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ABSTRACT: Competing electronic phases can generate emergent states at their
nanoscale interfaces that do not exist in the bulk. Direct real-space visualization of such
interfacial states, however, remains exclusive. Here, we report an emergent one-
dimensional (1D) charge order confined to atomically sharp domain walls between
competing charge density wave (CDW) orders in the rare-earth ditelluride GdTe2. Using
low-temperature scanning tunneling microscopy and spectroscopy, we resolve three
distinct symmetry-breaking CDWs occupying spatially separated surface nanodomains.
Supported by density functional theory, two originate from intrinsic bulk instabilities,
while the third arises from surface-induced Fermi surface reconstruction at the non-van
der Waals termination. Strikingly, the boundary between bulk- and surface-derived CDWs
hosts a short-range, quasi-1D charge modulation and an emergent energy gap, indicating
confined electronic states produced by competing orders. These findings establish CDW
domain walls as nanoscale electronic interfaces, offering a promising platform for
nanoscale CDW-based devices and domain-wall-defined functional architectures.
KEYWORDS: domain wall, charge density wave, competing orders, rare-earth tellurides, scanning tunneling microscopy and spectroscopy

Interfaces between competing symmetry-breaking electronic
orders provide a fertile playground for emergent quantum

phenomena. When distinct order parameters coexist, their
mutual incompatibility can locally reconstruct electronic states,
allowing new collective behavior to emerge at their boundaries.
Domain walls (DWs) and boundaries of competing orders in
quantum materials therefore act as nontrivial electronic
interfaces rather than trivial defects, hosting low-dimensional
states that are absent in the bulk.1−6 Charge density waves
(CDWs) represent one of the most fundamental classes of
collective electronic states, characterized by periodic modu-
lations of the electronic charge density accompanied by broken
translational and point-group symmetries.7,8 Owing to their
sensitivity to commensurability, dimensionality, and compo-
nents, CDW systems often host multiple competing or
intertwined phases. Such competition has been widely studied
through the interplay between CDWs and other ordered
phases, including magnetism,9,10 superconductivity,11,12 and
pair density waves.13,14 A conceptually distinct route to
emergent behavior arises from DWs between distinct CDW
orders themselves, which provide a fertile platform for
electronic states that are absent in the bulk and are therefore
crucial for understanding and engineering novel quantum
phenomena.15−18

Existing experimental studies of DWs in CDW systems have
predominantly focused on boundaries between nanodomains
of the same CDW order, differing only by phase, translational
displacement, or closely related symmetry variants. For
example, the DWs between commensurate and incommensu-

rate CDW phases in 1T-phase transition metal dichalcogenides
are proposed to nucleate superconductivity.19−23 The
symmetry-breaking CDWs such as unidirectional CDWs24

and chiral CDWs25,26 further introduce additional degeneracy
in DW configurations. In contrast, DWs between distinct
CDW orders with different symmetries or microscopic origins
represent a qualitatively different class of interface, where
incompatibility between order parameters can frustrate long-
range order and potentially stabilize new electronic states.
Layered rare-earth tellurides, RTen (R = rare-earth element; n
= 2, 2.5, 3, 4), provide a promising platform for exploring such
physics.27−31 These materials host multiple CDW instabilities
with comparable energy scales and exhibit strong sensitivity to
lattice symmetry, reduced dimensionality, and surface termi-
nation. In particular, non-van der Waals (non-vdW) cleavage
surfaces can substantially reconstruct the electronic structure,
opening the possibility of surface-specific CDW orders that
compete with bulk-derived instabilities. This combination
naturally paves the way for DWs between CDWs of distinct
symmetry and microscopic origin. However, direct real-space
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observation of emergent charge order at these interorder-
parameter DWs of CDWs remains elusive.

In this work, we report the coexistence and competition of
multiple CDWs at the surfaces of a representative RTe2
compound, GdTe2, using low-temperature scanning tunneling
microscopy/spectroscopy (STM/S). In addition to a unidirec-
tional CDW (CDW-I) globally existing in the family of RTen,
we observe a bulk-derived bidirectional order (CDW-II) and, a
previously unreported, surface-induced bidirectional CDW
(namely CDW-III). These two bidirectional states are
superimposed on CDW-I, respectively, forming two distinct
spatially separated nanodomains at the surface of GdTe2. Both
CDW-II and CDW-III are strongly bias-dependent, while the
newly discovered symmetry-breaking CDW-III exhibits sur-
face-sensitive phase fluctuations. Density functional theory
(DFT) calculations further indicate that CDW-I and CDW-II
originate from the intrinsic bulk electronic properties and are
mainly induced by electron−phonon coupling, whereas CDW-
III potentially arises from Fermi surface reconstruction
induced by surface effects from non-vdW terminations. Beyond
the characterization of these individual CDW states, the key
finding of our study lies at their interface. Specifically, at the
boundary between CDW-II and CDW-III nanodomains, we
observe an emergent short-range charge order (SCO) which
appears only within a specific energy window and is
accompanied by an emergent local energy gap. Spatially
resolved amplitude and phase analyses indicate that this SCO
originates from the order parameter incompatibility between
CDW-II and CDW-III, indicative of nontrivial electronic
interfaces.

GdTe2 crystallizes in a tetragonal lattice with space group
P4/nmm and adopts a layered structure composed of
alternating square Te layers and double Gd−Te layers (Figure
1a). Upon cleavage, the crystal preferentially separates between
a Te layer and its adjacent Gd−Te layer, which are strongly
coupled to each other beyond vdW interactions, indicative of
notable surface effects such as localized charge inhomogene-
ities. The cleaved surface exhibits two distinct domains, labeled
Domain-A and Domain-B, each characterized by distinct
charge modulation patterns, as highlighted by the contrasting
colors in Figure 1b. Importantly, no step edge or height
discontinuity is observed at the boundary between the two
domains, and the atomic lattice remains continuous, indicating
that they reside on the same cleaved surface rather than
distinct surface terminations.

We first study the charge modulations in Domain-A surface
regions by analyzing the Fourier transform (FT) of topo-
graphic image where the coexistence of two distinct CDWs is
revealed (Figure 1c). The FT displays Bragg peaks qGdTe
(marked by white circles) and a series of CDW wave vectors
(Figure 1c). For convenience, we define the reciprocal lattice
vectors as qa

GdTe = (q, 0) and qc
GdTe = (0, q), where q = 2π/a0

and a0 is the lattice constant of GdTe2, and express all CDW
wave vectors in this basis. One CDW exhibits unidirectional
charge modulations, hereafter referred to as CDW-I, while the
other forms a bidirectional pattern, denoted as CDW-II. The
CDW vectors can be categorized into two groups, highlighted
by green and blue circles in Figure 1c. The four vectors along
the Γ−X direction marked by green circles are assigned to the
unidirectional CDW-I, with an incommensurate modulation
wave vector of approximately Q1

I = (0.302 q, 0). Additional
peaks arise at qa

GdTe − 2Q1
I = (0.396 q, 0), 2Q1

I = (0.604 q, 0)
and qa

GdTe − Q1
I = (0.698 q, 0), reflecting higher-order peaks

from wave vector mixing.32 To present the real-space pattern
of CDW-I more clearly, the wave vectors related to CDW-I
were filtered and zoomed in (left panel of Figure 1e). The
spatially averaged dif ferential conductance (dI/dV) spectrum
with a wide energy range exhibits a CDW energy gap of
approximately 400 mV (Figure S1). CDW-I is observed across
the entire sample surface, spanning both Domain-A and
Domain-B. We therefore identify CDW-I as the globally
established unidirectional CDW order in the RTen family,
consistent with previous observations in MBE−grown GdTe2
thin films.33

In addition to the Q1
III of CDW-I, the remaining CDW

vectors (blue circles in Figure 1c) are assigned to the
bidirectional CDW-II, which is characterized by two primitive
modulation vectors Q1

II = (0.25 q, 0.35 q) and Q2
II = (−0.25 q,

0.35 q). The additional peaks Q3
II and Q4

II can be represented as
Q3

II = Q1
II − Q2

II = (0.50 q, 0) and Q4
II = Q1

II + Q2
II = (0, 0.70 q).

Fourier-filtered real-space images show that CDW-II presents a
quasi-hexagonal pattern in real space and preserves the same
C2v symmetry as CDW-I, despite its multidirectional
modulation (Figure 1e). Additional STM measurements also
confirm the independence of the two CDWs. First, the CDW
patterns exhibit a strong bias dependence, as shown by
topographic images taken at different bias voltages and their
FFT cuts along the Γ−X direction (Figure S2). CDW-I persists
across a wide bias range, whereas CDW-II only appears below

Figure 1. Observation of a domain boundary between two domains
with distinct multiple CDW orders on the GdTe2 surface. (a) Non-
vdw layered structure of GdTe2 crystal. (b) Three-dimensional STM
topographic image of the as-cleaved GdTe2 surface, showing two
domains, A and B, highlighted by the blue and orange, respectively
(Vs = −1000 mV, It = 50 pA). (c) FFT of the region of Domain-A in
(b), showing two sets of CDWs: CDW-I (green circles) and CDW-II
(blue circles). The Brillouin zone is marked by a white dashed square.
(d) FFT of the region of Domain-B in (b), showing two sets of
CDWs: CDW-I (green circles) and CDW-III (orange circles). (e)
Filtered real-space images corresponding to the FFT in (c), showing
the patterns of CDW-I (left) and CDW-II (right), respectively. (f)
Filtered real-space images corresponding to FFT in (d), showing the
pattern of CDW-I (left) and CDW-III (right), respectively.
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−0.4 V. Second, CDW-II is unchanged across a twin boundary
of CDW-I with a 90° rotation (Figure S3). These observations
demonstrate that two distinct CDW orders coexist within
Domain A, rather than CDW-II being a secondary modulation
derived from CDW-I.

We now turn to the charge modulations in Domain-B
surface region. Topographic images reveal the coexistence of
the unidirectional CDW-I and a second bidirectional CDW,
hereafter referred to as CDW-III (Figure 1b). The
corresponding FFT of the topographic image in Domain-B
also presents a series of complex diffraction peaks (Figure 1d),
where the CDW-III primitive vectors (orange circles in Figure
1d) are Q1

III = (0.17 q, 0.17 q) and Q2
III = (0.25 q, 0.25 q). We

notice that Q1
III and Q2

III are both incommensurate and along
diagonal (Γ−M) direction, thereby yielding a series of
additional peaks (details see Figure S4). The separately filtered
zoomed-in images show that CDW-III presents a bidirectional
pattern in real space. Unlike the C2v-symmetric CDW-II,
CDW-III exhibits a C2 symmetry that breaks the mirror
symmetry parallel to a axis (Figure 1f). Atomically resolved
STM images acquired at different bias voltages show that
CDW-III dominates at higher bias, whereas CDW-I prevails at
lower bias (Figure 2a−c and Figure S5). Consistently, further
FT cuts along the Γ−X and Γ−M directions reveal a gradual
suppression of CDW-I and a concurrent enhancement of

CDW-III with increasing bias voltage (Figure 2d). Similar to
Domain-A, we find a CDW gap of ∼400 meV in the spatially
averaged dI/dV spectrum of Domain-B (Figure S6), and
observe a twin boundary of CDW-I in a continuous CDW-III
area, which indicates the independence of CDW-I and CDW-
III (Figure S7). In addition, the CDW-III exhibits no
measurable response to room temperature (up to 300 K) or
perpendicular magnetic fields (up to 9 T) (Figure S8), ruling
out an antiferromagnetic origin.

In contrast to the continuous phases of CDW-II, the phase
of CDW-III is discontinuous. We extracted the phase maps of
Q1

III and Q2
III in a STM image of Domain-B (Figure 2e) with

two-dimensional lock-in technique,34 respectively (see Meth-
ods and Figure S9). The phase (ϕ) map of Q2

III exhibits π-
phase frustrated boundary along the dashed black curves,
whereas the phase of Q1

III is continuous. A zoomed-in view of
the frustrated region (black square) reveals a CDW topological
defect (Figure 2f). In addition to a phase shift, CDW-III shows
a slight real-space rotation of its propagation direction. Large-
scale topographic images reveal that the propagation direction
of CDW-III is not always strictly aligned with the diagonal
directions, but occasionally exhibits clockwise or anticlockwise
deviations of approximately 6° (Figure 2g). The FFT of a
representative region marked by a white dashed square in
Figure 2g shows the coexistence of CDW-III wave vectors with

Figure 2. Energy dependence, phase shift and orientations of CDW-III orders in Domain-B. (a−c) Atomically resolved STM images acquired at
different bias voltages of Vs = −1000 mV (a), −800 mV (b) and −200 mV (c), showing the gradually suppressing amplitude of CDW-III and
enhancing amplitude of CDW-I with decreasing bias voltage. Tunneling parameter: It = 500 pA. (d) Sample bias dependence of FT cuts along the
Γ−X and Γ−M directions, respectively, showing the competition between CDW-I (green arrows) and CDW-III (red arrows). (e) STM
topographic images of Domain-B, showing the discontinuous phase of CDW-III (Vs = −1.0 V, It = 50 pA). The dashed lines mark the π-phase shift
boundary. (f) Extracted phase maps of Q1

III (upper panel) and Q2
III (lower panel) at the region marked by a black square in (e), showing a

topological defect of CDW-III. (g) STM topographic images, showing several regions with rotating CDW-III (Vs = −1 V, It = 50 pA). The white
arrows indicate the direction of CDW-III in each region. Black dashed lines indicate the boundaries of CDW-III with distinct orientations. (h)
Zoomed-in FFT of the region marked by white dashed square in (g), showing three pairs of CDW-III wavevectors (orange circles) with different
orientations.
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Figure 3. Formation mechanism of CDW-I and CDW-II orders in the bulk GdTe2. (a) Orbital-projected band structure of the non-CDW phase
GdTe2 with spin−orbit coupling (SOC). (b) 2D Fermi surface with SOC at the kb = 0 plane, where three Fermi pockets (α mainly from d orbitals
of Gd and β,γ mainly from px,y orbitals of Te layer) are shown. (c) Left: Phonon dispersion of non-CDW phase GdTe2. The soft mode appears at q
= 0.4 qGdTe. Right: Calculated Lindhard function χ′(q) corresponding to (b), suggesting the CDW wave vectors at around 0.4 qGdTe. Note that the
high χ′(q) around the Γ point comes from d orbitals of Gd, which contribute minimally to CDW formation in rare-earth tellurides. (d, e) The 2D
Fermi surfaces (left) and Lindhard functions (right) at the chemical potentials of −0.2 eV (d) and −0.5 eV (e), respectively.

Figure 4. Emergent short-range charge orders at the domain boundary between CDW-II and CDW-III. (a) STM topographic image of an
atomically sharp domain boundary (marked by the black dashed line) of CDW-II and CDW-III (Vs = −1 V, It = 50 pA). (b, c) dI/dV maps
obtained at +300 mV (b) and +400 mV (c) showing the short-range charge order along the domain boundary. (d) FFT corresponding to (b). The
yellow dashed elliptical patterns show the short-range charge orders. (e) dI/dV spectra acquired separately in Domain-A, Domain-B, and at the
domain boundary. (f) The dI/dV spectrum acquired at the domain boundary by subtracting the average dI/dV spectrum measured within the
domains, highlighting the gap of short-range charge orders. (g) Extracted amplitude distribution of the short-range charge orders. Dashed lines
indicate the boundary of the orders. (h, i) Extracted phase maps of CDW-II (h) and CDW-III (i), showing the coherence phase of CDW-II and
phase jump of CDW-III.
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multiple orientations (Figure 2h). These rotations are
accompanied by slight variations in the wave-vector magnitude,
as evidenced by the real-space images and their corresponding
FFTs (for details, see Figure S10a−d). To further elucidate the
relationship between this rotatable CDW-III and the under-
lying crystal structure, we obtained atomically resolved STM
images directly across a rotation boundary (Figure S10e,f).
The zoomed-in image clearly demonstrates that the underlying
atomic lattice remains continuous and undisturbed across the
interface, while only the electronic modulation shifts its
orientation, confirming that CDW-III is partially decoupled
from the lattice. Remarkably, the rotation directions can be
switched by applying a localized electric field with the STM tip
(Figure S11), indicative of a surface-sensitive nature of CDW-
III. Overall, these observations rule out a bulk-contributed
lattice reconstruction as the origin of CDW-III. Notably, such a
CDW state has not been observed in MBE-grown GdTe2 thin
films,33 indicating that CDW-III is likely a direct consequence
of the cleavage effects unique to bulk single crystals.

Given the spatial separation of multiple CDWs with distinct
characterizations, it is natural to know the formation
mechanism of these CDWs. Thus, we investigate the origins
of multiple competing CDWs by performing DFT calculations.
As shown in Figure 3a, the electronic states of bulk GdTe2 are
dominated by d orbitals of Gd and px,y orbitals of Te layer near
the Fermi level (EF), which contribute three distinct pockets
(α, β, γ) on the Fermi surface (Figure 3b). The calculated
Lindhard function reveals the first CDW with a wave vector of
∼0.4 qGdTe at EF (right in Figure 3c), whose origin is illustrated
by an arrow within the γ pocket (Figure 3b). Phonon
calculations further show a soft mode at ∼0.4 qGdTe (left in
Figure 3c), consistent with the Lindhard function and
suggesting that this first CDW stems from electron−phonon
coupling.35 Upon tuning the chemical potentials, the second
CDW emerges with a wave vector from 0.236 to 0.354 qTe (qTe
= (q, q)). This is supported by the DFT-calculated Fermi
surfaces and Lindhard functions at EF − 0.2 eV and EF − 0.5
eV, where an arrow between the β and γ pockets reveals the
origin of this second CDW (Figure 3d,e). We attribute these
two CDWs to be the experimentally observed CDW-I and
CDW-II, respectively, for the following reasons: (i) The first
CDW is unidirectional and persists over a wide chemical
potential range (−1 to 0 eV) with a wave vector from 0.3 to
0.4 qGdTe, consistent with the observations of CDW-I; (ii) The
second CDW is bidirectional with a wave vector approaching
0.354 qTe, and exhibits stronger intensity away from EF,
matching the main features of CDW-II. Additionally, these two
CDWs have also been discovered in other rare-earth
ditellurides,36,37 supporting the notion that CDW-I and
CDW-II should originate from the intrinsic bulk properties
of GdTe2. Instead, CDW-III probably originates from a
surface-induced Fermi surface reconstruction caused by surface
potential at the non-vdW cleaved terminations of GdTe2

38−40,
making it a surface-specific CDW rather than a bulk order
(details see Supplementary Note 1).

Finally, we focus on the intriguing electronic reconstruction
occurring at the boundary between competing CDW orders.
As discussed above, CDW-I persists as a robust background
modulation over a wide energy range and remains continuous
across the entire field of view. In contrast, the system hosts two
distinct charge-ordered states, which occupy spatially separated
regions (Domain-A and Domain-B) and give rise to a well-
defined domain boundary, marked by the black dashed line in

Figure 4a. Strikingly, the dI/dV maps acquired at +300 mV and
+400 mV reveal pronounced stripe-like, discrete SCO confined
along the boundary (Figure 4b,c). In the FT of the dI/dV map
across the boundary, these SCO signals manifest as three
elliptical features elongated along the Γ−X direction, as
highlighted by the yellow dashed contours in Figure 4d,
indicating a quasi-one-dimensional and short-range nature. A
systematic bias-dependent measurement further shows that the
SCO emerges predominantly within an energy window from
+200 meV to +500 meV (Figure S12). The same phenomenon
can also be observed at another boundary, indicating that this
is not an accidental occurrence (Figure S13). By contrast, at
higher energies such as − 900 meV, where SCO signatures are
absent, the dI/dV maps only display a weak intensity difference
between Domain-A and Domain-B without any boundary-
localized features (Figure S12e). The corresponding FFT at
this energy emphasizes the coexistence of three CDW wave
vectors (Figure S12f). Notably, the wave vector Q1

II of CDW-II
lies very close to Q3

III of CDW-III, making them difficult to
distinguish experimentally and suggesting that CDW-III may
evolve from surface-induced symmetry-breaking effects.

Importantly, tunneling spectra taken within Domain-A and
Domain-B exhibit nearly identical electronic structures,
indicating that the bulk electronic states of the two domains
are comparable (Figure 4e). In contrast, the spectrum
measured directly at the DW shows the opening of an
emergent energy gap. By subtracting the averaged non-
boundary spectrum, we identify an energy gap of approx-
imately 160 meV, centered at +240 meV (Figure 4f), with gap
edges located at +180 meV and +320 meV. Given that this
energy scale coincides precisely with the bias range where SCO
is observed, the gap is naturally attributed to the emergence of
the boundary-confined charge order.

To elucidate the microscopic origin of SCO, we extract the
spatial amplitude distributions of SCO, CDW-II, and CDW-III
(Figure 4g and Figure S14), respectively. Across the domain
boundary, the transition from Domain-A (CDW-II and CDW-
I) to Domain-B (CDW-III and CDW-I) is atomically abrupt,
with no gradual amplitude decay or spatial overlap between
CDW-II and CDW-III. Meanwhile, SCO is predominantly
localized on the Domain-B side, confined to a narrow region
adjacent to the boundary (marked by dashed lines). This
spatial separation unambiguously rules out a trivial super-
position or interference effect of two long-range CDWs as the
origin of SCO. Furthermore, atomically resolved STM
topographic image confirms that the underlying lattice is
perfectly continuous across the boundary without structural
distortions (Figure S15), excluding the possibilities of atomic
structural modulations. Combining the abrupt spatial transition
of the CDW amplitudes (Figure S14), the uninterrupted
atomic lattice (Figure S15), and the localized emergent gap at
the interface (Figure 4f), we conclusively attribute the SCO to
a genuinely emergent electronic charge order. Instead, the
atomically sharp boundary frustrates the free-energy mini-
mization of competing orders: CDW-II favors a three-
dimensional, bulk-stabilized long-range order, whereas CDW-
III prefers a surface-reconstructed modulation. As a result,
neither order can remain energetically optimal at the boundary,
naturally driving an interfacial electronic reconstruction
manifested as the emergent SCO. However, similar SCO can
not be observed at the twin boundary of bulk CDW-I.

In a low-energy description, the CDW order parameter Δ(x)
= |Δ|eiϕ(x), where |Δ| is the amplitude, ϕ is the phase, acts as an
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effective mass term in the Hamiltonian. The interfacial
reconstruction is directly reflected in the phase ϕ evolution
of the two CDW order parameters extracted by 2D lock-in
technique (see Methods). The extracted phase map shows that
CDW-II maintains a uniform and coherent phase throughout
Domain-A (Figure 4h), whereas the phase of CDW-III
undergoes a rapid spatial evolution from π to −π near the
boundary region, spatially coincident with the SCO (Figure
4i). This stark contrast reflects their profoundly different phase
stiffness. The bulk-driven CDW-II acts as a rigid phase
boundary condition, forcing the comparatively softer, surface-
derived CDW-III to completely incorporate the interfacial
phase deformation.41 The observed abrupt phase twist
therefore produces a localized “mass kink”, a situation well-
known to generate domain-boundary bound states when the
order parameter changes sign or phase abruptly.42,43 In the
present case, the mismatch in wavevector, symmetry (C2v
versus C2), and phase relationship renders the CDW-II and
CDW-III order parameters incompatible at the domain
boundary. The resulting large CDW phase gradient ∇ϕ
produces an effective localized potential well that traps
electronic states within a narrow energy window, giving rise
to the reconstructed energy gap observed in the tunneling
spectra (Figure 4e). The CDW domain boundary thus behaves
as a quasi-one-dimensional electronic channel hosting
emergent bound states stabilized by the competition between
the two charge orders.44 This scenario closely resembles
previously reported DW-induced states, such as pair density
waves at superconducting domain boundaries45 and localized
quasiparticle states generated by disrupted spin density
waves.46 The SCO observed here is therefore not a trivial
modulation, but a direct manifestation of phase incompatibility
between competing CDW orders and the resulting DW bound
states. Such an interfacial electronic reconstruction, driven by
the incompatibility of bulk and surface CDW order parameters,
extends the knowledge of emergent phenomena in systems
with multiple CDWs.

In summary, we directly visualize multiple competing CDWs
at the surface of GdTe2, including intrinsic bulk orders and a
surface-specific CDW induced by symmetry breaking at the
non-vdW termination. At the boundaries between these
competing phases, we uncover domain-wall-confined charge
order accompanied by an emergent energy gap, indicating
localized electronic states arising from the incompatibility of
competing order parameters. These findings redefine CDW
domain walls from passive structural defects into electronically
reconstructed interfaces that host confined and gapped
boundary states. More broadly, our results suggest that
engineered CDW domain boundaries can serve as confined
one-dimensional electronic channels with tunable electronic
structure, offering a promising platform for nanoscale CDW-
based devices and domain-wall−defined functional architec-
tures in low-dimensional quantum materials.

■ CRYSTAL GROWTH
The GdTe2 single crystal was synthesized via the chemical
vapor transport (CVT) method. Stoichiometric amounts of Gd
and Te in a molar ratio of 1:2 were sealed in a quartz tube
along with iodine (I2) as the transport agent. The sealed tube
was placed in a two-zone tubular furnace, heated to 980 °C
(source zone) and 940 °C (growth zone) over 12 h,
maintained at these temperatures for 7 days, and finally

allowed to cool naturally to room temperature. The GdTe2
single crystals were obtained in the growth zone.

■ STM AND STS MEASUREMENTS
For STM and STS measurements, we cleaved the samples at
room temperature (∼300 K) and immediately transferred
them to the STM chamber, where they were cooled to 4.2 K.
Experiments were performed in an ultrahigh vacuum (1 ×
10−10 mbar) ultralow temperature STM system equipped with
external magnetic field perpendicular to the sample surface.
The lowest base temperature is 0.4 K with an electronic
temperature of 650 mK (calibrated using a standard Nb
superconductor). All the scanning parameters (set point
voltage Vs and tunneling current It) of the STM topographic
images are listed in the figure captions. The dI/dV spectra were
acquired by a standard lock-in amplifier at a modulation
frequency of 973.1 Hz, the modulation bias (Vmod) is listed in
the figure captions. Nonmagnetic tungsten tips were fabricated
via electrochemical etching and subsequently calibrated on a
clean Au(111) surface, prepared by repeated cycles of
sputtering with argon ions and annealing at 500 °C.

■ TWO-DIMENSIONAL LOCK-IN TECHNIQUE
We employed a two-dimensional lock-in technique to
determine the amplitude and phase of CDW orders. For any
arbitrary real space image:

= ·A ar r( ) ( )e i

Q
Q

Q r

where aQ(r) is the complex amplitude at wavevector Q and
position r. If Q is the wavevector of interest, it can be extracted
from the Fourier transform A(q) by shifting it back to the
center and multiplying a Gaussian window with a cutoff length
σ in q-space. The approximate complex amplitude in real space
AQ(r) can be obtained by inverse Fourier transform as
following:

= [ ] = ·A F A Ar q R R( ) ( ) d ( )e ei r
Q Q

Q R R1 ( ) /22 2

Thus, using this technique, the amplitude |AQ(r)| and spatial
phase ΦQ

A(r) of the modulation at Q can be written as
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For Figure 2f, the Gaussian filter order is 12 and the filter
length scale is 0.176 q in momentum space, corresponding to
2.5 nm in real space. For Figure 4h, I, the Gaussian filter order
is 16 and the filter length scale is 0.198 q in momentum space,
corresponding to 2.2 nm in real space.

■ DFT CALCULATIONS
DFT calculations were performed via Vienna Ab-initio
Simulation Package (VASP)47 using the Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional.48 We
employed a plane-wave cutoff of 500 eV and set convergence
thresholds to 0.01 eV/Å for atomic relaxations and 10−6 eV for
electronic self-consistency. We excluded the 4f electrons of Gd
from the pseudopotential, as they are highly localized and lie
far away from the Fermi level. SOC was included in all
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electronic structure calculations, and a 60 × 60 k-mesh was
used for the 2D Fermi surface and Lindhard function. This
function represents the real part of bare electronic suscepti-
bility and is defined as follows:35

= +

+
T

N

f f
q( , )

2 ( ) ( )

mn

n m

n mk k

k q k

k q k,

, ,

, ,

where εn,k are Kohn−Sham eigenvalues of the nth band at
momentum k and f is the Fermi−Dirac distribution. We fixed
the temperature (T) to 100 K. Note that the prominent peak
in χ′(q, T) typically indicates a CDW wave vector driven by
electron−phonon coupling.35 The phonon dispersions of non-
CDW phase GdTe2 were calculated by density functional
perturbation theory, within a 4 × 4 × 2 supercell.
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