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Supplementary Texts

1. Candidates for hysteresis

To claim that the hysteresis observed in gate sweep originates from ferroelectricity, it is essential to first
clarify that the hysteresis does not stem from other possible mechanisms. One possible origin of the hysteresis
is charge trapping at the graphene layer. Charge impurities originating from adsorbates adhered to the graphene
surface during the fabrication process can induce charge trapping or capacitive gating effects [1]. The shift of
the charge neutrality point (CNP) toward the positive (negative) direction during the gate backward scan is
associated with charge trapping (capacitive gating). These two effects arise from charge impurities locally
inducing an unbalanced potential distribution in graphene. This unbalanced distribution is not permanent but
instead exhibits relaxation time, which is closely related to the sweeping rate of the gate voltage. Therefore,
the resulting hysteresis strongly depends on the sweeping rate, showing a tendency to decrease as the sweep

rate becomes lower (Supplementary Figure S1a).

Our device exhibits negligible hysteresis during the V't sweep, indicating that the upper surface of the
graphene is largely free from factors inducing charge trapping. Still, there remains a possibility of charge trap
on the lower surface of the graphene, so we conducted measurements while varying the scan rate of the bottom
gate sweep, as shown in Supplementary Figure S1b. Since charge trapping is not strongly dependent on the
sweeping gate range, the measurements were conducted by fixing the gate range to a specific value where the
hysteresis is clearly observed. The large hysteresis observed during the forward and backward scans from Vgg
=60 V to -60 V shows little variation in both the positions of the CNP and the peak intensities, even when the
sweep rate is increased by a factor of eight. This indicates that the hysteresis is nearly independent of the scan
rate, which strongly suggests that the origin of the hysteresis is unlikely to be related to the charge trapping

effects.

Next, it is important to consider that hysteresis can also appear when graphene detects the polarization
switching of a ferroelectric material. As demonstrated in previous studies on the ferroelectricity of multilayer
1T’ WTe> [2] and parallel-stacked bilayer hBN [3, 4], the high sensitivity to external electric field of graphene
allows it to serve as a detector for ferroelectric switching in adjacent materials. Therefore, it is crucial to verify

that the Fe2Os layer between the graphene and the bottom gate is non-ferroelectric. Without this verification,



it would be difficult to rule out the possibility that the observed hysteresis in the main text is a trivial

ferroelectricity of the Fe,Os layer detected by graphene.

Fe>O3 can exhibit various structural phases depending on the O»/Fe ratio. Among these, a-Fe>O3, the most
common phase found in nature, is known to exhibit nearly zero ferroelectricity [5], whereas e-Fe2O3 has been
reported to exhibit ferroelectric properties [6]. Therefore, it is of critical importance to directly confirm
whether the Fe;Os3 used in our system is ferroelectric or not. We employed piezoresponse force microscopy
(PFM) measurements to determine whether Fe>Os without graphene exhibits ferroelectricity. Before
conducting the PFM measurements, we checked the sample thickness near the edge of the untreated pure
Fe,Os3 sample (Supplementary Figure S2a). Additionally, we performed further measurements to investigate
the presence of domains in both out-of-plane and in-plane directions. However, it was difficult to observe any

significant signals in both directions.

Additionally, it can be confirmed through Raman spectroscopy that which type of Fe2Os is used in our
system. a-Fe2O3 and €-Fe>O3 exhibit distinct Raman peak characteristics [7]. When Raman measurements are
performed using a 532 nm laser, a-Fe,O3 shows strong peaks at 411 cm™ and 1320 cm™!, whereas &-Fe,Os
shows strong peaks at 325 cm™! and 685 cm™. As shown in Supplementary Figure S3, comparing the Raman
peaks of the SiO,/Si substrate with those of the Fe,Oj3 film on the substrate, we observe peaks at 405 cm™ and

1313 cm™!, which correspond to the Raman characteristics of a-Fe,Os.

It is extensively established from previous studies that MLG itself is not ferroelectric, and bulk hBN also
forms an AA’ stacking order, which does not exhibit polarization switching [3]. Therefore, we can argue
ferroelectricity is observed in the system despite all the materials used being non-ferroelectric. The possibility
of a doubly aligned configuration between MLG and hBN is also unlikely, as we carefully misaligned MLG
and hBN. The fact that no second Dirac point is observed also supports there is no moiré superlattice on
graphene layer. Therefore, the remaining possibility is that the ferroelectricity is induced by the interaction

between MLG and Fe>Os film, which will be discussed in detail in the following section.

2. Origin of electronic ferroelectricity



The observed data exhibit characteristics of unconventional ferroelectricity, specifically electronically
driven ferroelectricity. In this mechanism, the hysteresis in resistance arises from charge transfer between
graphene and the Fe;O3 layer. This charge-transfer-induced dipole switching provides a natural explanation

for the ferroelectric-like hysteresis observed in the device.

The charge transfer between graphene and the Fe,Os layer is attributed to thermionic-field emission, (i.e.,
Fowler—Nordheim (FN) tunneling), through which electrons or holes are injected from the graphene into the
Fe,0s layer. Supplementary Figure S4 presents the energy band diagram of the device. At room temperature,
thermally excited electrons and holes exist in the graphene. When Vg is zero, the graphene remains
electrically neutral, and the electric field across the hBN dielectric layer, Enpn, is negligible. Due to the
sufficiently large thickness and high potential barrier of the hBN, these thermally excited carriers cannot
overcome the barrier, and consequently, no significant thermionic or tunneling current reaches the FeoO3 film

under zero-gate conditions.

On the other hand, as shown in Supplementary Figure S5, the application of a sufficiently large positive
VB changes the band profile. The increase in Engn reduces the effective tunneling width of the potential barrier,
allowing thermionic-field emission of electrons from graphene into the Fe;Os film. Conversely, as shown in
Supplementary Figure S6, applying a sufficiently large negative Vg results in a large negative Engn, which
similarly thins the potential barrier and enables thermionic-field emission of holes from graphene to Fe;Os.
To quantitatively evaluate the carrier density that undergoes tunneling and to explain why ny remains constant

during monotonic sweeps of Vg, a detailed analysis of the tunneling current and carrier dynamics is required.

Supplementary Figure S7b illustrates the band diagram of the device during process i. At this stage, the
bottom gate voltage is set to V'sg = Vo, and the induced charge in the silicon substrate is Qo. The corresponding
electric field across the hBN dielectric is Eo, and thus, an equal and opposite charge, -Qo, is induced on the
graphene layer. Since the graphene is grounded during the measurement, its potential is set to zero. As shown
in Supplementary Figure S7b, applying Gauss’s law to a Gaussian surface of area A yields the relation Eg =
Qo/eA. At this point, the potential barrier of the hBN remains sufficiently thick to prevent FN tunneling.
However, when the electric field is increased slightly beyond this point, electrons in the graphene layer begin

to tunnel through the hBN barrier.



Supplementary Figure S8 illustrates the evolution of charge distribution, potential, and electric field upon
a slight increase in Vsg. When Vg is increased from Vo to Vo+a Vo, the induced charge in the silicon substrate
becomes Qo+aQo, the electric field across the hBN layer becomes EotaEo, and the charge induced in the
graphene is —Qo—aQ. As the field across the hBN increases, FN tunneling occurs, i.e., the thermionic field
emission allows electrons in the graphene to tunnel into the Fe.O3 layer, as shown in Supplementary Figure
S8c. If we denote the resulting charge changes in the silicon substrate, graphene, and Fe>O3 as ppQo, qBQo,
and —BQo respectively, then by Gauss's law applied to Gaussian surface 1, we obtain the relation p+q = 1. Let
AE denote the change in the electric field across hBN during the tunneling process. FN tunneling continues

until the field returns to Eo. Applying Gauss’s law to Gaussian surface 2 gives:
Qo
(1+ a)E, + AE =J(1+a—q8) = E,.

Solving this yields AE = —aEo and o=qf. Therefore, regardless of the amount of charge trapped in the
Fe;O3 layer, the induced charge on graphene remains constant at —Qo. This mechanism accounts for the
observation that the Hall carrier density in graphene remains unchanged while Vg increases from process (i)
to (i1). A similar argument explains the invariance of ny during the decrease of Vg as well. Using the known
thicknesses and dielectric constants of Si0, and hBN layers, the parameter § can be expressed explicitly as a
function of a. This relation enables a quantitative estimate of the amount of charge transferred from the
graphene layer into Fe;Os;. However, because this charge-transfer process cannot be directly probed using

conventional transport measurements, we do not pursue a more detailed analysis here.

As described in the main text, the Hall measurements shown in Supplementary Figure S9a, S9b are divided
into eight stages, from Process (1) to Process (viii). The charge distribution on the surfaces of graphene and

Fe>O3 at each process is schematically illustrated in Supplementary Figure S9c.

In Process (i), when a positive Vgg is weakly applied, electrons are typically induced on graphene. As the
process transitions from (i) to (ii), upon further increase of Vg, Enan surpasses the critical threshold, resulting
in thermionic-field emission that facilitates the transfer of electrons from graphene to the Fe;Os3 film. As a

result, the Hall carrier density (nn) remains constant, while the transferred carrier density (ny) increases. In the



transition from Process (i1) to (ii1), when Vpg is decreased, electrons in graphene are typically removed to

become zero. When Vgg decreases further, holes are typically induced on graphene, as shown in Process (iv).

In the transition from Process (iv) to (vi), upon further decrease of Vsg, Engn surpasses the critical
threshold again, resulting in the transfer of holes from graphene to the Fe;Os film. In the transition from
Process (vi) to (vii), when Vg increases again, holes in graphene are typically removed to become zero. When

VG increases further, electrons are typically induced on graphene, as shown in Process (viii).

This picture clearly explains why our system exhibits a clockwise polarization, unlike typical ferroelectric
materials, and how, in contrast to previous electronic ferroelectric systems, the ny value continues to increase

beyond the half-filling of the Gr/hBN superlattice without saturation.

3. Scan range-dependence of hysteresis loop

In conventional and interfacial ferroelectrics, there exists a constant coercive field, which is the minimum
displacement field (D) strength required for ferroelectricity to emerge. However, in the case of electronic
ferroelectrics, the amplitude of the field which ferroelectric hysteresis begins to appear, or equivalently, the
VBG value which GSAS begins to emerge, is not fixed. This characteristic can also be observed in our system,
as shown in Figure 2 in the main text, where the Vg value at which Coulomb screening appears increases at

the same rate as the range of the V'sg sweep increases.

The Vsg value can change not only with respect to the sweep range but also with respect to the sweep
history. In the dual gate sweep, when the Vg scan rate is limited to 60 V to -20 V, screening appears at 34 V
for the Vg backward scan and 4 V for the Vs forward scan (Supplementary Figure S10a, S10b). On the other
hand, when the Vg scan rate is measured from 20 V to -60 V, screening appears at -2 V for the V'sg backward
scan and -31 V for the Vpg forward scan (Supplementary Figure S10d, S10e). This indicates that, despite
sweeping the same range of Vg, the Vg value which screening begins to appear can vary depending on which
VG value is swept, and accordingly, the position of the hysteresis loop can shift (Supplementary Figure S10c,

S10f).



4. Independence of hysteretic behavior of the slow scan direction

As mentioned in Figure 2 of the main text, the V'rc sweep has little effect on the formation of hysteresis.
Another method to verify this is by swapping the V't and Vg scan axes and performing a dual gate sweep.
As shown in Supplementary Figure S11, even when the scan axes are swapped, the normal graphene behavior
regime and screening regime are observed in the same form as in Figure 1 of the main text. In the Vg
downward scan, screening begins to appear at 32.5 V, and in forward scan, screening begins at -32.5 V, which
almost exactly matches the values observed during the Vg slow scan, 34 V, -33 V. Supplementary Figure S11a
and S11d, as well as S11b and S11e, only differ in the direction of the V't slow scan, but the results are almost

identical. This supports the independence of hysteresis of the V'tG sweep.

5. Temperature dependence of electronic ferroelectricity

The electronic ferroelectricity observed in graphene-hBN moiré superlattice shows that as the temperature
increases, a portion of the localized charges becomes thermally excited and exhibits itinerant behavior [8]. As
a result, the strength of the electron-hole dipole weakens with increasing temperature, and consequently, the
ferroelectric strength also diminishes. In contrast, our system, which does not exhibit a moiré superlattice,
shows a significant difference in temperature dependence. As seen in Supplementary Figure S12a, S12b, the
Ry« peak hysteresis and screening behavior are not observed at low temperatures. However, ferroelectricity

begins to appear, grow, and saturate as the temperature gradually increases.

Supplementary Figure S12¢, S12d plot the Vg difference of CNPs and the remanent Hall carrier density
as a function of temperature, respectively, extracted from Supplementary Figure S12a, S12b. Both variables
are close to zero at temperatures below 100 K. They gradually increase from 115 K to 175 K, and converge to
a constant value from 175 K to room temperature. This behavior is also confirmed by the low-temperature
dual gate sweep measurements in Supplementary Figure S13. At 125 K, the ferroelectric polarization strength
is weak, resulting in a small loop size. At 200 K, the loop size is almost the same as at room temperature. This
can be interpreted as transferred carriers being more pronounced at higher temperatures, suggesting that a

different mechanism from previous reports for electronic ferroelectricity is at play.
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Supplementary Fig. S1 Hysteresis scan with various scan rates. a, Schematic of typical hysteresis
originated from charge trap on measurement of resistance of graphene. From bottom to top, the magnitude of
hysteresis gets larger with increasing scan rates. b, Rxx by scanning Vsg forward (red) and backward (blue) at
a fixed Vrg = 0. The curves are vertically shifted for clarity. There are little differences among scan rates from

60 mV s to 480 mV s,
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Supplementary Fig. S2 Piezoresponse force microscopy measurement of the sample without the
graphene. a, b, Surface topography of the Fe;O3 (a) and in the region of the edge of Fe2Os (b). The inset
shows that the thickness of the Fe,;Os is approximately 17.5 nm, as indicated by the red dashed line. PFM
amplitude images of the out-of-plane (¢) and in-plane (d) were acquired in the area shown in (a). Ferroelectric

domains are not clearly observed. All measurements were conducted at room temperature.
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Supplementary Fig. S3 Raman spectroscopy of Fe203 film. Comparison of Raman spectra acquired in

Si0,/Si and Fe>Os3 film on SiO»/Si.



Epgn =0

Thermionic charge

| — /
<3

Si &
R

Supplementary Fig. S4 Band diagram of the device (zero Ensn). Schematic illustration showing how
charges from graphene can move to Fe;Os film. The blue (red) circles denote thermionic electrons (holes).

V16 1s not included because graphene screens its electric field effect through the bottom hBN.
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Supplementary Fig. S5 Band diagram of the device (positive EngN). Schematic illustration showing how
charges from graphene can move to Fe;Os film. The blue (red) circles denote thermionic electrons (holes).

V16 1s not included because graphene screens its electric field effect through the bottom hBN.
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Supplementary Fig. S6 Band diagram of the device (negative Ensn). Schematic illustration showing how
charges from graphene can move to Fe;Os film. The blue (red) circles denote thermionic electrons (holes).

V16 1s not included because graphene screens its electric field effect through the bottom hBN.
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Supplementary Fig. S7 Band diagram of the device (increasing VBg). a, ny measurement data showing the

screening regime. b, Schematic illustration showing how electrons from graphene can move to Fe;Os3 film.

V16 is not included because graphene screens its electric field effect through the bottom hBN.
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Supplementary Fig. S8 Band diagram of the device (increasing Vsc). a, ny measurement data showing the
screening regime. b, Schematic illustration showing the moment Enpn is increased to cause FN tunneling. ¢,
Schematic illustration showing the moment that thermionic electrons from the graphene move to the FeoO3
film. The blue circles denote thermionic electrons. V'rg is not included because graphene screens its electric

field effect through the bottom hBN.
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Supplementary Fig. S9 Schematic of formation of Hall and transferred charges explaining the origin of
ferroelectricity. a, b, Hall (a) and transferred (b) carrier density when scanning Vg backward (blue) and
forward (red) at fixed V't = 0. ¢, Schematic of charge carrier on monolayer graphene, FeoO3 film, and Si
bottom gate when applying bottom gate voltage for each process (i)-(viii). The red arrows denote thermionic-

field emission (TFE). The black wavy arrow denotes the recombination of electrons and holes.
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Supplementary Fig. S10 Shift of hysteresis loop depending on the range of VBc. a-c, Backward (a) and
forward (b) VBa slow scan of Rxx when fast scanning V't and their difference (c). The scan range of Vgg is

from -20 V to 60 V. d-f, Same with a-c, except that the range of Vg is from -60 V to 20 V.
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Supplementary Fig. S11 All scanning configurations when fast scan and slow scan axes swapped. a-c,
Backward (a) and forward (b) Vg fast scan of Rxx when slow backward scanning V'rc and their difference (c).

d-f, Same with a-c¢, except that J'7g scan is in forward direction.
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Supplementary Fig. S12 Temperature dependence of ferroelectricity. a, b, Longitudinal resistance (a) and
Hall carrier density (b) when scanning Vg backward (solid lines) and forward (dashed lines) directions at V't
= 0, measured at various temperatures. The curves are vertically shifted for clarity. ¢, d, The Vg difference of

charge neutrality points (¢) and remanent Hall carrier density (d) as a function of temperature.
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Supplementary Fig. S13 Hysteresis loops characterized at low temperatures. a-c, Backward (a) and
forward (b) Vgg fast scan of Rxx when slow backward scanning V'rg and their difference (¢), measured at 7=

125 K. d-f, Same with a-c, except that 7= 200 K.
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