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Figure 1. Sample characterisation by AFM a. optical image of the device. The red areas demonstrate the
regions for AFM scans. b. Height profile for bottom hBN. c. height profile for the top hBN.

1 2 5 0 1 5 0 0 1 7 5 0 2 0 0 0 2 2 5 0 2 5 0 0 2 7 5 0 2 5 0 0 2 5 5 0 2 6 0 0 2 6 5 0 2 7 0 0 2 7 5 0 2 8 0 0

cb

 

 

Int
en

sity
 (a

.u.
)

R a m a n  s h i f t  ( c m - 1 )

1

2

3

a

1 8  c m - 1

1 8  c m - 1

 

 

Int
en

sity
 (a

.u.
)

R a m a n  s h i f t  ( c m - 1 )

1

2

31 9  c m - 1

Figure 2. Sample characterisation by Raman spectroscopy a. Optical image of the device with laser
spots positions. b. Raman spectra for the selected positions. c. The 2D peak FWHM for different spots.

1 Atomic force microscopy
AFM measurements are performed with a Bruker Dimension Fastscan system at tapping mode. Scan
area of bottom/top BN are shown in the right/left red dotted boxes in Fig. 1a. A line cut taken across the
bottom/top BN shows a step height of 111 nm and 42.6nm respectively.

2 Raman spectroscopy
Room temperature Raman scattering is performed using a WITec/alpha 300R confocal microscope with
532-nm laser under ambient conditions. The laser power was kept below 1 mW to avoid damage or heating.
The G and 2D peaks in the Raman spectra are fitted Lorentzians. Typical Raman spectra of different
positions of the heterostructure are plotted in Fig.2b. It is not possible to distinguish the thickness of
middle layer BN because its intensity is 50 times smaller than for bulk BN under the same measurement
condition1. Only monolayer graphene is detected featured by sharp 2D peaks and I(2D)/I(G) ranging
from 4.8 to 5.92. Misalignment between graphene and h-BN lattices could be detected by the Raman
spectrum using broadening of 2D peak. Nevertheless, the obtained results are in agreement with large
angle rotation3.
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3 Geometrical gate capacitance
The relative dielectric constant of hBN, εBN , is about 5. Therefore, the total capacitance of the bottom
gate and graphene can be calculated from series capacitances of two dielectric layers using the following
expression

Cb =
εBNεSiO2ε0S

εSiO2db + εBNdSiO2

, (1)

where ε0 = 8.854×10−12 F/m is the vacuum permittivity (), εSiO2 is dielectric constant of SiO2 (3.9), dSiO2

and db are thicknesses of SiO2 and bottom BN respectively. The thickness of bottom BN is determined by
AFM. It is equal to 111 nm. S is the area of the device. The relation between the concentration and the
gate voltage can be calculated by

n =
CbVbg

eS
=

εBNεSiO2ε0

εSiO2db + εBNdSiO2

Vbg

e
, (2)

where e is the elementary charge. The coefficient of proportionality between n and the Vbn is equal to
5.58×1014 m−2V−1.

For the top gate the lever arm is equal to 6.5×1015 m−2V−1.

4 Mean free path
The mean free path can be found from

l =
h̄
e
√

πnµ, (3)

where µ is the mobility, which is equal in both layers and independent on concentration. In the case
of approximately equal separation of the charge carriers in both graphene layers one can expect mean
free path in a single layer of lg = l/

√
2. The sample width is equal to 2.7µm, which corresponds to

the 60 m2V−1s−1 at ntot = 3× 1015m−2, 42 m2V−1s−1 at ntot = 6× 1015m−2, and 35 m2V−1s−1 at
ntot = 9×1015m−2. The estimated values are larger than the observed low-temperature mobilities by 30%.

5 Temperature dependence of the resistivity
Here we present the temperature dependence of the resistivity for for the forward (Fig.3a) and backward
sweeps (3b) of Vbg at Vtg = 0V. The temperature changes from 2K to 325K. The resistivity does not
change sometimes gradually but demonstrates jumps in the position of the charge neutrality point (CNP).
Nevertheless the difference between the positions of the CNPs for the backward and forward sweeps is
reducing with increasing temperature and does not disappear up to the highest available temperature for
our cryostat (325K).

6 Top gate sweeps
To show robustness of the hysteresis at low temperature we used top gate sweeps at fixed back gate
voltages. The resulting maps are shown in Fig.4.
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Figure 3. Temperature dependence of the resistivity a. Forward sweep. b. backward sweep.

7 Paraelectric phase
The sample shows a paraelectric behaviour after thermal cycling. The temperature was raised above room
temperature, and then the sample was cool down to the base temperature (2.1K). The ferroelectric effect
disappeared, as shown in Fig.5. The forward and backward sweeps for the resistivity maps do not show
hysteretical behaviour.

8 Two types of carries
Generally, two graphene layers have different concentrations of the charge carries independently of the
gate voltage appplied. The conductivity tensor in Drude model will be a combination of two parallel
channels and can be described by 2D antisymmetric tensor:

σi j =

[
σxx σxy
−σxy σxx

]
, (4)

where

σxx =
etnt µt

1+µ2
t B2 +

ebnbµb

1+µ2
b B2 , (5)

σxy =
etnt µ

2
t B

1+µ2
t B2 +

ebnbµ2
b B

1+µ2
b B2 . (6)

Here, indexes t and b correspond to the top and bottom layers, respectively. The particle charge, concen-
tration, mobility are determined by e, n, µ respectively with the layer index. In our experiment we are
dealing with resistivity so inversion of the conductivity tensor gives the following expression

ρi j =

[
ρxx ρxy
−ρxy ρxx

]
= σ

−1
i j =

1
σ2

xx +σ2
xy

[
σxx −σxy
σxy σxx

]
, (7)

where the independent elements of the resistivity matrix are given by

ρxx =
σt +σb +(σt µ

2
d +σbµ2

t )B
2

(σt +σb)2 +(σ2
t µ2

b +σ2
b µ2

t )B2 , (8)

ρxy =−
(σt µt +σbµb)B+(σt µb +σbµt)µt µdB3

(σt +σb)2 +(σ2
t µ2

b +σ2
b µ2

t )B2 , (9)
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Figure 4. Ferroelectric hysteresis at 2.1K. (a-b) The sample’s resistivity as a function of the top gate and
bottom gate voltages for the forward (a) and backward (b) top gate voltage sweeps at fixed Vbg. c. The
maximum of the resistivity for the forward (black squares) and backward (red circles) as a function of the
top gate and back gate voltages. The dashed line is the best fit for the forward and backward sweeps’
resistivity maxima in the linear ferroelectric regime.
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Figure 5. Paraelectric phase at 2.1K. (a-b) The sample’s resistivity as a function of the top gate and
bottom gate voltages for the forward (a) and backward (b) top gate voltage sweeps at fixed Vbg. c. The
maximum of the resistivity for the forward (black squares) and backward (red circles) as a function of the
top gate and back gate voltages.
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where we introduced the following notation for the conductivities of the top and bottom layers at zero
magnetic field σt = etnt µt and σb = ebnbµb, respectively. In the case of different charge carriers the charge
will change the sign and the mobility will charge the sign accordingly.

In the case of identical mobility for both layers (and the same charge) the conductivity tensor is the
same as it would be for one layer.

9 Another ferroelectric state
The sample was warmed up after the normal state was restored. Then after two weeks, stored at room
temperature, the sample was cool down again. The new ferroelectric state was revealed in a new set
of measurements is shown in (Fig.6). The new ferroelectric state is observed at low temperatures. The
sample’s resistance demonstrates hysteresis as a function of back gate and top gate. The hysteresis
demonstrates temperature dependence, and its area decreases with increasing temperature, as shown in
Fig.6a,b. The effect disappears above 150 K (Fig.6c) and converts to a paraelectric phase. To confirm the
memory effect, the resistance as a function of top gate voltage is measured at 2.1K. The sweep of top gate
voltage was made to demonstrate high- and low-resistance states in Fig.6d.

There is no convincing theory behind the observation of different ferroelectric and paraelectric phases
in our sample, so we could only speculate on the qualitative origin of these phases. A thin BN layer placed
on graphene can slide4,5 to form a superlattice with different alignment regions between C-atoms in both
graphene layers and B and N atoms. Mechanical stress-induced, in this case, should be in favour of the
formation of slight periodic variations of strain. This additional energy has to affect the total free energy
of the structure and cause slight variations on the B and N atoms displacement in the z-direction. This
should cause different ferroelectric phases that characterise different displacement field distributions. Of
course, there should be many different realisations of such scenarios; however, we cannot discriminate
them from the data presented here.
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Figure 6. Second ferroelectric state (a-b) The resistivity maximum for forward (a) and backward (b)
back gate voltage sweeps at the fixed top gate for 2.1 K and 50 K respectfully. Orange and purple squares
indicate forward and backward sweeps, respectively. c. Maximum resistance as a function of top and back
gate voltages for the forward and backward sweeps at T=150K. d. Resistance as a function of top gate
voltage is shown by the following sequence green - orange - purple - blue.
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