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Since their first prediction by Anderson in 1973 (ref. 1), quan-
tum spin liquids (QSLs) have been intensely investigated2–7 
as candidates to host exotic quantum phenomena such as 

fractionalized elementary excitations2–4, topological order4,5 and 
unconventional superconductivity6,7. QSLs are a novel state of mat-
ter predicted to arise in quantum antiferromagnets where geometric 
frustration and quantum fluctuations are strong enough to prevent 
a magnetically ordered ground state2–4. A key to understanding the 
QSL state is its low-energy physics, often dominated by emergent 
fractional fermions (termed spinons) that carry spin-1/2 but no 
charge2–4. Many QSL models are based on two-dimensional (2D) 
triangular-lattice Mott insulators2–4, and several material candi-
dates incorporating coupled 2D layers have been found to exhibit 
behaviour consistent with spinon excitations8–10. It remains debat-
able whether the spinons in such systems are gapped or not4,8–10, but 
increasing evidence10 suggests the existence of gapless spinons that 
exhibit a Fermi surface2–4,8–13.

Imaging the itinerant spinons, however, is challenging due to 
their fractional and chargeless nature. Some predictions suggest that 

the spinon Fermi surface should host instabilities leading to spinon 
spatial patterns13 that can, in principle, be imaged by single-particle 
scanned probes14. Bulk 1T-TaS2 has been suggested as one such 
QSL candidate15–21. This layered material is believed to exhibit 
a Mott-insulating ground state that cooperatively arises from a 
Star-of-David charge density wave (CDW)22–24. Each Star-of-David 
cluster contributes one localized spin, thus forming a triangular 
spin lattice. Some evidence for QSL behaviour in bulk 1T-TaS2 has 
been found, such as the absence of magnetic order down to mil-
likelvin temperature17–19 and a linear term in the thermal conductiv-
ity20,21, but QSL physics here is complicated by interlayer coupling. 
This is because interlayer coupling can lead to spin delocalization 
and/or interlayer spin-singlet formation, which are detrimental to 
the formation of a gapless QSL state15,19,25–27.

Here we report experimental evidence supporting the existence 
of a QSL-based spinon Fermi surface in single-layer (SL) 1T-TaSe2 
through the use of scanning tunnelling microscopy/scanning tunel-
ling spectroscopy (STM/STS). SL 1T-TaSe2 is a newly discovered 2D 
Mott insulator that exhibits a low-temperature Star-of-David CDW 
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Two-dimensional triangular-lattice antiferromagnets are predicted under some conditions to exhibit a quantum spin liq-
uid ground state with no energy barrier to create emergent, fractionalized spinon excitations that carry spin but no charge. 
Materials that realize this kind of spin liquid are expected to have a low-energy behaviour described by a spinon Fermi surface. 
Directly imaging the resulting spinons, however, is difficult due to their chargeless nature. Here we use scanning tunnelling 
spectroscopy to image density waves consistent with the predictions of spinon density modulation arising from a spinon Fermi 
surface instability in single-layer 1T-TaSe2. We confirm the existence of a triangular lattice of localized spins in this material by 
contacting it with a metallic 1H-TaSe2 substrate and measuring the Kondo effect. Spectroscopic imaging of isolated single-layer 
1T-TaSe2 reveals long-wavelength super-modulations at Hubbard band energies, consistent with the predicted behaviour of 
itinerant spinons. These super-modulations allow the direct experimental measurement of the spinon Fermi wavevector, in 
good agreement with theoretical predictions for a two-dimensional quantum spin liquid.
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phase similar to bulk 1T-TaS2 (that is, the Star-of-David cells are 
centred at the Ta atoms; Supplementary Fig. 1), but which does not 
suffer from the disadvantages of interlayer coupling between the 
1T layers28,29. We report two experimental findings that support 
the presence of a QSL in SL 1T-TaSe2. First, we demonstrate the 
existence of localized spins on a triangular lattice in SL 1T-TaSe2 
through the observation of Kondo resonance at the Fermi level (EF) 
when SL 1T-TaSe2 is placed in contact with metallic 1H-TaSe2. Next, 
we show evidence for a QSL-based spinon Fermi surface subject to 
Fermi surface instability in isolated SL 1T-TaSe2 through the obser-
vation of long-wavelength super-modulations in the electronic local 
density of states (LDOS) at the Hubbard band energies. Such wave 
patterns are unexpected in an insulator but naturally occur in the 
presence of a spinon Fermi surface. The ability to access fractional 
spinon behaviour via a single-particle probe (that is, STM) arises 
from the decomposition of the injected electrons into spinons 
(chargeless spin-1/2 fractional particles) and chargons (spinless 
charged fractional particles)14,30. By imaging spinon-induced LDOS 
super-modulations, we can directly determine the spinon Fermi 
wavevector (kF), in good agreement with theoretical predictions15,16 
for a 2D QSL.

Kondo resonance in a 1T/1H-TaSe2 vertical heterostructure
SL TaSe2 films were grown on epitaxial bilayer graphene 
(BLG)-terminated 6H-SiC(0001) substrates and also on cleaved 
graphite surfaces via molecular beam epitaxy (MBE)29,31. A single 
TaSe2 layer contains one Ta atomic layer sandwiched between a 
pair of Se atomic layers, with each Ta atom coordinated by six Se 
atoms (Fig. 1a). The Se cage forms an octahedron in the metastable 
1T phase and a trigonal prism in the stable 1H phase. Coexisting 
1T and 1H phases were grown via MBE in the SL limit under con-
trolled growth conditions, as shown by our STM images (Fig. 1b). 
Atomically flat 1T and 1H SL islands can be easily distinguished 
(close-up images of both phases are shown in the insets of Fig. 1b), 
which exhibit a triangular 

√
13×

√
13 Star-of-David CDW pat-

tern for the 1T phase29 and a 3 × 3 CDW pattern for the 1H phase31. 

Vertical heterostructures composed of a single 1T layer on top of a 
single 1H layer (1T/1H) are observed to display the Star-of-David 
CDW pattern in the top layer and the 3 × 3 CDW in the bottom 
layer (Fig. 1b and Supplementary Fig. 2b).

We verified the electronic structure of different TaSe2 phases by 
measuring STM differential conductance (dI/dV) (which reflects the 
surface electronic LDOS) as a function of the sample bias voltage 
(Vb). The dI/dV spectra acquired on metallic SL 1H-TaSe2 islands 
show finite LDOS at EF accompanied by a slight suppression due 
to CDW formation (green curves in Fig. 2a), consistent with previ-
ous measurements31. The dI/dV spectra acquired on insulating SL 
1T-TaSe2 islands on BLG/SiC, on the other hand, show a Mott gap 
(red curves in Fig. 2a), also consistent with previous measurements29. 
Here the LDOS peak near Vb = −0.3 V is identified as the lower 
Hubbard band (LHB) and the upper Hubbard band (UHB) corre-
sponds to the peaks near Vb = 0.2 V (UHB1) and Vb = 0.6 V (UHB2) 
(these are split due to reduced screening in two dimensions29). The 
electronic structure of both SL 1T and 1H phases was also identi-
fied using angle-resolved photoemission spectroscopy (ARPES) 
(Supplementary Fig. 3b), confirming the coexistence of both phases.

The dI/dV spectra acquired on the 1T/1H vertical heterostruc-
tures are very different from either of the bare SL spectra at the 
Hubbard band energy scale. The heterostructure spectra reveal a 
pronounced zero-bias peak (ZBP), which is absent from SLs (blue 
curves in Fig. 2a) and cannot be explained by doping32–35 or strain 
(Supplementary Note 2.1). The ZBP was found to persist in every 
Star-of-David cell (Supplementary Fig. 2). We identify the ZBP as 
Kondo resonance36,37, which is expected to arise when a local spin 
(from the 1T layer) couples to itinerant electrons in a metal (from 
the 1H layer)38 (the absence of Kondo resonance for SL 1T-TaSe2 
on BLG is due to BLG’s low carrier density and poor coupling to 
the 1T layer (Supplementary Note 2.2)). To test the Kondo hypoth-
esis, we examined the ZBP feature over the temperature range of 
5 ≤ T ≤ 70 K, as plotted in Fig. 2b. The ZBP gradually broadens with 
increased temperature by an amount that cannot be accounted 
for by pure thermal broadening, but is well fitted by a thermally  
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Fig. 1 | Structure of SL TaSe2 and 1T/1H vertical heterostructures. a, Side view of the crystal structures of SL 1T-TaSe2, 1H-TaSe2 and 1T/1H vertical 
heterostructure on BLG-terminated SiC(0001). b, STM topographic image shows SL 1T-TaSe2, SL 1H-TaSe2 and 1T/1H vertical heterostructure on  
BLG/SiC(0001) (scanned at sample bias Vb = –1 V and tunnelling current It = 5 pA). The insets are close-up images of the SL 1T and 1H islands (scanned 
at Vb = −0.5 V, It = 30 pA and Vb = 50 mV, It = 1.3 nA, respectively) (T = 5 K). c, Schematic of the triangular spin lattice and Star-of-David CDW pattern 
in 1T-TaSe2. Each star consists of 13 Ta atoms and has a localized spin represented by the blue arrow at the centre of the star. The squared wavefunction 
amplitude (|ψ|2) of the localized electrons is represented by grey shading.
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convolved Fano line shape (Supplementary Note 2.3 and 
Supplementary Fig. 2d,e) with an intrinsic temperature-dependent 
width Γ(T). The intrinsic resonance width as a function of tempera-
ture (T) is observed to follow the well-known Kondo expression37

Γ (T) =
√

(πkBT)2 + 2 (kBTK)
2 , (1)

where kB is the Boltzmann constant, yielding an estimated Kondo 
temperature of TK = 57 ± 3 K (red dashed line in Fig. 2c) and a resul-
tant Kondo coupling of JK ≈ 0.2 eV (Supplementary Note 2.4). The 
observation of the Kondo resonance peak in every Star-of-David 
CDW cell suggests the existence of localized spins in isolated SL 
1T-TaSe2 that are arranged in a triangular lattice (Fig. 1c) (this 
behaviour is consistent with the typical lateral extension of Kondo 
peaks, which is of the order of 1 nm (ref. 39)), as well as with the 
coherence temperature of the 1T/1H Kondo lattice being lower 
than the STM base temperature of 5 K (Supplementary Note 2.4). 
Measuring the magnetism in SL materials via more direct methods 
is challenging. For example, we attempted to probe the magnetism 
in SL 1T-TaSe2 using X-ray magnetic circular dichroism (XMCD), 
but this yielded no observable magnetization beyond the noise level 
(Supplementary Fig. 4).

Super-modulations in SL 1T-TaSe2
We explored possible QSL behaviour in isolated SLs of 1T-TaSe2 
by characterizing long-wavelength super-modulations in the 
real-space electronic structure of this triangular spin lattice (here the 
1T-TaSe2 was supported by BLG/SiC rather than metallic 1H-TaSe2 
and so did not exhibit the Kondo effect (Supplementary Note 2.2)). 
Measurements were performed on SL 1T-TaSe2 islands like the one 
shown in Fig. 3a, which exhibit dI/dV spectral characteristics of a 
Mott insulator (Fig. 3b). Figure 3c–g shows constant-height dI/dV 
maps acquired at different energies in the area outlined by a yellow 
dashed square in Fig. 3a, while Fig. 3h–l reveals the corresponding 
Fourier transform (FT) of each dI/dV map (Supplementary Fig. 5 
shows the FT images without labels). The Star-of-David CDW pat-
tern dominates the empty-state LDOS for energies above the UHB29, 
as evident from the dI/dV map at Vb = 1.0 V (Fig. 3c) and its FT  
(Fig. 3h). Here the CDW triangular lattice yields six-fold symmetric 
FT peaks marked by red circles and labelled as the primary recipro-
cal lattice vectors bi (1 ≤ i ≤ 6). These define the first Brillouin zone 
of the Star-of-David CDW (red hexagon). No other periodicities are 
seen at this energy.

New longer-wavelength super-modulations emerge at lower 
energies closer to the Hubbard band energies (that is, UHB2, UHB1 
and LHB). At energies near UHB2 (Vb = 0.62 V), for example, a new 
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Fig. 2 | Kondo resonance observed in a 1T/1H-TaSe2 vertical heterostructure. a, Local electronic structure measured at T = 5 K via dI/dV spectroscopy for 
SL 1H-TaSe2 (green), SL 1T-TaSe2 (red) and 1T/1H-TaSe2 vertical heterostructure (blue) (1H: Vb = −1.5 V, It = 30 pA, Vmod = 50 mV; 1T: Vb = 1.5 V, It = 40 pA, 
Vmod = 20 mV; 1T/1H: Vb = −1.5 V, It = 30 pA, Vmod = 20 mV) (Vmod is the wiggle voltage of sample bias). The insets show higher-resolution dI/dV spectra 
(1H: Vb = 0.1 V, It = 30 pA, Vmod = 5 mV; 1T: Vb = −0.25 V, It = 30 pA, Vmod = 2 mV; 1T/1H: Vb = −0.1 V, It = 30 pA, Vmod = 1 mV) (the Kondo peak in the inset is 
sharper and taller compared with the lower-resolution measurement due to the use of a smaller wiggle voltage). b, Temperature dependence of the Kondo 
resonance peak observed in 1T/1H-TaSe2 vertical heterostructures for 5 ≤ T ≤ 70 K. The spectra are vertically offset for clarity (Vb = −0.1 V, It = 30 pA, 
Vmod = 1 mV). c, Temperature dependence of the intrinsic Kondo resonance width Γ (black with error bar). The error is estimated by the Γ threshold beyond 
which the fit significantly worsens37. The fit of equation (1) to the data (red dashed line) yields a Kondo temperature of TK = 57 K.
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super-modulation is clearly seen in the real-space image of Fig. 3d  
as bright patches of enhanced LDOS (also see Supplementary  
Fig. 6d). This structure corresponds to a triangular grid rotated 
by 30° from the CDW lattice with an incommensurate lattice  

constant slightly larger than 
√
3a (Supplementary Fig. 6), where a is 

the CDW lattice constant. This incommensurate super-modulation 
(ICS) is distinctly shown in Fig. 3i (FT of the map shown in  
Fig. 3d), which shows new peaks marked by blue circles along  
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NatUre Physics | VOL 17 | October 2021 | 1154–1161 | www.nature.com/naturephysics 1157

http://www.nature.com/naturephysics


Articles NaTure PHySicS

the Γ–K directions inside the CDW Brillouin zone. The ICS wave-
vector, qICS, can be written in terms of the CDW reciprocal lat-
tice vectors as qICS = qICS(b1 + b2), where qICS = 0.241 ± 0.009 (qICS is 
obtained from the Gaussian fits of the FTs acquired on ten different 
islands with five different tips (Supplementary Fig. 7)).

The ICS pattern is also observed when energy is further lowered 
to UHB1, as observed in the dI/dV map at Vb = 0.2 V (Fig. 3e) and the 
corresponding FT (Fig. 3j). The ICS is often obscured in real-space 
images due to mixing with the CDW pattern (Supplementary Note 1),  
but its FT peaks are easily resolved from the CDW wavevectors 
(Fig. 3j). The ICS persists as the energy is lowered to the LHB, as 
observed in the dI/dV map at Vb = −0.18 V (Fig. 3f), which yields 
FT peaks at qICS (Fig. 3k). The filled-state LHB measurement, how-
ever, differs from the empty-state UHB measurements in that it 
also exhibits short-range commensurate super-modulation (CS) of 
wavelength 

√
3a that yields broad FT peaks at the K points of the 

CDW Brillouin zone (green circles in Fig. 3k and Supplementary 
Fig. 8). Both ICS and CS disappear at energies below the LHB where 

only the Star-of-David CDW remains as shown by the dI/dV map at 
Vb = −0.8 V (Fig. 3g) and its corresponding FT (Fig. 3l).

The complete energy dependence of super-modulations over 
the energy range of −1.0 V < Vb < 1.5 V is shown in Fig. 4a,b 
(Supplementary Figs. 9 and 10 show additional data at selected 
energies). Here the energy-dependent FT amplitude along the Γ–K 
direction (black dashed line in Fig. 4a, inset) as a function of wave-
vector q = q(b1 + b2) shows three main features: (1) the CDW recip-
rocal lattice vector b1 + b2 (q = 1) over a wide energy range (black 
dashed ovals), (2) CS (q = 1/3) in the filled-state LHB (green dashed 
oval) and (3) ICS (q = qICS ≈ 1/4) in both LHB and UHB regimes 
(blue dashed ovals). We observe that the ICS wavevector is inde-
pendent of energy, but its amplitude is not. To better visualize the 
energy dependence of the ICS amplitude, its strength is defined as 
the ICS FT peak amplitude ρ(E, qICS) normalized by the FT peak 
amplitude ρ(E, q = 0) (equivalent to the spatially averaged sur-
face LDOS). Figure 4b shows that this ratio, |ρ(E, qICS)/ρ(E, q = 0)| 
(blue dots), is small at all energies except for the LHB and UHB 
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regimes (the dI/dV spectrum of a single 1T-TaSe2 layer is plotted 
for reference (black line)). The temperature dependence of the ICS 
amplitude (Supplementary Fig. 11) shows that it decreases as tem-
perature increases and completely vanishes by T = 77 K, whereas the 
Star-of-David CDW remains even up to room temperature.

To investigate possible substrate effects on the behaviour of the 
observed super-modulation, SL 1T-TaSe2 was also grown on cleaved 
highly oriented pyrolytic graphite (HOPG) via MBE and char-
acterized by STM/STS. These samples also exhibit Star-of-David 
CDW order and Mott-insulating behaviour similar to films grown 
on BLG/SiC, as shown by the STM images and dI/dV spectra in 
Supplementary Fig. 12. STM images acquired in the LHB of SL 
1T-TaSe2/HOPG and their FTs show the same ICS pattern, as seen 
for SL 1T-TaSe2/BLG/SiC (Supplementary Fig. 12d,e). However, an 
additional 2 × 2 super-modulation (with respect to the CDW lattice) 
is sometimes seen for SL 1T-TaSe2/HOPG in the LHB that has FT 
peaks near the M points (Fig. 5d and Supplementary Fig. 12f–k) 
(this was observed in two out of 11 islands). We refer to this new 
super-modulation wavevector as qM. Also, qICS and qM were never 
simultaneously observed on the same SL 1T-TaSe2/HOPG island.

Relationship between super-modulations and QSL 
behaviour
Our experimental results support the hypothesis that SL 1T-TaSe2 is 
a 2D QSL. The first piece of evidence is that SL 1T-TaSe2 contains 
a triangular lattice of localized spins, an essential ingredient for a 
QSL. This evidence is provided by our observation of the Kondo 
effect in 1T layers supported by a 1H layer, which implies that each 
Star-of-David cell in isolated SL 1T-TaSe2 contains a single quantum 
spin (such Kondo screening does not occur when 1T layers are sup-
ported by graphene (Supplementary Note 2.2)). The second piece of 
evidence is the long-wavelength super-modulations that we observe 
in SL 1T-TaSe2 (when it is supported by graphene) via STS imag-
ing. These periodicities lie at the precise energies and wavevectors 
expected for a QSL, as discussed below.

Before describing how these super-modulations are explained by 
QSL considerations, however, we first rule out possible alternative 
explanations. The first alternative possibility is electronic quasi-
particle interference (QPI). Our observed ICS pattern is inconsis-
tent with QPI because its wavelength is energy independent over 
the Hubbard bandwidths. There are also no notable electronic 
structure features at the Hubbard band edges that might induce a 
QPI signal at qICS (Supplementary Fig. 13). The second alternative 
possibility is structural distortion such as a moiré pattern and/or 
a surface reconstruction. This explanation is unlikely because the 
observed super-modulations exist only over very specific energy 
ranges involving the Hubbard bands, suggesting that they are elec-
tronic and/or spin-based phenomena. To further exclude moiré pat-
terns involving complex BLG/SiC reconstructions, we point to the 
fact that SL 1T-TaSe2/HOPG exhibits the same ICS modulation as 
SL 1T-TaSe2/BLG/SiC (Supplementary Fig. 12). This is important 
because HOPG has no reconstruction and cannot combine with 
1T-TaSe2 to yield an ICS moiré pattern. We additionally see no evi-
dence of the super-modulation in low-energy electron diffraction 
patterns29, and no evidence that it is a strain effect (Supplementary 
Note 3.1). Reconstruction of the Star-of-David CDW (that is, sub-
harmonic phonon softening) is also unlikely since the Star-of-David 
CDW is accounted for by ab initio calculations that show no ICS 
distortion40, and the temperature dependences of ICS and CDW are 
very different (Supplementary Fig. 11). The last alternative possi-
bility is Peierls-type or correlation-driven charge order. The former 
typically requires an electron Fermi surface, while the latter usu-
ally appears at much lower energy scales than the Hubbard bands32. 
Such behaviour is inconsistent with the ICS observed in our system 
and has no reasonable connection to the new periodicities seen here 
(that is, qICS and qM).

The presence of a QSL-based spinon Fermi surface, on the other 
hand, very naturally explains both energy dependence and wave-
vectors of the qICS and qM super-modulations observed in a single 
1T-TaSe2 layer. The starting point here is that our system hosts a 
QSL state with a half-filled spinon band. This idea is supported by 
density matrix renormalization group calculations based on the 
triangular-lattice t–J model with a ring exchange term that simulates 
the Hubbard model near a Mott transition16. In these calculations, 
the spin-correlation peaks in the Γ–M directions are missing16, 
which suggests that a partial gap opens at the spinon Fermi wave-
vector kF along the Γ–M directions due to a Fermi surface instability 
(the calculations, however, do not reveal the precise source of the 
instability (Fig. 5a)). The value of the predicted spinon kF comes 
from the spinon band structure, which is modelled using a zero-flux 
mean-field tight-binding Hamiltonian10 with nearest-neighbour 
spinon hopping. This yields a value of the spinon Fermi wavevec-
tor in the Γ–M direction of kF ≈ 0.375 reciprocal lattice units (r.l.u.) 
(inclusion of next-nearest-neighbour hopping does not notably 
alter kF; Supplementary Note 3.2 and Supplementary Fig. 14).

The predicted instability of the spinon Fermi surface implies 
the existence of primary order wavevectors Pi = (1 – 2kF)bi ≈ 0.249bi 
that couple the gapped spinon Fermi surface regions in an extended 
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Fig. 5 | Super-modulation periodicities predicted from the spinon Fermi 
surface compared with experiment. a, Schematic of the spinon Fermi 
surface at half filling (red) with partial gaps opening along the Γ–M 
directions. The black hexagon is the Star-of-David CDW Brillouin zone 
and the black arrows (bi) are the primary reciprocal lattice vectors of the 
CDW Brillouin zone (1 ≤ i ≤ 6, only b1 and b2 are labelled). The spinon Fermi 
surface instability wavevectors Pi (red arrow) connect the partial gaps on 
different spinon Fermi surfaces in an extended zone scheme. b, Spinon 
Fermi surface instability wavevectors Pi (red dots) and harmonics Qi (blue 
dots) and Q′

i  (purple dots) in the CDW Brillouin zone. c, FT of the STM 
image of 1T-TaSe2/BLG at Vb = 0.5 V (STM image shown in Supplementary 
Fig. 7a, inset). Experimental ICS wavevectors qICS are circled in blue 
(T = 5 K). d, FT of the STM image of 1T-TaSe2/HOPG at Vb = −0.15 V (STM 
image shown in Supplementary Fig. 12j). Experimental super-modulation 
wavevectors qM close to the M points are circled in purple (T = 5 K).
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zone scheme, as shown in Fig. 5 (red arrows (Fig. 5a) and red dots 
(Fig. 5b)). The absence of experimental LDOS super-modulations at 
these predicted wavevectors (Fig. 5c,d), however, suggests that the 
spinon Fermi surface instability is not a spinon density wave. Other 
candidates for the spinon Fermi surface instability, such as a spinon 
pair density wave13,41–43 or a spinon spin density wave, are more con-
sistent with our experiment since they cannot be directly imaged 
by conventional STM because they reflect spatial modulations in 
either the spinon pair channel (in the case of spinon pair density 
wave) or the pure spin channel (in the case of spinon spin density 
wave). However, a composite spinon density wave that is observ-
able by conventional STM can be induced at higher harmonics of 
the primary Pi vectors. This can be rationalized in a straightforward 
manner from either a scattering picture or a Landau formulation44,45 
(Supplementary Notes 3.3 and 3.4 and Supplementary Fig. 15).

We find that although the primary Pi vectors do not coincide 
with our observed super-modulation wavevectors, their higher 
harmonics (labelled Qi and Q′

i in Fig. 5b) match our experimental 
super-modulations quite well. For example, the theoretical harmon-
ics Qi = Pi + Pi+1 ≈ 0.249(bi + bi+1) match our experimentally mea-
sured super-modulations at qICS = (0.241 ± 0.009)(bi + bi+1) (Fig. 5c), 
while the theoretical harmonics Q′

i = 2Pi match our experimen-
tally measured super-modulations at qM (Fig. 5d). Our experimental 
observation of the predicted harmonics at both Qi and Q′

i strongly 
suggests the existence of a hidden primary wavevector Pi and points 
to a spinon Fermi surface subject to instability at Pi in SL 1T-TaSe2.

If we work backwards and compare our measured value of 
qICS = qICS(b1 + b2) to the theoretically predicted composite spinon 
density wavevectors Qi = Pi + Pi+1 using Pi = (1 – 2kF)bi, then we find 
that the spinon Fermi wavevector can be written as kF = (1 – qICS)/2. 
This leads to an experimental value of kF = 0.380 ± 0.005 r.l.u., in good 
agreement with the theoretically predicted value of kF = 0.375 r.l.u. 
This value of kF is also consistent with our ARPES data that show 
enhanced intensity centred at Γ, which greatly weakens for in-plane 
momenta beyond kF (Supplementary Fig. 3). Our observed tem-
perature dependence of the ICS feature is also consistent with this 
physical picture since it suggests a spinon Fermi surface instability 
transition at a temperature of T ≈ 60 K (Supplementary Fig. 11).

While the periodicities of our experimental super-modulations 
are well explained by the QSL-based spinon scenario described 
above, a remaining question is how an STM that works by injecting 
charged particles (that is, electrons) into a material can observe par-
ticles that have no charge (that is, spinons). The answer lies in the 
process of fractionalization, whereby strongly correlated electrons 
in a QSL are predicted to separate into spinons (which have spin and 
no charge) and chargons (which have charge and no spin). Due to 
constraints in the total occupation of spinons and chargons, modu-
lation of the spinon density can induce a small density modulation 
in the physical charge14. However, an even stronger effect occurs in 
the tunnelling process since an electron injected into the QSL UHB 
(or removed from the LHB) will fractionalize into (or recombine 
from) a spinon and a chargon (schematic shown in Fig. 4c,d). The 
tunnelling probability thus depends on both spinon wave function 
and chargon wave function, and therefore, the tunnelling rate of an 
electron at a particular energy can be expressed as a convolution 
of spinons and chargons that sum to the right energy, as done pre-
viously to interpret the ARPES data30,46 (Supplementary Note 3.5). 
Spatially periodic spinon density due to modulations from a spinon 
Fermi surface instability should thus modulate the quasiparticle 
tunnel rates at the Hubbard band energies11–13,16 (Supplementary 
Note 3.5 and Supplementary Fig. 16). Our experimental observation 
of long-wavelength super-modulations confined to Hubbard band 
energies (Fig. 4a,b) supports this proposed mechanism whether the 
super-modulations are thought to arise from a composite order pic-
ture or from the scattering of spinons (both of which are essentially 
equivalent as described in Supplementary Notes 3.3 and 3.4).

Despite the agreement of our experimental results with the exis-
tence of a QSL spinon Fermi surface, some mysteries remain. For 
instance, the Pi vectors are also second-harmonic wavevectors of 
themselves (Supplementary Fig. 15b), and therefore, their absence in 
our experiment must be explained. One possible explanation is that 
this is a consequence of small structure factors at Pi (Supplementary 
Note 3.3). We note that the selective visibility of composite density 
waves at higher harmonics has also been observed in other mate-
rials47 and might be affected by detailed defect and domain struc-
tures (Supplementary Fig. 12). Another open question is the origin 
of the experimental CS pattern at the K-point wavevectors. The CS 
pattern cannot be explained as a consequence of a spinon Fermi 
surface since K is not a harmonic of the Pi wavevectors. One pos-
sible explanation of the short-range CS is that our QSL phase is close 
to an antiferromagnetic ordered phase in the phase diagram, thus 
causing the CS to arise from short-range antiferromagnetic48 fluc-
tuations that are expected to be commensurate with the K points 
(Supplementary Note 4).

In conclusion, our STM measurements provide evidence that 
SL 1T-TaSe2 is a QSL with a spinon Fermi surface. Our observa-
tion of the Kondo effect in 1T-TaSe2/1H-TaSe2 heterostructures 
implies that SL 1T-TaSe2 exhibits a triangular spin lattice, and our 
STS maps of 1T-TaSe2 super-modulations directly reveal the effects 
of a spinon Fermi surface instability in this material. Our experi-
mentally determined value of the spinon Fermi wavevector, namely, 
kF = 0.380 ± 0.005 r.l.u., closely matches the theoretically predicted 
value of kF = 0.375 r.l.u and supports the existence of a gapless QSL 
ground state. A single 1T-TaSe2 layer thus provides a new platform 
to further investigate QSL phenomena such as the response of 2D 
QSLs to magnetic scatterers14,49,50 and electrostatic doping6,7,43.
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Methods
Sample growth and ARPES measurements. Both sample growth and ARPES 
measurements were performed at the HERS endstation of Beamline 10.0.1, 
Advanced Light Source, Lawrence Berkeley National Laboratory. SL TaSe2 
films were grown on both BLG/6H-SiC(001) and HOPG substrates in an 
ultrahigh-vacuum (UHV) MBE chamber under similar growth conditions as 
described elsewhere29. The substrate temperature was set at 660 °C, much higher 
than that for the growth of pure 1H-TaSe2, to allow the simultaneous growth 
of SL 1T-TaSe2 and SL 1H-TaSe2, as well as vertical heterostructures composed 
of a 1T layer on top of a 1H layer. After growth, the samples were transferred 
in situ into the analysis chamber with a base pressure of 3 × 10−11 torr for ARPES 
measurements at 12 K. The photon energy was set at 50 eV with energy and angular 
resolution of 12 meV and 0.1°, respectively. The samples were then capped by Se 
capping layers with ~10 nm thickness for protection during transport through air 
to the UHV STM chamber.

STM/STS measurements. STM and STS measurements were performed in 
a low-temperature UHV STM system (CreaTec) at T = 5 K (unless specified 
otherwise). Before the measurements, the samples were annealed in UHV at 
~200 °C for 3 h to remove the Se capping layers and then immediately transferred 
in situ into the STM stage sitting at T = 5 K. Electrochemically etched tungsten tips 
were calibrated on a Au(111) surface before measurements. The dI/dV spectra  
were collected using standard lock-in techniques (frequency f = 401 Hz). Also,  
dI/dV mapping was performed in the constant-height mode (that is, with an open 
feedback loop).

XMCD measurements. XMCD measurements were performed at Beamline 
4-ID-D, Advanced Photon Source, Argonne National Laboratory. Hard  
X-rays were used to probe the L2 and L3 edges of Ta at grazing incident angles to 
optimize the signal from SL 1T-TaSe2 relative to the background noise from  
the substrate. The absorption spectra were collected in the fluorescence  
yield mode. SL 1T-TaSe2/BLG samples were capped with Se layers during  
transport to the XMCD measurement chambers. The samples were mounted  
with the sample plane in the vertical direction. The X-ray beam size was  
adjusted to be 0.1 mm along the horizontal direction and 0.3 mm along the  
vertical direction.
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