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Graphene quantum dots (GQDs) can exhibit a range of spectacular phenomena such as the Klein tunneling
induced quasibound states and Berry phase tuned energy spectra. According to previous studies, all these interest-
ing quantum phenomena seem to be well understood in the free electron picture. However, electronic motion in
the GQDs is locally reduced to quantized orbits by quantum confinement, which implies that the kinetic energy
in the GQDs may be comparable to or even smaller than the Coulomb energy of the quasiparticles, possibly
resulting in exotic correlated phases. Here we present a scanning tunneling microscopy and spectroscopy study
of gate-tunable GQDs in graphene/WSe2 heterostructure devices and report a correlation-induced exotic phase
in the GQDs. Gating allows us to precisely characterize effects of the electron-electron interaction on the energy
spectra of the GQDs. By measuring density of states as a function of energy and position, we explicitly uncover
two density waves with different velocities in the GQDs, attributing to spin-charge separation in real space.
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Exotic many-body quantum phases often occur in systems
with strong electron-electron (e-e) interactions [1–5]. Creat-
ing a flat band is a well-established method to realize strongly
correlated systems, in which the e-e interactions U can largely
exceed the kinetic energy of electrons set by the bandwidth
W. Therefore, significant efforts have been devoted to the
search for emergent quantum phenomena in Landau levels and
moiré flat bands. These studies have achieved great success
and many exotic correlated phases have been observed [1–5].

Recent advances in introducing quantum confinement in a
continuous graphene system have provided a route to strongly
suppressing the kinetic energy of quasiparticles [6–25], as
schematically shown in Fig. 1(a). In graphene quantum dots
(GQDs), electronic motion is locally reduced to quantized
quasibound states by quantum confinement, i.e., the Klein
tunneling induced whispering gallery mode (WGM) [6–11],
implying that the e-e interactions should play an important
role in determining their electronic properties. However, al-
most all the interesting quantum phenomena reported in the
GQDs can be well understood in the free electron picture
[6–25]. Although some spectroscopic evidence of e-e inter-
actions in the GQDs has been observed, clear identification
of e-e interactions on the energy spectra is still missing due
to the metallic substrate and the lack of gate control [26]. In
this Letter, we report the observation of e-e interactions and
a correlation-induced exotic phase in the GQDs. Our gate-
tunable devices enable unambiguous measurement of effects
of the e-e interactions on the energy spectra of the GQDs. The
e-e interactions and the suppressed quantum kinetic energy
lead to a correlated phase in the GQDs: two density waves
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with different velocities, attributing to spin-charge separation
in real space, are explicitly uncovered.

Figure 1(b) shows a schematic of the experimental device
setup of a GQD embedded in gate-tunable graphene/WSe2

heterostructure devices. In our experiment, a nanoscale 1T′-
phase monolayer WSe2 island is created on top of a 2H-phase
WSe2 substrate, as shown in Fig. 1(c), to introduce elec-
trostatic potential on the graphene above it. The 1T′-phase
monolayer WSe2 island generates the GQD to confine mass-
less Dirac fermions of graphene, which is the reason we use
WSe2 as the substrate in this work [11,27,28] (see Fig. S1
and the Supplemental Material for details [29]). Figure 1(d)
shows typical scanning tunneling spectroscopy (STS), i.e.,
dI/dV, spectroscopic map across the GQD and a sequence
of temporarily confined quasibound states can be clearly ob-
served. At the edge of a GQD, the quasibound states are
generated by the Klein tunneling induced WGM and they
are almost equally spaced in energy (see Figs. S2 and S3
[29]) [6–13]. For a circular GQD with the size of confined
region L, the energy spacing E0 between the quasibound
states should be described by �E ≈ 2h̄νF /L, where h̄ is the
reduced Planck’s constant and vF is the Fermi velocity. In
Fig. 1(e), we summarize the energy spacing from nine GQDs
with different sizes observed in our experiment. Here, only
the STS spectra recorded along the long-axis direction of the
GQDs are analyzed because, usually, we can obtain several
well-defined quasibound states confined along this axis. Only
the GQDs that have two quasibound states flanking the Fermi
level are selected. Fitting the data yields the Fermi velocity
vF ≈ 1.2 × 106 m/s, further confirming the confinement of
the massless Dirac fermions in the GQDs.

A notable feature observed in our experiment is that the
energy spacing between the two quasibound states flanking
the Fermi level (i.e., the highest occupied and the lowest
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FIG. 1. STM characterization of GQDs. (a) Left panel: Schematic of cyclotron motion of electrons under a magnetic field. Right panel:
Schematic of a circular GQD with a typical closed interference path of trapping quasiparticles. (b) Schematic of the experimental device
setup. (c) Top left panel: STM topography of a typical GQD (Vb = 700 mV, Iset = 100 pA). Bottom left panel: Profile line of the GQD
showing the height ∼0.8 nm. Middle panels: Enlarged STM images on (Vb = 200 mV, Iset = 200 pA) and off (Vb = 400 mV, lset = 100 pA), a
representative GQD, respectively. Right panels: The fast Fourier transform (FFT) images obtained from the STM images in the middle panels.
The white circles show reciprocal lattices of graphene. The yellow circles show reciprocal lattices of WSe2. The red arrows show the reciprocal
lattice vectors a′ and b′ of WSe2. The unlabeled bright spots correspond to the reciprocal moiré superlattices and higher-order scattering.
(d) Left panel: A radially dI/dV spectroscopic map along the arrow in panel (c). The black crosses indicate the quasibound states, and the two
white dashed lines mark the size of confined region L. Right panel: A dI/dV spectrum recorded at the position indicated by the red arrow in
the left panels, corresponding to the real-space location indicated by a red solid dot in panel (c). (e) Measured large (red) and normal (black)
energy separations between the quasibound states for the GQDs of different sizes. Both of them scale as 1/L. The straight lines represent linear
fits to the data.

unoccupied quasibound states), labeled as Elarge, is much
larger than E0 (E0 is the energy spacing between the two
quasibound states that are both at one side of the Fermi
level), as shown in Fig. 1(d) (see Fig. S3 for more experi-
mental results [29]). Similar results have been observed in
the two flat bands of magic-angle twisted bilayer graphene
(MATBG) [30–33] and in quantized confined states of finite-
size Tomonaga-Luttinger liquids (TLLs) [34–36]. Both the
energy separation between the two flat bands in the MATBG
and the energy difference between the two confined states in
the finite-size TLLs are much larger when they are flanking
the Fermi level; they are clear signatures of the e-e interactions
[30–36]. In the GQDs, the energy difference between the Elarge

and the E0 directly reflects the e-e interaction strength EC , i.e.,
Elarge ≈ E0 + EC . The Coulomb energy EC of two electrons
should be inversely proportional to their separation L, i.e., EC

is expected to scale as L−1. Therefore, the Elarge should also
be inversely proportional to L, as demonstrated explicitly in
our experiment [Fig. 1(e)].

To further explore the e-e interactions on the energy
spectra of the GQDs, we perform STS measurement of the
GQDs for different gate voltages. Figure 2(a) shows the
gate-dependent dI/dV curves acquired at a GQD with L ≈
19 nm. A key observation is that the energy separation be-
tween the two peaks flanking the Fermi level changes with

gate voltage. Two representative STS spectra at Vg = 18 V
and Vg = –4 V are plotted in Fig. 2(b). At Vg = 18 V, the
energy separation between the N2 and N3 states, the Elarge,
is about 115 meV, which is larger than the E0 ∼ 79 meV
between the N1 (N3) and N2 (N4) states. For Vg = –4 V, the
N3 state is nearly half filled and is split into two peaks,
the N3+ and N3–, with reduced intensities. Then the en-
ergy separation between the N3+ and N3–, i.e., the EC , is
about 35 meV. Such a measurement demonstrates explicitly
that Elarge ≈ E0 + EC (see Fig. S4 for more gate-dependent
measurements on the other GQD; the same result can be
obtained [29]). The observed gate-induced modulation of the
energy spectra reveals that e-e interaction plays an important
role in determining the electronic properties of the GQDs.
When e-e interaction is absent, as schematically shown in
Fig. 2(c) (left panel), the energy separation between the qua-
sibound states would be gate and energy independent and
should be equal to the single-particle level spacing value
in a box (see Fig. S5 for theoretical spectra in the GQDs
without considering the e-e interaction [29]). The presence
of e-e interaction, Fig. 2(c) (right panel), explains well the
large and small energy separations observed for different
energies (results in Fig. 1) and different electron fillings
(results in Fig. 2). The splitting of the half-filled quasi-
bound state may arise from the lifting of spin degeneracy by
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FIG. 2. Gate-dependent electronic structure of the GQD. (a) A density plot of dI/dV spectra acquired for –20 V � Vg � 20V on the
GQD showing the energy separation transition as a function of Vg (set-point parameters: Vb = 700 mV, Iset = 300 pA). The black or white
arrows indicate the resonance peaks arising from the quasibound states. (b) Two typical dI/dV spectra at Vg = 18 and –4 V, respectively, which
are marked with the arrows in (a). The N3 state splits into two peaks with lower intensities when it is near half filled. (c) Quasibound-state
diagram for the energy separation without (left panels) and with (right panels) e-e interactions.

the strong Coulomb interaction [37–39], or may arise from
a correlation-induced Mott-Hubbard transition [1–5,30–33].
Further experiments should be carried out to explore its exact
nature.

In the GQDs, the e-e interaction is about several tens of
millielectron volts and is comparable to the full width at
half maximum of the quasibound states (results in Figs. 1
and 2), possibly causing correlation physics to manifest ex-
perimentally by the emergence of new quantum states. To
further explore correlated phases in the GQDs, we measure
the dI/dV spectra of a GQD and perform Fourier transform
(FT) analysis of the resulting density plot, as summarized in
Figs. 3(a)–3(c). Here we choose such a GQD [Fig. 3(a)] be-
cause the quasi-one-dimensional confinement along the long
side much simplifies the analysis of real-space standing waves
of the confined quasiparticles. Moreover, a longer confine-
ment also allows us to achieve better momentum resolution.
Figure 3(b) shows the STS intensity plot as a function of
position (x axis) along the arrow in Fig. 3(a) and the sample
bias (y axis), which directly reflects real-space modulation of
the local density of states (LDOS) at different energies. The
number of nodal points of the LDOS increases with changing
the energies away from the Dirac point (at about 246 meV in
the GQD). The corresponding FT of the STS intensity plot, as
shown in Fig. 3(c), directly reveals the dispersion of the quasi-
bound states in the GQD. Unexpectedly, two linear dispersion
branches with different velocities, vF1 ≈ 1.09 × 106 m/s and
vF2 ≈ 1.36 × 106 m/s, are seen to cross the Dirac point (see
the Supplemental Material for details of the fitting in deter-
mining the Fermi velocities and Fig. S6 for more experimental
data [29]). Such a result is quite different from the expected
result in the free electron picture, i.e., a density wave with one
velocity, as schematically shown in the top panel of Fig. 3(d)
(see Fig. S7 for the theoretical result of one-dimensional (1D)
confinement without considering the e-e interaction [29]).

The existence of two density waves with different veloc-
ities in the GQD is further confirmed by carrying out STS
mappings, which directly reflect the LDOS in real space at
the selected energies. In a quantum confined system with a
fixed size, the two density waves with different velocities
will form the standing waves at different discrete energies,

which provide characteristic fingerprints in the scanning tun-
neling microscope (STM) measurement. Figure 4(a) shows
representative STS maps measured at five different energies
of the GQD in Fig. 3(a). Figure 4(b) shows typical profile
lines of the five STS maps and the values of the profile
lines at the boundaries of the confined potential are shifted
to zero for comparison. The corresponding pattern expected
for free particles with vF2 ≈ 1.36 × 106 m/s and the Dirac
point ED ≈ 246 meV is confined to a 1D box of the same
length is shown in Fig. 4(c). Three significant discrepancies
are present compared to Fig. 4(c): In the experiment (1) the
number of maxima in the DOS at 30 meV is four; (2) the
minimum between two maxima in the DOS is much larger
than zero at 115 and 30 meV; (3) the spatial separation be-
tween two adjacent maxima is not approximately equidistant
at 30 meV. These discrepancies can be naturally explained by
considering the existence of two density waves with different
velocities and the correlation-induced large energy separation
of the quasibound states around the Fermi level. Figure 4(d)
shows the DOSs at different energies by superposition of
two density waves with vF1 ≈ 1.09 × 106 m/s, vF2 ≈ 1.36 ×
106 m/s, and the Dirac point ED ≈ 246 meV [determined ex-
perimentally in Fig. 3(c)], which reproduce well the main
features observed in our experiment (see the Supplemental
Material for further discussion [29]).

With considering two intrinsic properties of electrons,
i.e., the charge and spin, the correlation-induced two density
waves with different velocities in the GQDs are reason-
ably attributed to spin- and charge-density waves. The two
dispersions with different velocities also remind us of the
spin-charge separation induced by e-e interactions in the TLLs
[34–37,40,41]. The linear dispersion branch with smaller
Fermi velocity, which is attributed to the spin-density wave,
is consistent with the expected Fermi velocities in a graphene
monolayer [42,43]. The other linear dispersion branch with
larger Fermi velocity is attributed to the charge-density wave.
However, we should point out that the spin-charge sepa-
ration observed in the GQDs is quite different from that
in the TLLs. First, the ratio between the velocities for the
spin- and charge-density waves vF1/vF2 in the GQDs is
about ∼0.75 ± 0.05, which is larger than that, ∼0.53 ± 0.05,
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FIG. 3. Dispersion of quasibound states in a GQD. (a) Top panel: STM topography of a typical GQD (set-point parameters: Vb = 600 mV,
Iset = 100 pA). Bottom panel: Profile line chart along the red straight line with an arrow in the top panel. (b) A radially dI/dV spectroscopic
map along the red straight line with an arrow in (a). The black crosses indicate the quasibound states, and the two white dashed lines mark
the size of the confined region. The position of the Dirac point ED is ∼246 meV and the size of the confined region L is ∼43.3 nm. (c) FT of
the dI/dV data in (b) as a function of bias voltage Vb and wave vector q. Two linear dispersion branches with different velocities (marked in
red and blue) are observed. (d) Schematic diagram of dispersion in a quasi one-dimensional GQD. Top panel: dispersion in the GQD without
e-e interactions. Bottom left panel: dispersion in the GQD with e-e interactions. There are two density waves with different velocities. Bottom
right panel: spin-charge separation in the Tomonaga-Luttinger liquids.

FIG. 4. Imaging two density waves with different velocities in real space. (a) Representative STS maps recorded at different energies
of the GQD in Fig. 3(a). Standing waves with different number of maxima in the DOS are formed at different energies due to the quantum
confinement. (b) Typical profile lines of the five STS maps in (a) with the size of confined region L ≈ 43.3 nm. (c) Theoretical LDOS assuming
noninteracting quasiparticles with the Fermi velocity 1.36 × 106 m/s and the Dirac point ED = 246 meV confined in a one-dimensional box
with L ≈ 43.3 nm. (d) Theoretical LDOS by considering the confinement of two density waves with different velocities, vF1 = 1.09 × 106 m/s,
vF2 = 1.36 × 106 m/s, and the Dirac point ED = 246 meV confined in a one-dimensional box with L ≈ 43.3 nm. The correlation-induced large
energy separation of the quasibound states around the Fermi level is considered in the simulation. Scale bar: 10 nm in (a).
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observed in the finite-size TLLs very recently [34], possibly
due to the relatively weaker e-e interactions in the GQDs.
Second, as schematically sketched in Fig. 3(d), the high-
est occupied and the lowest unoccupied states in the TLLs
are the so-called zero modes; i.e., no spin or charge modes
are excited [34–37]. Injecting electrons or holes into the
TLLs will create spin and charge excitations with differ-
ent velocities [Fig. 3(d), right bottom panel]. In the GQDs,
the correlation-induced spin- and charge-density waves with
different velocities emerge for all the temporarily confined
quasiparticles, i.e., for all the quasiparticles below the Dirac
point [Fig. 3(d), left bottom panel]. The differences uncovered
highlight the need for further theoretical developments and
an alternative theory with different mechanism of the TLLs
should be constructed to fully understand the correlation-
induced spin-charge separation in the GQDs.

In summary, the effects of the e-e interactions on the en-
ergy spectra of the GQDs are unambiguously measured in
our gate-tunable devices. In the GQDs, two density waves
with different velocities, attributed to spin-charge separation

in real space, are explicitly uncovered. These interesting
phenomena cannot be explained in the absence of e-e in-
teractions and highlight the importance of correlations in
the GQDs. Our result suggests that the spin-charge separa-
tion may be a universal ground state in finite-size systems,
such as TLLs and GQDs, with strong correlated effects.
Further theoretical and experimental work is necessary to
fully ascertain the importance of correlation effects in the
GQDs.
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