral symmetry of the Weyl
semimetal, opening an insulating gap (Fig. 1a) and tentatively
realizing an axion insulator. An axion insulator features (1) a quan-
tized, bulk magnetoelectric coupling coefficient of i (refs.15-17) thatis
challenging to access experimentally and (2) a gapless, time-reversal
symmetry protected topological surface state” that is readily accessible
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Fig.1|Electronic nature of charge density wave in Ta,Segl. a, Top: aschematic
of the phase transition from a Weyl semimetal (with two Weyl cones of opposite
chirality +yand —y) into a charge density wave insulator®. Chiral crystals have, in
general, pairs of Weyl fermions located at different energies™. Bottom: a real
space representation of an edge state residing within the insulating charge
density wave gap. Edge modes and edge-localized electrons are illustrated using
red lines and dots, respectively. b, Three-dimensional view of the crystal
structure of Ta,Segl. The dashed green line marks the cleaving plane.c, ASTEM
image within the ab plane. H and L labels in the colour bar denote high and low
scale, respectively. d, Left: aschematic of the (110) cleaving plane containing
iodine atoms (denoted with green shadows). Note that ab || (a + b). Right: the
resulting cleaving plane after 50% of iodine atoms are removed. Interatomic
distances (d=9.5A,c~13 A, @~ 86 + 0.5°) are marked. e, A topographic image of
the (110) plane exhibiting a charge density wave with A¢p, = 9.1+ 0.6 nm
(Vep=—1.0V,/,=50 pA). Hand L labels in the colour bar denote high and low scale,
respectively. f, An enlarged view of the topographic image showing a clear lattice

ofiodine atoms. g, The Fast Fourier transform of the topographicimageine,
displaying a well-developed charge density wave (Qcpy) and Bragg (Qg,,,) peaks.
h, d//dVmaps (V,,,=-0.60V (left) and 0.45 V (right), /= 0.3 nA, V,,,¢=10 mV)
demonstrating a reversal of the spectroscopic contrast of the charge density
wave as the tip-sample bias is tuned from the valence to the conduction band.

i, The Fourier transforms of the d//dVmapsin h, showcasing the charge density
wave peaks. j, d//dVline profiles derived from linecuts (marked with cyan linesin
h) at distance X along the Qcpw direction, showcasing a spectroscopic contrast
inversion. k, Left: the energy dependence of the wavelength of the charge density
wave derived from d//dV maps. Data points are presented as (1 + 81); the
wavelength (1) and its uncertainty (81) are extracted from the location and the
width of the Qcpw peakin the FFT of the d//dV maps. Right: the averaged
differential spectrum, replicated from Supplementary Fig. 4b, showcasing alarge
insulating gap. The dashed vertical line indicates zero differential conductance.
Thedataine-kweretakenat 7=160 K.

in spectroscopic techniques. Still, the topology of the charge den-
sity wave insulator phase of Ta,Segl remains unknown and subject to
debate*>""*1 In this Article, employing scanning tunnelling micros-
copy, we uncover aboundary mode (edge state) residing within the bulk
charge density wave gap and unveil an intimate connection between
the edge mode and the charge-ordered state. Notably, we also find that
there is no detectable surface state present within the charge density
wave”. Thisisincompatible with the prevailing assumption of an axion
insulator ground state in Ta,Segl, which must carry asurface Dirac cone
in a non-magnetic material. Taken together, these observations hint
at a unique nature of the charge density wave state, different from an
axioninsulator.

Ta,Segl has a quasi-one-dimensional crystal structure with Taand
latomic chains running along the caxis of the crystal (Fig. 1b). Taatoms
form strong covalent bonds with adjacent Se atoms, whereas  atoms
are weakly tied to Ta-Se chiral chains. Ta,Segl crystals grow in a

few-millimetre-long needle shape with anaspect ratio of approximately
10, reflecting its one-dimensional nature (see Fig. 1c, inset and Methods
for details on the crystal growth). Scanning transmission electron
microscopy (STEM) perpendicular to the growth direction (c) reveals
asquared arrangement of Taand latoms (Fig. 1c). Due to aweak interac-
tion of I atoms with Ta-Se chains, Ta,Segl has a natural cleaving plane
(110) as marked in Fig. 1b. Using STEM and electron diffraction analysis,
we confirmthat the cleaving plane of our samplesis (110) (see Methods
and Supplementary Fig. 1for details). We cleave Ta,Segl samplesin situ
inultrahigh vacuum conditions (<5 x 10™° mbar) for our scanning tun-
nelling microscopy measurements. Inthe scanning tunnelling micros-
copyimageonaclean, freshly cleaved sample, we find that the surface
contains I atoms, 50% of which are expelled from the original
honeycomb-like lattice (Fig. 1d), leaving a close-to-squared I lattice
with the following interatomic distances (marked in Fig. 1d, right):
d=9.54,c=13 A, 0~86+0.5° (Fig. 1e f); this is consistent with the prior
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scanning tunnelling microscopy data’®”. Notably, the topography
taken at T=160 K visualizes a one-dimensional charge density
wave (Fig.1e). The Fourier transform of the large-scale drift corrected
topography?” image reveals Bragg peaks with a close-to-squared
lattice symmetry, as well as the charge density wave wavevector
peaks (Fig. 1g). We determine the charge density wave period,
Acpw, to be 9.1+ 0.6 nm. The charge density wave wavevector,
Qepw ~ (0.05427”, —0.0542;”, 0.09827” liesin the (110) plane (see Sup-
plementary Information and Supplementary Figs. 2 and 3 for details).
While the charge density wave wavelength remains relatively uniform
within a single batch of samples, it shows slight variations across
samples from different batches, averaging at A.p,, = 10.4 + 1.6 nm.
Our result is consistent with X-ray and neutron scattering experi-
ments* % but differs slightly from recent scanning tunnelling micros-
copy data that report an enlarged A,y =17 £ 1 nm attributed to the
growth condition and doping effect of abundant I vacancies®?..
Having explored the crystal structure of Ta,Segl, we focus on tun-
nelling spectroscopy measurements. First, we show two d//dV spec-
troscopic maps, taken at the same location at -0.60 V and 0.45V, in
Fig.1h. The d//dV maps crucially reveal that the local density of states
maximaat 0.45V corresponds to the local density of states minima at
-0.60V, signifying a spectroscopic contrast reversal upon adjusting
the tip-sample bias from the conduction band to the valence band
(Fig.1j). This contrast switchis typically associated with the electronic
character of the charge order®*°2, The Fourier transform images of
the spectroscopic mapsinFig. 1h, illustrated in Fig. 1i, unambiguously
reveal the presence of long-wavelength charge density wave peaks that
alignwell withthe corresponding peaks fromtopography. Next, we turn
to energy-resolved d//dV spectroscopy. It is first worth emphasizing
that, as shown in Fig. 1k (left), Acpw remains constant across varying
energy levels, a behaviour anticipated from a charge density wave
state. At T=160K, spatially resolved differential spectra taken on the
atomic, defect-free surface reveal alarge insulating gap (Supplemen-
tary Fig. 4b; see Supplementary Information and Supplementary Fig. 5
for the details on energy gap determination). Analysing the average d//
dVspectrum, we find the energy gap, A,y to be ~550 meV (Fig. 1k, right
and Supplementary Fig. 4b). It is worth comparing our 4., with the
gapsobtained from other techniques. The energy difference between
the Fermilevel and valence band inour tunnelling spectrais ~260 meV,
which matches well with our photoemission spectroscopy data (see
Methods and Supplementary Fig. 6 for details), where the energy differ-
encebetween the Fermienergy and the emergence of spectral weight
density below the Fermilevelis ~250 meV. These values are consistent
with previous photoemission spectroscopy experiments'*?°*, On
the other hand, our tunnelling 4., appears to be larger than the gap
observed intransport measurements>* and recent scanning tunnelling
microscopy data”; it is possible that the crystal defects and numer-
ous I vacancies (that manifest through a larger A.py) in their sample
can cause the discrepancy between the results (see Supplementary
Information for details). To investigate the origin of the large energy
gap, we compare our experimental results with the outcomes of the
mean-field theory of a charge density wave**. The mean-field formula
thatrelates the magnitude of the charge density wave gap and the tran-
sition temperature assuming weak coupling is Acpy/3.52ky Tepw = 1. Note
that it has a direct analogy to the Bardeen-Cooper-Schrieffer theory
of superconductivity**. Here, in Ta,Segl, however, Acpw/3.52ks Tepw = 7
(Acpw = 550 meV, Ty = 260 K) is nearly an order of magnitude larger
thanwhatis expected fromatraditional, weak coupling charge density
wave. Thisindicates the presence of strong coupling in the charge den-
sity wave state of Ta,Segl (refs. 35,36). Inthe context of the large Acpy, it
isworth noting that our observation of a substantial insulating energy
gapinthesurface,accompanied by the absence of discerniblein-gap d//
dVintensity, indicates the absence of surface statesin the time-reversal
symmetric material Ta,Segl. Our photoemission spectroscopy data
support this absence (Supplementary Fig. 6). As discussed above,

this observation contradicts the existence of the axion insulator state
in Ta,Segl. Furthermore, the energy scale of the spin-orbit coupling,
which determines the energy window of the Weyl physics and the
energy gap of an axion insulator, is approximately 45, = 20 meV in
Ta,Segl (ref. 37). This value is substantially smaller than the observed
Acpw- The substantial difference in energy scales between the axion
insulator and Ay, strongly suggests that the axion insulator state is
highly improbable in Ta,Segl.

We further investigate the large charge density wave gap by exam-
ining its spatial dependence. While the magnitude of the tunnelling
spectra is dependent on both tip and sample, the energy gap usually
correlates with the electronic nature of the sample only. In our case,
spatially resolved tunnelling spectra taken along the charge density
wavevector direction reveal a spatially modulated energy gap with a
modulation amplitude of ~40 meV and periodicity of ~12 + 1 nm (Sup-
plementary Fig. 4a—-c). This periodicity closely matches the charge
density wave period of the specific sample, which has been extracted
fromtopography. Moreover, comparing the topography and the spatial
dependence of the charge density wave gap, we find that the topo-
graphic maxima (minima) correspond to the gap minima (maxima).
Such a spatial gap modulation associated with the charge density
wave has been seen in several charge density wave compounds>®*®
and interpreted as evidence for the electronic nature of the charge
density wave. Taken collectively, our observations of direct correlations
between (1) the charge density wave in topography, (2) charge density
wave wavevector peaks in the Fourier transform of the spectroscopic
map and (3) the spatially modulated charge density wave gap, along-
side the demonstrated spectroscopic contrast reversal upon altering
the tip—sample bias from the conduction band to the valence band,
all consistently support the electronic nature for the charge density
wave in Ta,Segl.

Having discussed the electronic nature of the charge density wave
inTa,Segl, we investigate the topological properties of the charge den-
sity wave state. Figure 2 captures the highlight of our experiment—the
observation of anin-gap edge state within the charge density wave. The
scanning tunnelling microscopy topographyimage in Fig. 2aillustrates
an atomically sharp monolayer step edge along the c direction (see
Supplementary Fig.1for an analysis of edge orientations). The height
line profile perpendicular to the edge clearly shows uniform atomic
correlations on the two sides of the monolayer step edge (Fig. 2b). The
phase of the charge density wave appears to be continuous across the
edge, consistent with the bulk nature (not from trivial surface effects)
of the charge density wave (see Supplementary Information and Sup-
plementary Fig. 3 for more details). To probe the electronic states
localized at the edge, we perform d//dV measurements along the line
(Fig. 2a) passing through the edge. Away from the edge, the tunnelling
spectra feature a large insulating gap (Fig. 2c, blue curves). In sharp
contrast, the spectrataken at the edge (Fig. 2c, orange curves) reveal a
pronounced finite density of states within the insulating gap. The pres-
ence of thein-gap state localized at the edge suggests the existence of
edge modes® **in the charge density wave phase of Ta,Segl.

Tofurtherexplore the edge state, in Fig. 2d we show d//dV spectro-
scopic maps taken atamonolayer step edge identified by atopographic
image (Fig. 2d, bottom). In the real-space differential conductance
maps at the Fermilevel and £ = + 100 meV, we find that the monolayer
step edge exhibits pronounced edge states manifested via increased
differential conductance within the insulating gap. In contrast, the
spectroscopic image at —0.8 V (Fig. 2d, top) exhibits suppressed dif-
ferential conductance along the edge. Figure 2e, which depicts the
spatial spread of the edge state, reveals an exponential decay of the
edge state on the crystal side of the step edge. The edge state decays
with a characteristic length of r, = 1.25 nm on the crystal side, indicat-
ingastrongly confined nature of the edge state. Note that thisis nearly
50 times smaller thanin HgTe/CdTe quantum wells and 2 times larger
thanin bismuthene®*****, The strongly confined nature of the edge state
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Fig.2|Observation of an edge state within the charge density wave gap.

a, Atomically resolved topography of an atomically sharp monolayer step edge
(Vgap =—1.0V,/,=50 pA). Hand L labels in the colour bar denote high and low scale,
respectively. b, The corresponding height profile, taken perpendicular to the
c-axis direction, exhibits uniform atomic correlations perpendicular to the step
edge over alarge distance. The vertical dashed lines denote the atomic positions
perpendicular to the c axis. ¢, Tunnelling spectroscopy taken at T=160 K,
revealing aninsulating gap away from the edge and a pronounced in-gap state on
the edge. The orange and blue curves represent the differential spectra taken at
different positions (marked in a) with the direction indicated by the green arrow
inaand c) at the edge and away from the edge, respectively. Spectra are offset
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for clarity. Dashed horizontal lines denote zero differential conductance. The
tunnellingjunction set-upis V.., = -0.8 V, /.= 0.4 nAand V,,,4=10 mV.d, d//dV
maps taken at 160 K at different bias voltages (the corresponding topography is
shown at the bottom). d//dV maps taken within the insulating gap (V=0 mV and
+100 mV) reveal a pronounced in-gap edge state. The tunnelling junction set-up
for the d//dVmapsis V,,=-0.8 V, I, =0.3nAand V,,,,=10 mV. e, The intensity
distribution of differential conductance taken at 0 and 100 mV away from

the step edge on the crystal side. The corresponding location is marked on the
topographicimage ind with a black dashed line; the direction is marked with an
arrow. The orange curves show the exponential fitting of the decay of the state
away from the edge.

isevidentinSupplementary Fig. 7, displaying line profiles for the topog-
raphy and corresponding d//dV around the step edge. These profiles
illustrate that the edge state exhibits exponential localization within
the crystal side, diminishing as it extends towards the vacuum side.
With the electronic nature and the edge states associated with the
charge density wave insulator phase in Ta,Segl now addressed, we shift
our focustoits temperature dependence. InFig. 3a, we show large-scale
topography images and the corresponding Fourier transforms (inset)

at160,250 and 280 K. The charge density wave and the corresponding
Fourier transform peaks are detected in the 160 and 250 K topography
images. On the other hand, neither the charge density wave nor its
Fourier transform peaks are seenin the 280 K data (Fig. 3a, right). This
observationis consistent with recent scanning tunnelling microscopy
data® and is corroborated by our transport measurement shown in
Fig.3b, whichindicates that the charge density wave transition occurs
at Tepw =260 K (refs. 5,23-29). The charge density wave transition also
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Fig.3| Temperature dependence of the charge density wave and its in-gap
edge state. a, Topography images and corresponding Fourier transforms (inset)
taken at three different temperatures, highlighting the temperature evolution of
the charge density wave (V,,,=-1.0V, /=50 pA). Hand L labels in the colour bar
denote high and low scale, respectively. At T=280 K, the charge density wave and
its Fourier transform peaks are not detected. Qcpw and Qg,,,, denote the charge
density wave and Bragg peaks, respectively. b, Resistivity versus temperature
data (with current, /, flowing along the c axis of the crystal) showing a kink near
260 K signalling the charge density wave transition, which corroborates our
observation. Thered curve represents the plot ofthe3derivative of the natural
logarithm of the ratio of p to p;_s90 With respect to %. ¢, Temperature-
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dependent differential spectra taken at the edge and away from the edge,
denoted with orange and blue curves, respectively. Spectra are offset for clarity
for different temperatures. In agreement with the topography, the charge density
wave gap and the associated in-gap edge state are not visible above the transition
temperature. The tunnelling junction set-upis V,,,=-0.8 V, /.= 0.4 nAand

Vimoa = 10 mV. d,e, Topography and corresponding differential conductance maps
taken on amonolayer step edge at T=250 K (d) and 280 K (e), capturing the
temperature dependence of the edge state. At T=250 K, the edge state is still
visible, whereas at T=280 K, the edge state is absent. The tunnelling junction
set-up for d//dVmapsis V., =-0.8 V, /.= 0.3 nAand V., =10 mV.

manifestsin our temperature-dependent tunnelling spectra presented
inFig.3c. Theinsulating gap shrinks progressively as we raise the tem-
perature, and finally asemi-metallicbehaviouris seen at 280 K (Fig. 3¢,
blue curves). Concurrently, tunnelling spectra taken at a monolayer
step edge (Fig.3c, orange curves) show that the in-gap edge state, which
has anenhanced d//dVwithin the insulating gap, is present throughout
the range of temperatures below T,,,. However, above Ty, the d//dV
spectrum at the edge is suppressed compared with the d//dVspectrum
away from the edge, signalling the absence of the edge state in the
semimetal phase of Ta,Segl. We further substantiate this observation by
acquiring spectroscopic maps as the transition temperatureis crossed
(Fig.3d,e). At 250 K, a pronounced in-gap localized state is present at
theedge, whereasat 280 K, the d//dVat the edgeis rather suppressed.
Theseresultsareinaccordance with atransition from the charge den-
sity wave insulator to the Weyl semimetal phase. It is worth noting that
the Weyl physics in Ta,Segl exists within a narrow energy window, on

the order of <20 meV, which is substantially smaller than the charge
density wave gap (~500 meV). Furthermore, as demonstrated in our
experiments and corroborated by our theoretical analysis below, the
localization length of the edge state varies inversely with the charge
density wave gap and is expected to diverge as the charge density
wave gap closes in the Weyl semimetal phase (Supplementary Fig. 8).
Consequently, it is highly improbable that the Weyl physics plays a
relevantrole in the existence of the edge state.

The temperature dependence reveals that the edge state is quite
robust and vanishes as soonas the charge density wave gap closes above
Teows SUggesting its connection to the charge density wave insulating
gap. To gain deeper insights into the relationship between the edge
state and the charge density wave, we focus onamonolayer step edge,
conducting comprehensive spectroscopic mapping as summarized
in Fig. 4. In Fig. 4a, we show the topography and corresponding rep-
resentative differential conductance maps around a monolayer step
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Fig.4|Correspondence between the periodicity of the edge dI/dV
modulations and charge density wave wavelength projected along the edge.
a, Topography and corresponding representative d//dVmaps around a
monolayer step edge, revealing anin-gap edge state. Hand L labels in the

colour bar denote high and low scale, respectively. The red and green arrows
indicate the location of the edge in the ab axis and the location on the surface
where the line profiles presented in d were taken, respectively. The tunnelling
junction set-up for d//dVmapsis V.., = -0.8 V, /.= 0.3 nAand V,,, =10 mV. All
datawere taken at T =160 K. The charge density wave in this specific sample
exhibits a periodicity of Acpy =10.1+ 0.3 nm, deduced from topographic imaging
ofaregionlocated away from the edge. b, d//dVline profiles (averaged over an
atom along the edge marked with ared vertical line in the topographicimage
ina) along the edge for six biases, exhibiting a periodic modulation fitted with
Asin 27" (x — ¢); fitting parameters are A and ¢, which denote wavelength and

phase shift, respectively. Averaging A obtained from the fitted sinusoids of all
suchacquired d//dVcurves, we obtain A, =14.4 £ 0.7 nm. Thered curves denote

fitting of A sin AZ—" (x — ¢)applied to d//dV data at each bias. ¢, The deduced
avg

periodicity (1) of the edge d//dV oscillations plotted against the bias, highlighting
an energy-independent A and consequent wavevector. Data points are presented
as (1+64), where Aand 61 denote the optimal fitting parameter and its 95%
confidenceinterval, respectively. Note that A,,, aligns well with the charge
density wave wavelength projected along the edge, that is, v2Apy. d, d//dVline
profiles (averaged over an atom along the c-axis direction marked with a vertical
greenline in the topographic image in a) away from the edge shown for four
biases, exhibiting a periodic modulation fitted with A4 sin 27" (x — ¢); thefitting
parameters are A and ¢, which denote the wavelength and phase shift,

respectively. Averaging A obtained from the fitted sinusoids of all such d//dV

curves, we obtainA,,, = 14.2 + 0.6 nm. The green curves denote the fitting of

Asin AZ—" (x — ¢)applied to the d//dV data at each bias. Dashed black linesinb
avg

and d trace a shift of the d//dV peak location upon varying the voltage bias.

edge, acquired at various bias voltages, unveiling the presence of an
in-gap edge state. d//dV line profiles along the edge extracted from
these spectroscopic maps reveal a periodic modulation with a perio-
dicity of A,,,=14.4 £ 0.7 nm (Fig. 4b,c), equivalent to (1.43 £ 0.07)Acpy
(where Ay is obtained from the topography), closely matching the
charge density wave period projected along the edge (vV2Acpy). This
correspondence providesrobust evidence of aconnectionbetween the
edgestate and the charge order. Notably, the periodicity of the in-gap
edge d//dV oscillations and consequently the associated wavevector
obtained through a Fourier transform remains unaltered with energy

(Fig. 4c).Intriguingly, however, the phase of the charge order, ¢, gradu-
ally shifts with energy, whichis readily apparent through the discernible
shiftsinthe positions of the d//dVpeaks as the bias is varied within Ay
(Figs.4band 5a). Note that this smooth energy-phase relation is remi-
niscent of the topological spectral flow of the edge modes. Figure 5a
displays the energy-phase relation at the edge, demonstrating that
the phase of the charge order at the gapless edge state vary gradually
with energy solely for the bias voltages falling within the bulk energy
gap (4Aqpw), resulting ina cumulative phase shift of mbetween the bulk
valence and conduction band edges. Beyond this energy range, the
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Fig. 5| Gapless edge mode connecting the gapped bulk (and surface)
conductionand valence bands in energy and phase. a, The deduced phase
shift A = ¢ — ¢, 5y Of the edge d//dV oscillations (obtained from the fit marked
withred curves in Fig. 4b) akin to what is shown in Fig. 4b, plotted as a function of
bias. As also visualized through the shift of the peak locations with varying bias
inFig. 4b, the phase shifts with energy solely for the bias voltages falling within
the bulk energy gap (4¢py), resulting in a cumulative phase shift of mbetween
the bulk valence and conduction band edges. Beyond this energy range, the
phase remains constant within the bulk conduction or valence bands. b, The
deduced phase shift A¢ = ¢ — ¢, sy Of the surface d//dV oscillations (obtained
from the fit marked with green curves), akin to what is shown in Fig. 4d, plotted
asafunction of bias. There are no data points within 4, due to the absence of
adiscernible bulk d//dVsignal at bias voltages falling within 4.y, characteristic

Phase shift, Ap

Phase shift, A¢

ofaninsulating bulk gap. As visualized through tracking the peak locations with
changing bias in Fig. 4d, the phase does not change within both the conduction
and valence bands as a function of energy, yet there is a t phase shift between
d//dV oscillations acquired at the conduction and valence bands, creating a
sharp t phase gap, present in conjunction with Ay ¢, Energy versus phase
plots of the edge and the bulkinaand b, respectively, plotted together. The plot
highlights the presence of a gapless edge state connecting the gapped (by 4¢py in
energy and rtin phase) bulk conduction and valence bands in energy and phase,
bearing aresemblance to the topological spectral flow of the boundary modes.
Data pointsinaandb are presented as (¢ + 6¢), where ¢ and 6¢ denote the
optimal fitting parameter and 95% confidence interval of the fitting parameter,
respectively.

phase remains constant within the bulk conduction or valence bands.
When investigating the d//dV line profiles along the same direction
asin Fig. 4d, but away from the edge, we encounter d//dV oscillations
sharing theidentical (1.43 + 0.07)Ay periodicity (Fig. 4d). Two critical
aspects stand outinthe data of Fig. 4d. Firstly, there are no data points
within 4.,y owing to the absence of a discernible bulk d//dV signal at
bias voltages falling within Ay, characteristic of an insulating bulk
gap. Secondly, the phase remains constant within the conduction
(orvalence) band as a function of energy, yet there is a T phase differ-
ence between d//dVoscillations at the conduction and valence bands,
creating a sharp 1t phase gap in conjunction with A, (illustrated in
Fig. 5b). Notably, the t phase difference in the charge order between
the bulk conduction and valence bands can also be inferred from the
datain Fig. 1h,j. Lastly, Fig. 5c portrays the energy-phase relation of
boththe edge and bulk, juxtaposed toilluminate a crucial finding from
our experiments. Specifically, it illustrates that the edge state—being
gaplessinboth energy and phase—connects the bulk conduction and
valencebands thatare gapped by Ay (1) in energy (phase). This paral-
lelsthe manner in which gapless topologicalboundary modes connect
the gapped bulk bandsin terms of energy and momentum magnitude.
Suchalinkage between the edge state and the underlying bulk charge
order gap represents an unprecedented occurrence within the realm
of wide-ranging charge density wave systems—consider, for instance,
the case of TaTe,, where an edge state was identified*®, though no
definitive association between the edge state and the charge order
was established.

It is tempting to interpret the underlying quantum state of the
charge density wave insulator phase in Ta,Segl as a weak topological
insulator composed of a stacking of two-dimensional quantum spin
Hall states, with a stacking direction (equal to the vector of weak indi-
ces) perpendicular to the measured surface. However, theoretical argu-
ments suggest that the vector of weak indices should be parallel to the
ordering vector of the charge density wave”, whichis incompatible with

our experimental observation. Another possibility is to have agapped
surface (and an edge state therein) due to surface reconstruction
that can dimerize the pair of surface Dirac cones by breaking transla-
tion. However, the observed Bragg peaks (Fig. 1g and Supplementary
Fig.2b) are consistent with the ones that have been obtained with other
bulk-sensitive techniques®%, showing no sign of additional surface
reconstruction, thus contradicting this scenario. Therefore, while
pointingtoatopological nature of the observed edge state linked to the
charge density wave phase, our experiments invite future theoretical
works tounderstand whether itis related to the Weyl semimetal nature
of the high-temperature phase.

To better understand the properties of the observed edge states
and elucidate the essential physics, we construct a tight-binding model
based on the nearly square iodine lattice and consider the charge
density wave asaperiodic potentialin asinusoidal form. Furthermore,
we consider the system in a square geometry with the edges in the
diagonal directions (~45° with respect to the square iodine lattice). In
the absence of charge density wave, the systemis gapless. The charge
density wave openssizable bulk gaps at low energies of the system with
anoscillation pattern, whichis consistent with the bulk d//dVspectrum
(Supplementary Fig. 9¢,d). Strikingly, within the bulk gap, we find edge
states that are exponentially localized at the edges. Moreover, by choos-
ing appropriate parameters, we can obtain a bulk gap of size ~550 meV
and, accordingly, a localization length r,= 1.3 nm of the edge states
(Supplementary Fig. 9e,f). The localization length becomes longer
as we decrease the bulk gap. The edge states exhibit a pronounced
oscillation with a period v2A.,,, along the edge. Furthermore, the peak
positions of the edge states along the edge shift for different biases,
indicating an energy dispersionas afunction of position**. These results
are also in good agreement with our experimental observations. To
understand the origin of the edge states, we analyse the decoupled
wire limit where the hoppingin one direction vanishes (Supplementary
Fig.10). Inthis limit, allwires are the same withidentical charge density
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wave phases and strengths. They exhibit topological bulk gaps, which
are characterized by non-zero topological numbers, and consequently
in-gap edge states under openboundary conditions. Aswereduce the
hopping strengthin onedirectionto zero, the bulk gapsinduced by the
charge density wave remain open. This indicates that the topological
insulating phase of our square lattice model is continuously connected
to that of the decoupled wire limit. Thus, the edge states share the
sametopological originand are characterized by the same topological
numbers. We provide the details and more discussions of the model
calculations in Supplementary Information. While more detailed,
three-dimensional ab initio calculations are required to fully capture
the topological properties of the charge density wave phase in Ta,Segl,
our two-dimensional effective model, built upon the surface square
lattice of  atoms, suggests a feasible mechanism for the emergence of
the edge state. Itis essential to note, however, that conducting these ab
initio calculations is currently highly computationally demanding due
tothe large charge density wave wavelength in this material.

Theimpact of ourresultsis threefold. First, we visualize anin-gap
edge statein Ta,Segl within the charge density wave gap. Going beyond
the existing theories and the axion insulator interpretation of the
charge density wave phase in Ta,Segl, it indicates that the charge den-
sity wave state possibly contains a different, unique topology. Second,
we find that the edge state is robust and persists up to Tcpy (~260 K)
before disappearing quickly above T,,,. Additionally, we show a cor-
relation between the decay length of the edge state and the strength
of the charge order, as reflected in the increase of the decay length
with the diminishing charge order gap. Remarkably, while the edge
di/dV spectra exhibit oscillations with a periodicity closely matching
the charge density wave period projected along the edge, the phase of
these oscillations undergoes a shift from the conduction band edge
tothevalence band edge. This phase shift of the gapless edge state con-
nects the gapped bulk conduction and valence bands in both energy
and phase, akin to atopological bulk-boundary connectivity in energy
and momentum magnitude, albeit distinct in its phenomenology.
Although tunnelling spectroscopy experiments alone cannot provide
conclusive evidence of the topological nature of the edge states, these
exotic behaviours collectively suggest the presence of atopologically
non-trivial state, as supported by our theoretical analysis. Lastly, the
charge density wave gap size surpasses the predictions from weakly
coupled mean-field theory, suggesting a potential strong coupling
nature, thus opening a new avenue for investigating the interplay
between charge order, strong coupling and topology.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods
Ta,Segl single-crystal growth and characterization
Tantalum powder (=325 mesh, 99.97% metals basis; Puratronic),
iodine lump (ultradry, 99.999% metals basis) and selenium powder
(=200 mesh, 99.999% metals basis) were purchased from Alfa Aesar
and used for synthesis without further purification. Single crystals of
Ta,Segl were grown using achemical vapour transport method with Ta,
Se and I as starting materials. Ta, Se and I were taken in a 2:8:1 compo-
sition ratio and sealed in an evacuated quartz tube. The ampoule was
placed into a pre-heated dual-zone tube furnace with a temperature
gradient of 500 °Ct0400 °Cand the eductsin the hot zone for 2 weeks.
After the growth period, a few-millimetre-long needle shape (with an
aspect ratio of approximately 10) crystals had formedin the cold zone.
We conducted structural analysis on the cleaved Ta,Segl sample
surface using electron diffraction measurements. In Supplementary
Fig.1b, we display the scanning electron microscopy image of the thin
lamella, which was obtained through focused ion beam cutting from
the cleaved surface that was required for performing the electron dif-
fractionexperiments. Supplementary Fig. 1c provides the electron dif-
fraction patternacquiredat 7=290 K. Our electron diffraction analysis
confirms that the cleaved surface corresponds to the (110) plane.

Scanning tunnelling microscopy

Single crystals were cleaved mechanically in situ in ultrahigh vacuum
conditions (<5 x 107 mbar) and then immediately inserted into the
microscope head. The tunnelling junction set-up parameters for the
topography and spectroscopy measurements are noted in the figure
captions. Topographicimagesin this work were taken in the constant
current mode. Tunnelling conductance spectra were obtained with a
commercial W tip using the standard lock-in amplifier technique with
alock-in amplifier frequency of 977.77 Hz. For variable temperature
measurements, we first withdrew the tip from the sample and then
raised the temperature and stabilized the temperature for 12 h, after
which we reapproached the tip to the sample to perform tunnelling
experiments.

STEM sample preparation and imaging

Thinlamellae were prepared by focus ion beam cutting using a Helios
NanoLab G3 UC dual-beam focused ion beam and scanning electron
microscope system. Sample thinning was accomplished by gently
polishing the sample using a 2 kV Ga* ion beam to minimize surface
damage caused by the ion beam. Conventional transmission elec-
tron microscope imaging and atomic resolution high-angle annular
dark-field STEM imaging were performed on a Titan Cubed Themis
300 double Cs-corrected scanning/transmission electron microscope,
operated at 300 kV.

Angle-resolved photoemission spectroscopy measurement

The angle-resolved photoemission spectroscopy measurement was
performed at SIS beamline of Swiss Light Source, Switzerland. The
energy and momentum resolution were below 20 meV and 0.02 A7,
respectively. The Fermilevel was determined by measuring a polycrys-
talline gold that was electrically grounded with the measured sample.

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper. Additional data are available from the corresponding
authors upon reasonable request. Source data are provided with this
paper.
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