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Coexistence of Quantum-Spin-Hall and
Quantum-Hall-Topological-Insulating States in
Graphene/hBN on SrTiO3 Substrate

Reiji Obata, Mioko Kosugi, Takashi Kikkawa, Kazuyuki Kuroyama, Tomoyuki Yokouchi,
Yuki Shiomi, Shigeo Maruyama, Kazuhiko Hirakawa, Eiji Saitoh, and Junji Haruyama*

SrTiO3 (STO) substrate, a perovskite oxide material known for its high
dielectric constant (ɛ), facilitates the observation of various (high-
temperature) quantum phenomena. A quantum Hall topological insulating
(QHTI) state, comprising two copies of QH states with antiparallel two
ferromagnetic edge-spin overlap protected by the U(1) axial rotation
symmetry of spin polarization, has recently been achieved in low magnetic
field (B) even as high as ≈100 K in a monolayer graphene/thin hexagonal
boron nitride (hBN) spacer placed on an STO substrate, thanks to the high ɛ
of STO. Despite the use of the heavy STO substrate, however, proximity-
induced quantum spin Hall (QSH) states in 2D TI phases, featuring a
topologically protected helical edge spin phase within time-reversal-symmetry,
is not confirmed. Here, with the use of a monolayer hBN spacer, it is revealed
the coexistence of QSH (at B = 0T) and QHTI (at B ≠ 0) states in the same
single graphene sample placed on an STO, with a crossover regime between
the two at low B. It is also classified that the different symmetries of the two
nontrivial helical edge spin phases in the two states lead to different
interaction with electron-puddle quantum dots, caused by a local surface
pocket of the STO, in the crossover regime, resulting in a spin dephasing only
for the QHTI state. The results obtained using STO substrates open the doors
to investigations of novel QH spin states with different symmetries and their
correlations with quantum phenomena. This exploration holds value for
potential applications in spintronic devices.
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1. Introduction

SrTiO3 (STO) is a perovskite oxide material
known for its high dielectric constant (e.g.,
ɛ ≈104 at temperature (T) = 2 K). Because
the STO causes no transition to a ferroelec-
tric phase thanks to significant quantum
fluctuations even at low T (i.e., quantum
paraelectric phases), it holds a considerable
advantage that high ɛ leading to high carrier
densities (nD) can be gate-controlled across
all T regimes.[1–4] This gate-controlled
property has enabled the observation of
various (high-T) quantum phenomena
(Supporting information S1),[5–10] such
as high-Tc (> 100 K) superconductivity of
atom-thin FeSe/STO arising from specific
electronic states at the interface between the
STO surface and directly grown layers,[5]

high-Tc (> 100 K) Majorana fermion
of Fe(Te, Se)/STO confirmed through
scanning tunneling spectroscopy (STS).[6]

Recently, a novel state of QH phases, a back-
gate voltage (Vbg)-controlled quantum Hall
topological insulating (TI) (QHTI) state
(Figure 1a), has been reported by con-
firming the unconventional resistance (R)
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Figure 1. Schematic views of QHTI and QSH states in
graphene/hBN/STO substrate. a) QHTI state; two copies of QH
states with antiparallel spin overlap, forming two FM edge spin align-
ments. Short-range and lattice-scale AFM edge-spin alignment, enhanced
by long-range CI exists in graphene. The large ɛ of the STO induced by
Vbg screens this CI, suppressing the AFM edge spins and possibly giving
rise to the QHTI state. b) QSH state and its helical edge spin phases (i.e.,
Kramers doublet with AFM spin moment) derived from the SOC of the
heavy STO substrate. Monolayer hBN spacer allows coexistence of a) and
b). Both edge spin states in a) and b) appear analogous and nontrivial,
though they consist of different symmetries; i.e., U(1) axial rotation
symmetry of the spin polarization for a) and the topologically protected
TRS for b). TRS is broken in a) through applied B. Only a) interacts with
electron puddle quantum dots, leading to spin dephasing in the present
experiments.

values associated with resistance quantum RQ ( = h/e2 = 25.8 kΩ,
where h is Planck’s constant, and e is the charge on the electron)
under applied low magnetic fields (B) even as high as T ≈100
K in monolayer graphene/thin hexagonal boron nitride (hBN)
spacer (thickness ≈2–5 nm) placed on an STO substrate.[7,11] A
QHTI state is composed of two copies of QH states with an
antiparallel spin overlap between the two ferromagnetic (FM)
edge spin alignments (Figure 1a), which represents many-body
interacting Landau level (LL)-induced TIs with a zero Chern
number.[12,13]

Previously, the QHTIs in monolayer graphene on silicon (Si)
substrates were reported only under the presence of a very strong
in-plane B (> 30 T)[12] or in misaligned graphene bilayers.[13]

However, these approaches faced challenges due to the imprac-
tically strong and tilted B or the complexity of the twisted layer
assembly. In contrast, the graphene/STO system offers signifi-
cant advantages in terms of ease of fabrication and the applica-
tion of low B, avoiding the difficulties encountered in previous
methods and enabling the current research.[7] The screening of
the long-range Coulomb interaction (CI) in graphene achieved
through the Vbg-tuned large ɛ of the STO substrate and subse-
quently caused the high nD possibly allow this as explained later.
As another case, the use of a ferrimagnetic insulator substrate,
Y3Fe5O12, has been also shown to induce ferromagnetic edge
states in graphene.[39]

In contrast, despite the utilization of a heavy STO substrate,
which provides strong spin–orbit coupling (SOC) for proximity-
induced Quantum Spin Hall (QSH) states[7] (Figure 1b), the
QSH state in the 2D Topological Insulator (TI) state was not ob-
served, even at B = 0 T, in the graphene/thin hexagonal boron
nitride (hBN)/STO system. 2D TI states have been a subject
of significant attention, featuring a topological bulk gap Δ aris-
ing from SOC, while closing at sample edges. At B = 0 T,
the QSH state emerges with a resistance quantum RQ/2 value

and exhibits helical edge spin phases that are topologically pro-
tected by time-reversal symmetry (TRS). These states are char-
acterized by nontrivial edge states with opposite-moment and
counter-propagating spin pairs (i.e., Kramers doublets) flow-
ing along 1D edges[14,15] (Figure 1b). QSH states have been
previously reported in various materials, e.g., semiconductor
quantum wells,[16–18] graphene,[19–26] and atomically thin tran-
sition metal dichalcogenides (TMDCs).[27–32] Notably, the rela-
tively weak SOC in graphene has limited its experimental ob-
servation, with successful demonstrations in only a few systems,
e.g., low-coverage Bi2Te3 nanoparticle-decorated graphene[20,22,23]

and graphene placed on heavy substrates with proximity-induced
SOC (Figure 1b).[24–26]

In this context, the antiparallel spin overlaps between the
two ferromagnetic (FM) edge spin states in the QHTI states
(Figure 1a) and the helical edge spin states in the QSH states
(Figure 1b) may appear analogous. However, a crucial distinc-
tion lies in the TRS. In the QHTI state, TRS is broken due to
the presence of a finite applied B, unlike the QSH states where
TRS is maintained in the helical edge states at B = 0 T. Never-
theless, the U(1) axial rotation symmetry of the spin polariza-
tion remains continuous in the QHTI states, ensuring the per-
sistence of nontrivial edge states.[7,11] This continuity in the U(1)
axial rotation symmetry contributes to the observation of various
RQ-based (fractional) values, depending on the number and com-
bination of ballistic charge transport regions separated by elec-
trode probes, resembling the behavior in QSH states with spin
dephasing in metal electrodes following the Landauer–Büttiker
(LB) formalism.[27–29]

These two QH states are expected to be observed in one
same graphene/STO sample, depending on B. However, previ-
ous attempts failed to observe them simultaneously. One possi-
ble cause could be the use of a thin hBN spacer (> ≈3 nm), which
significantly suppresses proximity effect arising from SOC of the
STO substrate.[4] To address this, we employ a monolayer hBN
spacer in the present experiments, and classify that the QHTI and
QSH states coexist with changes in B and Vbg in the same single
sample. As mentioned above, these two QH states exhibit differ-
ent symmetries in the helical edge spin phases. Understanding
how these differences lead to varied interactions with physical
phenomena is a fascinating aspect of our investigation. We reveal
that only the helical edge spin phase of the QHTI state interacts
with electron puddle quantum dots locating close to the edges,
resulting in spin dephasing similar to the behavior observed for
metal electrodes placed on the helical edge spin path, whereas the
helical edge spin states in the QSH states remain robust under
similar conditions.

2. Results and Discussion

2.1. Sample Fabrication

For the present experiments, monolayer graphene flakes (≈0.75
nm thickness) mechanically exfoliated from bulk graphite (hq
Graphene Co.) were carefully transferred onto a monolayer
hBN/STO substrate (SHINKOSHA) (Figure 2a,b). In this pro-
cess, a monolayer hBN was detached from the Cu foil and placed
on the [100] plane of the nondoped STO substrate (refer the Ex-
perimental Section and Supporting Information S2).[4,10] Typical
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Figure 2. Sample characterization (Supporting Information S2 and S3).
a) Optical microscopy image of a monolayer graphene flake on mono-
layer hBN spacer/STO substrate with Au/Ti (500/20 nm thickness) Hall-
pattern electrodes. Each probe number corresponds to the respective R
measurement. b) Cross-sectional AFMS image of graphene in a). c) A typ-
ical Raman spectrum of a). Individual peaks correspond to G and 2D (G’)
peaks of a monolayer graphene, as well as STO-originated peaks at approx-
imately 1000 (STO1), 1300 (STO2), and 1600 (STO3) cm−1 (overlapping
with the bottom of the graphene G peak). The hBN peak cannot be con-
firmed due to the overlap with G and STO3 peaks. d) An example of a
cross-sectional AFMS image around the edge between electrodes 2 and 3
of a), corresponding to the position ① of Figure 4b; and Supporting Infor-
mation S5.

Raman spectra are depicted in Figure 2c. The peaks at ≈1600
and 2600 cm−1 correspond to the G and 2D peaks of graphene,
respectively. The peak ratio and width suggest the presence of
monolayer graphene. The small peaks at ≈1000, 1300, and 1600
cm−1 (overlapping the bottom of the G peak of graphene) are con-
sistent with those of the STO substrate.[33] In contrast, the peak
originating from the monolayer hBN overlaps with the G peak of
graphene and the peak of STO cannot be confirmed, despite the
certainty that the monolayer hBN was successfully transferred
from the Cu foil, as mentioned above. Carrier density (n2D) ≈1
×1013 cm−2, electron mobility (𝜇) ≈5000 cm2 V−1 s−1, and SOC
energy (ESOC) ≈10 meV of the graphene are estimated from other
measurements conducted on larger graphene samples within a
diffusive charge transport regime (Supporting Information S3).
These ESOC and n2D values are large enough to yield the QSH state
through the proximity effect and the QHTI state by the screen-
ing of long-range CI, which arise from the STO substrate, re-
spectively, as explained later. Figure 2d presents an atomic-force
microscope (AFMS) cross-sectional image around the edge be-
tween electrodes 2 and 3 of (a), corresponding to the position ①

in Figure 4b; and Supporting Information S5. The local surface
pocket, observed close proximity to the edge and resulting from
the surface roughness of the STO substrate (Supporting Infor-
mation S2), may give rise to an electron puddle quantum dot.
This quantum dot manifests as a small dI/dV peak at the posi-
tion ① in Figure 4b and serves as a basis of the model presented
in Figure 5.

A Hall pattern, comprising six Au/Ti electrodes (500/200 nm
thickness), was formed on graphene flakes through conventional

electron beam lithography (Figure 2a; and Supporting Informa-
tion S4). Two-terminal resistance (R) measurements, dependent
on T and out-of-plane B, were conducted using DynaCool (Quan-
tum Design) with a lock-in amplifier. The Vbg was applied from
the back side of the STO substrate.

2.2. Resistance Measurements

Figure 3a presents an example of two-terminal resistance (R)
measurement results for Sample 1 (depicted in Figure 2) under
three different configurations of electrode combinations, each
for constant current (I) flow and R detection (Figure 3e–g), con-
ducted at B = 0 T and T = 2 K with the Vbg varied. Distinct R
peaks are observed in the curves for R63 ≈ 3RQ/2 (blue curve),
R14 ≈ RQ (red curve), and R64 ≈ 3/4RQ (green curve) values, oc-
curring around Vbg ≈ 0–2 V, corresponding to the Dirac point.
These R peak values align with those reported in previous studies
on QSH states. The results are also consistent with calculations
based on Equation (1) using the LB formalism,[16,23,27,28] which
indicates dephasing of the spin phase due to back-scattering in
metal electrode probes placed on 1D edges. Hence, an edge sec-
tion between the two probes can be considered as an ideal helical
quantum conductor of RQ, and the two-terminal R of the device
arises from the parallel R of both edges. Each edge contributes
to the sum of the contributions from individual helical edge sec-
tions, denoted as, N (Supporting Information S5).

R2t =
h
e2

(
1

NL
+ 1

NR

)−1

(1)

In Equation (1), NL and NR represent the numbers of helical
conductor sections for the left (L) and right (R) edges, respectively,
between the source and drain probes. For the R63 measurement,
NL and NR are both 3, yielding R63 as 3RQ/2. In the case of the R14
measurement, NL and NR are both 2, resulting in R14 being RQ.
Finally, for the R64 measurement, NL is 3 and NR is 1, leading
to R64 resulting in (4/3)−1RQ. These calculated values precisely
match the observed R-peak values as mentioned above (Support-
ing Information S5).

Consequently, the most likely explanation for the observed
R peaks is presence of the QSH states, which arise from the
proximity-induced SOC by the heavy STO substrate. The ESOC
value of ≈10 meV estimated in Supporting Information S3 is suf-
ficient large to yield this. Notably, these QSH states were not ob-
served in previous studies that employed thin hBN spacers (≈3
nm).[7] This observation suggests the intriguing possibility that
the monolayer hBN spacer may enable the proximity-induced
SOC from the heavy STO substrate, leading to the emergence
of QSH states within graphene.

In Figure 3b, B dependence for the R14 versus Vbg relationships
is presented for a different sample (Sample 2) with the same ter-
minal configuration (i.e., pattern (e)) as that corresponding to the
red curve in Figure 3a. Notably, an R peak with R14 ≈ RQ is evident
at Vbg ≈ 4 V under B = 0 T, similar to the observation in Figure 3a,
although the Vbg positions and the shapes for the R peaks are
different (Supporting Information S6). This further supports the
potential presence of the QSH state in this sample. The confir-
mation of the QSH state is additionally supported by STS spectra
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Figure 3. Two-terminal-R measurements for QSH (B = 0) and QHTI (B ≠ 0) states (Supporting Information S5). a) R measurement results as a function
of Vbg for Sample 1. Three different configurations of electrode probes correspond to patterns (e–g), where red numbers indicate electrodes used for
two-terminal R measurements, togethering some probes. These curves represent the case for the QSH state observable at B = 0T. b) R14 versus Vbg
relationships in Sample 2 (shown in Figure 2) for different perpendicular B values ( = 0–5 T) to the sample plane. The probe configuration corresponds
to e). Inset: T3 dependence of R62 at Vbg = +30 V for B = 1 T. c) R14 versus B relationships for individual Vbg obtained from b). d) R measurement results
as a function of Vbg for four different configurations of electrode (probe) combinations e–h) at B = 3T in Figure 3b sample, including that of Figure 3b
(i.e., red curve, R14).

in Section 2.3. The R peak value drastically decreases as B in-
creases, experiencing a slight increase at B = 3 T before sharply
decreasing again toward B = 5 T (Figure 3c).

In contrast, R plateaus appear in high Vbg regions as B in-
creases (Figure 3b); i.e., R14 ≈ (3/4)RQ at B = 1 and 2 T, R14 ≈

RQ at B = 3 and 5 T, with slightly reduced R14 ≈ (4/5)RQ at B = 4
T for Vbg ≈ +20 ≈+30 V. The R versus B relationships for individ-
ual Vbg values in Figure 3c efficiently illustrate the behavior of R14
behavior at each Vbg, as mentioned above in Figure 3b. The R14
peak with RQ at B = 3 T does not persist at T = 100 K (Supporting
Information S7), contrary to a previous report.[7]

The observed R plateaus with R14 ≈ RQ observed under the ap-
plication of B = 3 and 5 T (Figure 3b) likely originate from causes
different from the QSH states observable at B = 0 T. Considering
their appearance under B, one of the most probable scenarios is
the QHTI state, as mentioned in the Introduction.[7,11] This inter-
pretation is reaffirmed by Figure 3d, displaying R measurement
results with four different configurations of electrode combina-
tions (Figure 3e–h) at B = 3T, including that of Figure 3b. The
observed R plateau values around Vbg ≈ +20 ≈+30 V (i.e., R63
≈ 3/2RQ (green curve), R14 ≈ RQ (red), R46 ≈ 3/4RQ (black), and
R41 ≈ RQ/2 (yellow curve)) align well with the calculation results
using Equation (1), similar to the results in Figure 3a at B = 0T
(Supporting Information S5). This strongly suggests that the R
plateaus observed under applied B can be attributed to the QHTI
state.

The edges of conventional graphene on Si substrate typically
exhibit short-range, lattice-scale anti-FM (AFM) spin alignment,
which hinders the emergence of 1D FM edge spin alignment and
the QHTI state. The short-range AFM spin alignment may be en-

hanced by the long-range CI. Therefore, when the long-range CI
is screened by the Vbg-tuned large 𝜖 of the STO substrate and the
high nD in the graphene integrated on a monolayer hBN/STO
substrate, the AFM edge spin alignment is suppressed. Subse-
quently, 1D FM edge spin alignment tends to appear, resulting
in its antiparallel two overlap and the emergence of the QHTI
states even at low B[7] (Figure 1a).

This result implies that the QSH and QHTI states can coexist
in the same sample, with dependence on applied B when a mono-
layer hBN spacer is used. It suggests that both the proximity-
induced SOC due to the heavy STO substrate at B = 0 T and
screening of the long-range CI due to the large 𝜖 of the STO sub-
strate at B ≠ 0 T can alter the electronic states of graphene in this
case, while the SOC and the screening of the long-range CI have
less influence on the QHTI at B ≠ 0 T and the QSH states B = 0
T, respectively.

On the other hand, R plateaus with R14 ≈ (3/4)RQ values, oc-
curring between B = 0 T and 3 T (specifically at B = 1 and 2 T
in Figure 3b), are anomalous and have not been previously re-
ported. According to previous report, a complete phase transi-
tion from the QSH to QHTI states should occur even at B = 1 T.
Therefore, these (3/4)RQ values can be interpreted as occurring
in a crossover regime between the QSH and QHTI states with a
slight increase in B, and unique to the present samples.

2.3. STS Observation

To reconfirm the QSH state observed at B = 0T in Figure 3b,
STS spectra have been obtained (Figure 4a; and Supporting
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Figure 4. STS spectra for Figure 3b sample at T = 2 K. a) At edge (red
curve) and bulk (black curve) parts for Vbg = 4 V, where EF is tuned to
the Dirac point, and at edge for different Vbg = 20V (green-dotted curve)
with EF far away from the Dirac point. b) Results of scanning STS tip from
the edge to the bulk at four different positions between electrodes 2 and
3 (①(related to Figure 2d) – ③), and 5 and 6 (①’) (Figure S4 in Supporting
Information S8), when EF is tuned 5 meV away from the Dirac point. c)
Vbg dependence at the position ① in b). d) B dependence at Vbg = 30 V
in c).

Information S8). When the EF is tuned close to Dirac point (i.e.,
Vbg ≈4 V in Figure 3b), an energy gap Δ ≈5 meV appears in the
sample bulk region (black curve), while it closes at the sample
edges (red curve). Conversely, when EF is located away from Dirac
point (i.e., Vbg ≈20V in Figure 3b), dI/dV increases over a wide E
range. These results strongly support presence of the QSH state.

On the other hand, one of the causes for the observed R14 ≈

(3/4)RQ value at B = 1 and 2 T in Figure 3b may be associated
with the dephasing of the QHTI-derived helical edge states by the
electron puddle quantum dots, which originates from the surface
local-roughness of the STO substrate (Figure 2d),[4,10] observable
through STS spectra (Figure 4b–d)[17,27,31,34,35] as follows.

Figure 4b exhibits results of scanning of the STS tip from the
edge to the bulk at four different positions between electrodes 2
and 3 (① – ③), and 5 and 6 (①’) (Supporting Information S8). The
presence of the small dI/dV peaks is confirmed near the large
edge dI/dV peak (located ≈4–5 nm away from the edge) only at
the positions ① and ①’. The large edge dI/dV peaks, observable
when EF is tuned slightly away from the Dirac point (Figure 4a),
are sensitive to changes in Vbg (Figure 4b (as mentioned above)
and 4c). Conversely, the small dI/dV peaks are not sensitive to
Vbg and persist even at Vbg ≈30 V (Figure 4c). This suggests that
the small dI/dV peaks are not associated with the QSH states.
One possible cause for these small dI/dV peaks could be the pres-
ence of electron puddle quantum dots caused by the local surface
pocket of the STO substrate (Figure 2d).[4,10]

Some reports claim that electron-puddle quantum dots, sit-
uated in close proximity to the helical edge states in the QSH
states, can interact with them, leading to spin dephasing similar
to the interaction in metal electrodes.[31,34,40] The linear relation-
ship between R14 and T3 at B = 1 T is confirmed up to T ≈100

K (inset of Figure 3b). This is qualitatively consistent with the
theory proposing interaction-based dephasing,[34] although in the
present case, it is not the QSH but the QHTI states that would
interact with the electron-puddles at low B. As B increases fur-
ther, the small dI/dV peak decreases and disappears around B =
3T, while another peak appears (Figure 4d).

2.4. Discussion

Based on our observations, we propose the following interpreta-
tion for the observed R14 ≈ (3/4)RQ value at B = 1 and 2 T in
Figure 3b, building upon Equation (1). When dephasing regions
caused by electron puddles exist along both long edges of the
sample (i.e., between Electrodes 2 and 3, and 5 and 6; refer posi-
tions ① and ①’ in Figure 4b), the number of helical conductor sec-
tions becomes three along individual edge paths (i.e., NL(3,2’,2)=
NR(5, 5’,6) = 3 Figure 5b). Moreover, considering that graphene
exhibits an electron- and hole-like LL structure with a fourfold
spin- and valley-degeneracy, if the number of helical edge spin
paths appears in double (Figure 5), R14 can become (3/2)RQ ×

Figure 5. a) Schematic view for the electron-puddle spin dephasing model
proposed for the crossover regimes between the QSH (B = 0 T) and the
QHTI (B ≠ 0 T) states (i.e., R14 ≈ (3/4)RQ plateaus at B = ≈1 – 2 T in
Figure 3b,c), which considers the interaction of the helical edge spins
of the QHTI with the electron-puddle quantum dots caused by the local
surface-pocket of the STO substrate (Figures 2d and 4b (① and ①’)) and
assumes resolving of a fourfold spin- and valley-degeneracy (solid and
dotted lines) by this interaction. The red parts (2’ and 5’) indicate local
dephasing regions caused by the electron puddles. b) Schematic probe
configuration corresponding to a). NL and NR correspond to the numbers
of helical conductor (i.e., ballistic charge transport) sections for the left
(L) and right (R) edges, respectively, between the source and drain probes
(see Equation (1)). c) R measurement results as a function of Vbg at B
= 1T (i.e, in the crossover regime) of Figure 3d sample for four different
probe combinations d–f) and R14 of Figure 3d with 2’ and 5’ based on b)
(Supporting Information S5).
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(1/2) = (3/4)RQ (Supporting Information S5). When the strong
interaction between the electron-puddle quantum dots and the
helical edge states entirely resolves this degeneracy not only lo-
cally but across all regions of the helical edge path as B increases,
lifting the spin degeneracy, the R14 of (3/4)RQ value is obtained,
as mentioned above.

Some studies reported that applying a bias voltage effec-
tively injects spin-polarized carriers into TMDCs through var-
ious methods, leading to a population imbalance between ±K
valleys.[36,37] When such a strong valley imbalance occurs due to
interaction with the electron puddles enhanced by the high 𝜖 of
the STO substrate likewise in this structure, the valley degener-
acy can be resolved by the applied B and high 𝜖. This is particu-
larly relevant as nontrivial helical edge states of the QHTI state
are caused by the U(1) axial rotation symmetry of the spin po-
larization in the fourfold spin- and valley-degeneracy. The shift
of Vbg positions for the R peak at B = 0 T to higher Vbg val-
ues for the R plateaus under the influence of B might be asso-
ciated with this interaction with electron puddles, resulting from
the renormalization of the electronic density of states at Dirac
point.

This model finds further support in Figure 5c, which presents
the result at B = 1T, corresponding to Figure 3d-sample.
The observed R plateaus in individual electrode combination
(Figure 5d–f and R14 of Figure 3d with 2’ and 5’) exactly agrees
with those estimated using the abovementioned model (Support-
ing Information S5).

As B increases further toward B = 3T, electron puddles are
swept away due to the electron shift from bulk regions (i.e., de-
pletion of electrons in the bulk) to the edges induced by applied
B (Figure 4d). Then, conventional QHTI states appear with R14
≈ RQ at B = 3 T as the final state following the phase transition
from the QSH to the QHTI states. The small deviation of R14
(≈(4/5)RQ) (from RQ values) at B = 4T may also be associated
with other remaining small electron puddles, as it is known that
electron puddles cause such small deviations.[12,31]

Consequently, Figure 3b can be interpreted as a result of a
phase transition from the QSH states at B = 0 T to the QHTI
states at B ≠ 0 T, with a crossover regime caused by a slight
increase in B. This transition occurs when the electron-puddle
quantum dots exist and interact with the helical edge states with
the U(1) axial rotation symmetry of the spin polarization in the
QHTI states. Applying Vbg ≈ +20 ≈+30 V resulted in n2D as high
as ≈1014 cm−2 at T = 2 K in TaS2/monolayer hBN/STO.[4] If this
high n2D value can also be achieved in the present graphene sys-
tem, it would be capable of sufficiently screening the long-range
CI. Indeed, n2D as high as ≈1013�cm−2 at Vbg ≈5 V is confirmed
by other measurements as mentioned above ( Supporting Infor-
mation S3). Since applying a higher Vbg induces further increases
in n2D, this screening is practically achievable. The use of a mono-
layer hBN spacer enables the observation of this phase transition.

In contrast, the absence of the QSH state has been confirmed
when thin hBN spacers are employed, while the QHTI state is
retained.[7] This implies that the proximity-induced SOC result-
ing from the STO substrate is more sensitive to the thickness of
the hBN spacer than the formation of the high n2D caused by the
large 𝜖 STO with applied Vbg. This interpretation is further sup-
ported in Supporting Information S9, where a bilayer hBN spacer
has been employed.[38]

Remarkably, the crossover regime with spin dephasing caused
by the electron puddle quantum dots at low B has been observed
only for the QHTI state, while it did not appear for the QSH
state at B = 0 T, preserving the evident RQ-value peaks dependent
only on the measured electrode combinations. Similar behaviors
have been confirmed in three samples, depending on the num-
ber and positions of the electron puddles. This result may present
a contradiction to previous theoretical predictions,[34] although
the materials and causes providing the QSH states are different
from the present experiments (i.e., considering the intrinsic QSH
state in the doped 2D semiconductor quantum wells,[34,40] while
the proximity-effect from the STO substrate in graphene in the
present case).

However, this intriguing phenomenon should depend on the
correlation between the strength of the dephasing (i.e., inelastic
backscattering) by electron puddles and the strength of the dif-
ferent symmetry of the QSH and QHTI states, each arising from
different causes. If the strength follows the order “Symmetry of
the QHTI state (arising from the high 𝜖 of the STO) < Dephasing
by puddles < Symmetry of the QSH state (originating from the
large mass of the STO),” then only the QHTI state is dephased by
the electron puddles in accordance with the following scenario.

Both the QSH and QHTI states have the nontrivial helical edge
spin phases, while they exhibit different symmetries due to dis-
tinct causes as mentioned above; i.e., the QSH state possesses
topologically protected TRS, whereas TRS is broken by an applied
B in the QHTI state, preserving only the U(1) axial rotation sym-
metry of spin polarization. The realization of this QHTI symme-
try typically requires specified conditions, i.e., applying extremely
high B, usage of STO or YIG substrates. In the present case, the
possible screening of the long-range CI in graphene by the high 𝜖

of STO enhances the formation of this symmetry. However, pres-
ence of the electron puddles can easily impede this screening,
leading to the dephasing of the helical edge spin path near the
puddles. Moreover, when the electron puddles in graphene itself
originate from the local surface roughness of the STO substrate
(Figure 2d; and Supporting Information S2), this screening effect
does not emerge around the puddle existing just above the rough-
ness, causing the helical edge spins to disappear. Consequently,
the symmetry of the QHTI state, in this context, is relatively weak.

On the other hand, the TRS in the QSH state is robust and
strong, because the large mass of the STO substrate yielding the
sturdy SOC is not affected by such local surface roughness of the
STO, interfacing entirely with all areas of the graphene flakes.
As reported in refs.[34] and,[40] stringent conditions for the elec-
tron puddle quantum dots must be satisfied to cause dephasing
in this TRS in the helical edge currents; e.g., the high doping
level of the puddles, the distance between the puddle and edge
within an elastic width Γ≈ T, the energy spacing 𝛿 in the dot
>> T, the strip width within the tunneling length (the electron
penetration depth), and the long edge length (large puddle num-
ber). Unless the observed electron puddles meet all such condi-
tions, dephasing cannot cause. Although it is difficult to straight-
forwardly compare this theory with the present results since the
used materials are different as mentioned above, we estimate that
𝛿 >> T may be insufficient in our system as follows.

𝛿 is given by 𝛼2EG, where 𝛼 = e2/(𝜅hv) is the interaction pa-
rameter and EG is the bandgap, and 𝜅 is the dielectric constant
and v is the electron velocity. When 𝜅 ≈ 4 on hBN and v ≈1.5

Adv. Mater. 2024, 2311339 © 2024 Wiley-VCH GmbH2311339 (6 of 8)
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×108 cm s−1 in graphene are employed, 𝛼 ≈ 0.3 is obtained. With
using EG ≈ 5 emV obtained from the present STS observation, 𝛿
≈ 0.4 meV is attained. This 𝛿 value is not so large compared with
the measured lowest T ≈ 0.2 meV. Consequently, the dephasing
may be observed in much lower T region. Therefore, the TRS of
the QSH phase is strong, and the abovementioned order for the
symmetries can indeed hold.

This highlights the superior resilience of the helical edge spin
phases in the QSH states against dephasing factors compared
with the helical edge phases in QHTI states.

3. Conclusion

In conclusion, when graphene was placed on an STO substrate
with a monolayer hBN spacer, we observed the quantized trans-
port both at B = 0 T and at B ≠ 0 T in the same graphene, de-
pending on Vbg. Through evidencing presence of SOC, the for-
mer was interpreted as the helical edge spin states for a QSH
phase with TRS, while the latter was interpreted as those for a
QHTI phases with U(1) axial rotation symmetry of the spin polar-
ization. The crossover B-regimes between the two states were also
confirmed. The observed crossover region with a 3/4RQ plateau
at low B was associated with dephasing of the helical edge spin
states in the QHTI state, interacting with the electron-puddle
quantum dots (i.e., potentially resolving of a fourfold spin- and
valley-degeneracy) caused by the local surface pocket on the STO
substrate edges. In contrast, the QSH phase remained unaffected
by such electron puddles, and could be robust. This underscores
the profound impact of the distinct symmetries of the two QH
states on observable physical phenomena, particularly in terms
of spin dephasing. Our findings pave the way for further explo-
ration of novel QH spin states along graphene edges employ-
ing hBN/STO substrates, shedding light on symmetry-based phe-
nomena and promising avenues for the development of innova-
tive spintronic devices.

4. Experimental Section
Fabrication of Graphene/Mono-(or Bi-)Layer hBN/STO Structure (Sup-

porting Information S2 and S3): Monolayer graphene flakes (hq Graphene
Co.) were attached on monolayer hexagonal boron nitride (hBN)
spacer/STO substrate (SHINKOSHA) with a thickness of 0.5 mm. Initially,
monolayer hBN, grown on Cu film by CVD, was detached from the Cu film
by dissolving Cu film through treatment with PMMA and immersion in
FeCl solution for 24 h. Subsequently, the monolayer hBN/PMMA was po-
sitioned on the [100] plane of a nondoped STO substrate (SHINKOSHA:
dielectric constant ≈300 at 300 K and ≈104 at 2 K, 0.5 mm thickness, purity
> 99.98%, resistivity > 107 Ω cm) creating an interface STO and hBN. The
surface-side PMMA was, then, dissolved in an acetone solution for a half
day, resulting in the formation of the monolayer hBN/STO substrate. Fi-
nally, any remaining PMMA contamination on hBN was removed through
O2 plasma treatment at 300 °C for 30 min. The crystal quality of the hBN
was subsequently verified by Raman spectroscopy (Supporting Informa-
tion S2).

Monolayer graphene flakes were attached on this hBN/STO substrate
from a PDMS sheet, using a 2D heterostructure transfer system (hq
Graphene Co.). Initially, graphene flakes were mechanically exfoliated us-
ing the scotch tape method, and the resulting flakes were transferred from
the tape surface to the PDMS sheet. Then, they were transferred onto
the hBN/STO utilizing the 2D transfer system at 300 °C. The STO sub-
strates employed here have notable surface roughness at certain local

points (Figure 2A–C), which is anticipated to contribute to formation of
electron puddle quantum dots (Figure 4B).

The monolayer graphene was characterized using Raman spectroscopy
and AFMS.

STS Measurements (Supporting Information S8): STS measurements
were carried out using UNISOKU USM series with a tip diameter of ≈50
nm by varying T, Vbg, and B with scanning for ① – ③ and ①’. They were mea-
sured at points shown in Supporting Information S8 by using the standard
lock-in technique.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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