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Abstract: Twisted graphene bilayers exhibit rich physical phenomena under external fields, yet the
coupled effect of electric fields and interlayer sliding on their charge distribution remains elusive. By
combining first-principles calculations with a machine learning technique, we systematically
investigate interlayer sliding-induced charge transfer and redistribution in both twisted and AB-stacked
graphene bilayers under vertical electric fields. Unlike the homogeneous charge distribution observed
in AB-stacked bilayers, the heterogeneous charge distribution in certain twisted graphene bilayers

exhibits robust insensitivity to applied electric fields, even under strong fields up to 2 V/nm. This field
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insensitivity enables such twisted bilayers to maintain ultralow interlayer friction under extreme bias

conditions. To quantitatively describe the coupled effect of interlayer sliding and electric fields on
interlayer charge transfer and friction, we develop a charge-modified registry index (RIcm) model for
graphene bilayers. The revealed electric-field insensitivity in specific twisted configurations can be
mainly attributed to the inherently small variation in the maximum registry index change (ARIcm) under
bias, providing a simple descriptor for designing low-friction interfaces in electrically gated graphene

devices.

Keywords: Twisted graphene bilayer, heterogeneous charge, electric-field insensitivity, friction,

machine learning

1 Introduction

As an important member of the graphene family, graphene bilayers possess exceptional physical
and mechanical properties, rendering them highly promising for applications in electronics[1],
spintronics[2], and nanoelectromechanical systems[3]. When the top and bottom layers of an AB-
stacked graphene bilayer are rotated or twisted in-plane relative to each other, an incommensurate
structure emerges due to the resulting atomic registry mismatch between the two layers. This
incommensurability can give rise to a moiré superlattice for twisted graphene bilayers, in which the
electronic bandwidth can become comparable in energy to the Coulomb interactions [4]. Recent
studies on magic-angle (~1.08°) twisted graphene bilayers have revealed various electronic states,
including correlated insulators [5], superconductors [6], topological phases [7], and the formation of
two nearly flat bands near charge neutrality [8]. Moreover, the incommensurability can lead to
extremely low interfacial friction during the relative sliding of top and bottom layers of twisted

graphene bilayers [9], as the interlayer interaction forces between atoms cancel out. Nevertheless, this
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ultralow interlayer friction is highly sensitive to the degree of lattice commensurability between the

two graphene layers and vanishes when one layer is rotated by a critical angle [10].

Applying a bias voltage to a graphene bilayer will induce charge transfer and exchange between
graphene layers, representing an effective and widely adopted strategy for precisely tuning their
physical properties. For instance, the application of a vertical electric field to an AB-stacked graphene
bilayer can break its inversion symmetry and open up a bandgap in its energy spectrum, turning it from
a semimetal into a semiconductor [11]. Chushan Li et al. reported the observation of superconductivity
in electron- and hole-doped Bernal bilayer graphene under a high vertical electric field of 1.6 V/nm
[12]. Beyond commensurate stacking, Chao-Hui Yeh et al. reported that the electron-hole symmetry
in the low-energy band structure for a twisted graphene bilayer with a critical rotation angle can be
effectively manipulated by applying a gate voltage [13]. More recently, an experimental study showed
that the band structure tuning through an external electric field can influence the emergence of
superconductivity in a near magic-angle twisted graphene bilayer, with superconductivity being
suppressed at an electric field strength of 0.67 V/nm [14]. Experimentally, the maximum stable electric
field strength achieved by applying a bias voltage on graphene bilayers without inducing electrical
leakage or breakdown on dielectric layers or substrates is typically no higher than 2 V/nm. On the
other hand, the charge transfer between AA/AB-stacked graphene layers induced by an applied bias
voltage inevitably strengthens interlayer Coulomb interactions, thereby increases both interlayer
coupling and friction [15,16]. Given the rapid development of electrically tunable functionalization in
graphene based nanodevices, understanding their interface behavior under extreme and practically
relevant bias conditions is essential. However, the impact of strong electric fields on the interlayer
charge transfer and the tribological behavior of twisted graphene bilayers, as well as the role of the
twist angle in governing charge distribution in the graphene layers, remain poorly understood and have

rarely been systematically investigated.
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In this study, charge transfer and redistribution in both twisted and AB-stacked graphene bilayers

under the coupled influence of interlayer sliding and vertical electric fields have extensively been
investigated using a density-functional-theory (DFT) based machine learning (ML) method. When the
top and bottom layers of graphene bilayers undergo relative in-plane sliding, twisted bilayers display
a spatially heterogeneous charge distribution, in contrast to the homogeneous charge distribution
observed in AB-stacked bilayers. The charge deviations induced in C atoms of certain twisted
configurations during interlayer sliding are highly insensitive to applied electric fields, even under a
strong field of 2 V/nm. This field insensitive behavior maintains ultralow interlayer friction under
strong fields and results in only minor changes in energy band gaps during interlayer sliding. A charge-
modified registry index (RIcm) model, incorporating the influence of electric fields and charge
deviations in C atoms, is developed to quantitatively elucidate the relationship between field-induced
charge redistribution and interlayer registry across the top and bottom graphene layers. In both the
presence and absence of an electric field, the maximum charge change induced in the graphene layers
by interlayer sliding exhibits a nonmonotonic dependence on twist angle, while increasing linearly
with the corresponding maximum registry index change (ARIcm). The robust insensitivity of interlayer
charge transfer and friction to strong electric fields in specific twisted bilayers mainly stems from the

inherently small variation in AR/cm between biased and unbiased conditions.

2 Model and methods

Initially, an AB-stacked graphene bilayer was constructed in a rhombus unit cell as the initial
structure, as shown in Fig. 1a. The top layer was subsequently rotated relative to the bottom layer about
the O point by five distinct twist angles 0: 6.0°, 7.3°,9.4°, 13.2°, and 21.8°. As shown in Fig. S1 in the
Supplementary Material, five twisted graphene bilayers with different moiré superlattices were
obtained. Periodic boundary conditions were applied in the a; and a, directions, with a vacuum region
of 25 A in the vertical direction. The lengths of the top graphene layers in the unit cells are identical

to those of the bottom layers, and these twisted bilayers are strain-free. Details regarding unit cell sizes
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and quantities of atoms are provided in Table S1 in the Supplementary Material. All DFT computations

for the established bilayers were performed in the Vienna Ab-initio Simulation Package code (VASP)
[17,18] by using the projector augmented wave method with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [18-20]. The influence of van der Waals (vdW) interactions was
considered by using vdW-DF2 dispersion correction [21]. A plane wave energy cutoff was set to 500
eV, and a special I'-centered & points sampled ona 5 X 5 X 1 mesh was employed. All structures were
relaxed by using a conjugate gradient algorithm until the forces on each atom were less than 0.01 eV/A.
Next, external electric fields with the field strengths of 1 and 2 V/nm were applied along the vertical
direction, respectively, followed by full structural relaxation. Both applied electric field strengths,
particularly the 2 V/nm field, are experimentally classified within the strong-field regime [1,21,22].
The applied electric fields impose a negligible influence on the equilibrium interlayer distances of
these bilayers, see Fig. S4. To simulate the interlayer sliding in these bilayers, the in-plane unit cell
was discretized into a 9 x 9 grid (81 equally spaced positions), and the top graphene layer was
translated relative to the bottom layer and sequentially shifted to each of the predefined in-plane
positions while maintaining the interlayer distance fixed. For a twisted or AB-stacked graphene bilayer,
five distinct stacking configurations were randomly selected out from its 81 stacking positions for
subsequent static DFT calculations. The obtained charge densities of these bilayers with selected
stacking configurations both in the absence and presence of an electric field served as training sets
(total 30 training sets) for next ML study.

A ML technique developed by Chandrasekaran et al. [23] was employed in our study to predict
charge densities of graphene bilayers at the 81 stacking positions based solely on the positions of C
atoms, which significantly reduces the substantial computational resources and time otherwise
required by DFT calculations. This ML technique utilized scalar, vector, and tensor fingerprints as
predictors of charge density, capturing diverse attributes of atomic neighborhoods that encompass

features analogous to scalar, vector, and tensor quantities. The ML model was implemented using
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Keras with TensorFlow as the backend, with mean squared error (MSE) as the loss function [24]. The
model was trained using charge densities derived from DFT calculations. The ADAM stochastic
optimization algorithm facilitated gradient descent [25]. The deep neural network (DNN) architecture
[26] comprised three hidden layers, each containing 300 neurons, and utilized the Rectified Linear
Unit (ReLU) activation function [27], as shown in Fig. 1b. Further details regarding the unit cell setup
and ML model are provided in the Supplementary Material. The comparison of charge density
prediction between the ML model and DFT for the six AB-stacked and twisted graphene bilayers is
shown in Fig. 1c and d. The root mean square errors (RMSE) of the training and prediction sets are
about 0.9% and 1.4%, respectively, ensuring the validity of the employed ML model in accurately
predicting charge density. The ML model for bilayers under electric fields was separately trained by
using the same procedure, see Fig. S3. Next, the charge densities of the six AB-stacked and twisted

bilayers at the 81 stacking positions without and under electric fields were predicted by the DFT-based

ML models, respectively.
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graphene bilayers for a training dataset. The inset shows the sampling thickness of training set. (d)

Parity plot of the ML vs DFT charge density prediction of six graphene bilayers for a testing dataset.

We have constructed additional twisted graphene bilayers by rotating the top layer of the AB-
stacked bilayer at twist angles 6 of 1.1°, 2.1°, 3.2°, 19.98°, 24.03°, 27.8°, 29.957°, 35.6°, 38.2°, 46.8°
and 52.1°, respectively, as shown in Fig. S2. The lattice lengths of the top layers in these twisted
bilayers match with those of the corresponding bottom layers. However, the quantities of atoms in
these bilayers (see Table S2) far exceed the computational capability of present DFT calculation.
Consequently, structural relaxation of these twisted bilayers was performed using the adaptive
intermolecular reactive empirical bond order (AIREBO) potential [28], as implemented in the
LAMMPS software package. The interlayer vdW interactions between C atoms were described by a
6-12 Lennard-Jones (LJ) potential. By performing the same interlayer sliding setting, the charge
densities of these twisted bilayers at the 81 stacking positions without and under electric fields were
predicted by the DFT-based ML models, respectively.

3 Results and Discussion

Bader charge partitions the continuous electron density via zero-flux surfaces and integrates the
density within each atomic basin, thereby preserving the essential charge transfer information at the
interface in a discrete yet physically faithful manner [29]. Based on the ML predicted charge densities,
the Bader charge deviations Agi of each C atom in these bilayers with respect to the C atoms of free-
standing monolayers both in the absence of and under electric fields were calculated for all stacking
positions. A positive Agi means charge depletion, whereas a negative value means charge accumulation.
The Bader charge deviations in C atoms can exactly reflect the coupled influence of interlayer sliding
and electric field on the interlayer charge transfer and exchange between the top and bottom graphene
layers. Then the total charge deviation g: in the top layer at a stacking position was calculated by q; =

™ 1Aq; /S, where n represents the number of C atoms in the top layer and S is the in-plane area of

the unit cell. Meanwhile, the total charge deviation in the bottom layer is -g: owing to global charge
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conservation. According to the calculated total charge deviations ¢ at the 81 stacking positions, the

total charge deviation surfaces (TCDSs) of the top and bottom layers under interlayer sliding were

derived for all considered AB-stacked and twisted bilayers. As shown in Figs. S5-7, there are

maximum and minimum ¢: (defined as ¢/™** and g™, respectively) in the top layers at specific

min

stacking positions, at which there correspondingly are —q{*** and —q{"" in the bottom layers. The

stacking configurations corresponding to g% and ™" for all graphene bilayers are shown in Figs.

S8-9. The variations of g/*** and q™" with twist angle € for graphene bilayers under various electric

fields are shown in Fig. 2a and Fig. S10, respectively. These curves display a nonmonotonic variation

profile, featuring distinct minima located at 6 =7.3°,29.957° and 46.8°, respectively. Notably, the top

max

layer of the 7.3°-twisted bilayer possesses the lowest g/*** and ™", while that of the AB-stacked

max

bilayer (8 = 0°) possesses the highest g% and q™™. The application of an electric field to these

bilayers increases both g/"*** and g™, yet the increased magnitude in twisted bilayers is smaller than

that in AB-stacked bilayers. Furthermore, the maximum charge changes Aq[*** (Aq*** = q*** —
q™™) during interlayer sliding were calculated both in the absence of and under electric fields. As
shown in Fig. 2b, the variations of Agi*** with 0 also display a nonmonotonic variation profile, and
the electric field exerts a weaker influence on Aq{*** for twisted bilayers compared to AB-stacked
bilayers. Then the difference in Aq{"** between no electric field and under a 2 V/nm field, defined as
(Aq*™), — (Aq*™), with the subscript denoting the field strength, was calculated for these
graphene bilayers. As shown in Fig. 2c, the 7.3°-twisted bilayer exhibits the smallest value of
(AqX), — (AgM), (0.42 nC/mm?), which is one order of magnitude lower than that (1.27 nC/mm?)
of the AB-stacked bilayer. This indicates that interlayer charge transfer induced in twisted graphene

bilayers by interlayer sliding are insensitive to applied electric fields for certain twisted bilayers such

as those with twist angles of 7.3°, 29.957° and 46.8°.
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Fig. 3 Contour plots of ML-predicted Bader charge deviations Ag; (in units of 1072 ¢) for the top layers

stacking positions under a 2 V/nm electric field.

To better elucidate the field influence on the charge distribution in twisted graphene bilayers, the

contours plots of the Ag; of C atoms in the top layers at the g™ and q/™** stacking positions under a

field of 2 V/nm and without field are shown in Fig. 3 and Fig. S11, respectively. Compared to the
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homogeneous charge distribution observed in the top layer of the AB-stacked bilayer, the top layers of

the twisted bilayers exhibit a spatially heterogeneous charge distribution. In the presence of a field of

min

2 V/nm, the charge distribution in the top layer of the AB-stacked bilayer at the q;"*"* stacking position

is markedly different from that at the q/*** stacking position. In contrast, the difference in the

heterogeneous charge distribution between the g™ and q/"** stacking positions is relatively small
for twisted bilayers. Among all twisted bilayers examined, the 7.3-twisted bilayer exhibits the smallest

variation in interlayer sliding-induced charge redistribution and the weakest electric field-induced

modulation on the charge deviations Ag:. Moreover, the charge density differences of the top or bottom

top/bottom top/bottom . .
layers pai (Pairf = pbila/yer — Pmonolayer» Where pbila/yer is the charge density of the top or

bottom layer of a graphene bilayer, and pponoiayer 18 the charge density of the top or bottom

monolayer) at the g/*" and q/™%* stacking positions without field and under a field of 2 V/nm are

shown in Figs. S12-15. During interlayer sliding, the electric field-induced charge transfer and
redistribution occurring at AB-stacked graphene bilayers are significantly stronger than those observed
in twisted graphene bilayers.

The C atoms in graphene were typically assumed to be electrically neutral in most previous
theoretical simulations about friction at graphene-graphene interfaces, with only vdW interactions
between C atoms considered and no inclusion of electrostatic (Coulomb) interactions. To more
accurately account for the interlayer interactions in graphene bilayers, we incorporated Coulomb
interactions by assigning the ML-predicted Bader charge deviations Ag; as effective atomic charges to
the C atoms at different stacking positions, where positive Ag: values correspond to positive charges,
and negative values to negative charges. Coulomb interactions were then computed using the Coulomb
pair style in conjunction with the particle-particle particle-mesh (PPPM) solver. Subsequently, the
initial structures of the AB-stacked and twisted bilayers were relaxed again using the AIREBO
potential, with vdW and Coulomb interactions explicitly included. The derived equilibrium interlayer

distances of these bilayers differ slightly from those obtained by DFT calculations, as shown in Fig.

10
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S4, further demonstrating the validity of the employed ML model. Based on the interlayer vdW

interaction energies Evaw calculated by the LJ potential and Coulomb interaction energies Ecoul by the
ML-predicted charges, the total interlayer interaction energies Et (Et = Evaw + Ecoul) of these graphene
bilayers both in the absence and presence of electric fields were calculated for the 81 stacking positions,
and the resulting energy surfaces for interlayer sliding are shown in Figs. S16-18. Then, the maximum
energy barriers for interlayer sliding, denoted as AEmax, were calculated by AE ., = Ef*®* — EW,
where E/*** and E[™" are the maximum and minimum interlayer interaction energies, respectively. It

max
Ey

should be noted that the stacking positions corresponding to and E™™ do not fully coincide with

those corresponding to g% and q/™™", see Table S3. This discrepancy arises from the heterogeneous
charge distribution inherent to twisted graphene bilayers. Fig. 4a shows the variations of AEmax with
the twist angle 6 of graphene bilayers under different electric fields, and the variations of the maximum
vdW and Coulomb energy barriers are shown in Fig. S19. The field-induced increase in AEmax
originates from the interlayer Coulomb interaction change. It can be seen from Fig. 4a and Fig. S20
that the response of maximum interlayer sliding energy barrier and shear strength Tmax (Tpax =

min

AE .« /Ar, where Ar is the displacement along the pathway from the E{™" stacking state to the E{"%*
stacking state) in twisted bilayers to applied electric fields is obviously weaker than that in an AB-
stacked bilayer. The smallest electric-field-induced modulations of both AEmax and zmax are observed
in the 7.3°-twisted bilayer. Under a field of 2 V/nm, the values of (AEmax)2 and (zmax)2 of the 7.3°-
twisted bilayer are 3.82 meV/A? and 1.33 MPa, respectively, falling within the ultralow friction regime
[30], and the corresponding (AEmax)2 - (AEmax)o and (Amax)2 - (ATmax)o are only 0.97 meV/A? and 0.41
MPa, respectively. Meanwhile, the values of (AEmax)2 and (Awmax)2 of the AB-stacked bilayer are 22.99
meV/A? and 35.86 MPa, respectively, and the corresponding (AEmax)2 - (AEmax)o and (Atmax)2 - (ATmax)o

are 5.82 meV/A? and 10.89 MPa, respectively. These values are one order of magnitude higher than

those of the 7.3°-twisted bilayer. Therefore, interlayer friction in certain twisted bilayers (such as 8 =

11
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7.3°, 29.957° and 46.8°) is insensitive to applied electric fields, enabling these systems to sustain

ultralow interlayer friction even under extreme bias conditions.

Furthermore, we have directly computed the Bader charge deviations Agi of C atoms in the
bilayers with twist angles of 0°, 7.3°, and 21.8° relative to those of C atoms in free-standing monolayers
both in the absence of an electric field and under a vertical field of 2 V/nm, by using the DFT
calculations. As shown in Table S4 and Table S5, the maximum charge change Aq{*** between the
DFT-derived g/*** and q/™™ is smallest for the 7.3°-twisted bilayer. Under a field of 2 V/nm, the value
of Ag™** (0.91 nC/mm?) is in reasonable agreement with that of the corresponding ML-derived
Aq** (1.24 nC/mm?). Moreover, the influence of the applied 2V/nm electric field of on the

differences in the DFT-derived energy gap AE,, interlayer electrostatic energy AEgg, vdW energy

AE,qw and exchange-correlation energy AEyc between the E["** and E/™" stacking positions is

weakest for the 7.3°-twisted bilayer, as shown in Fig. 4b and Figs. S21-23. Similar variations of ML-
predicted AEy,,x and DFT-derived AEg between the g{"** and g™ stacking positions are observed
for AB-stacked and twisted bilayers, as shown in Fig. S24. The slight change in the electronic structure
of the 7.3°-twisted bilayer under a 2 V/nm electric field is consistent with its electric field-insensitive

heterogeneous charge distribution and interlayer friction.
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Fig. 4 (a) Variations of ML-predicted maximum sliding energy barriers AE,, ., with the twist angle 6

of graphene bilayers under various electric fields. (b) Differences in DFT-derived band gap AE, of

AB-stacked, 7.3°-twisted and 21.8°-twisted graphene bilayers between the E[*** and E{™™ stacking
positions in the absence and presence of a 2 V/nm electric field.

The Registry Index (RI) model [31,32] provides a geometrically intuitive and computationally
efficient measurement for quantifying the interlayer stacking registry in layered material interfaces
under interlayer sliding conditions, serving as a compelling tool for characterizing commensurability-
related interfacial phenomena. An external electric field induces interlayer charge transfer and
exchange in graphene bilayers, resulting in distinct atomic charges on the C atoms. Consequently, the
existing RI model, which relies on a fixed atomic radius, is insufficient for effectively capturing field-
induced interlayer registry change in graphene bilayers. Here, we have developed the RI method by
introducing the ML-derived Bader charge deviation Ag; of each C atom as a correction parameter for
its atomic radius, thereby establishing a charge-modified RI model (RI¢)y) for a graphene bilayer:

min
Scc—Scc
max_ cmin
Scc—Scc

4-Aq;

Rlcy = "

with r; = X 15. Where 7 is the charge-modified atomic radius of a C atom, 7o

(1o = 0.71 A) is the reference C atomic radius [31,32], Scc represents the sum of pairwise projection
overlaps between all atoms in the top layer and those in the bottom layer, while ST2* and SZU"
(corresponding to the AA stacking and AB stacking, respectively) denote the global maximum and
minimum overlap sums, respectively. Figure S25 shows the Rl values of AB-stacked and twisted
graphene bilayers for interlayer sliding without electric field and under a 2 V/nm field. Applying an
electric field enhances the overlap between the top and bottom layers, as field-induced interlayer
charge transfer modulates the atomic radii. For twisted bilayers, the maximum Rl corresponds to

min

1% stacking position, whereas the minimum Rl¢y corresponds to the g/*'" stacking positions,

the q{
see Table S3. In contrast, for the AB-stacked graphene bilayer, the maximum Rlgy corresponds to the

g™ stacking position, whereas the minimum Rl corresponds to the g/*** stacking positions.

13



Friction https://mc03.manuscriptcentral.com/friction

0.04 1 1 1 1
0.0 20.0 40.0 60.0

0(%)

Fig. 5 (a) Variations of Aq{"** with the ARl of graphene bilayers under various electric fields. (b)
Variations of ARIZy — ARI@y with the twist angle & of graphene bilayers.

Furthermore, the maximum change in the Rlgy values between the q/"** and /™" stacking
positions was calculated by ARIcy = RIS — RISIP, and the variations of ARIqy with twist angle 6
under various electric fields are shown in Fig. S26. These curves also display a nonmonotonic variation
profile, with distinct minima occurring at 6 = 7.3°, 29.957° and 46.8°. A smaller ARI:\ means lower
interlayer friction [32]. Among them, the 7.3°-twisted bilayer exhibits the lowest ARI; value. As the
electric field strength increases, the ARIy; value monotonically increases but eventually approaches a
saturation limit in which the atomic radius of all C atoms is fixed at 7o = 0.71 A. To further reveal the
relation of AR, with charge transfer in graphene bilayers, Figure 5a shows the variations of the ML-
derived maximum charge change Aq{*** with ARI¢y under various electric fields. As clearly shown,

max

Aq{"** exhibits an approximately linear dependence on ARIy;. The variation curves can be fitted by
the equation (Aq"**), = AxARI& + By (k= 0,1 or 2), with k denoting the strength of the applied

electric field, and 4 and B representing the corresponding fitting parameters, as given in Table S6. The

14
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value of 4 is positive and increases with increasing the field strength. This means that, under a stronger

electric field, an identical increment in ARIX,, results in a greater increase in (Aq[™%*),,. The parameter
B quantifies the interlayer charge transfer under the idealized assumption that the interlayer
overlapping area of a twisted bilayer graphene remains invariant during interlayer sliding. For a
graphene bilayer under an electric field, the difference between its (Aq[***), and (Aq**Y), is
(Mg, — (AqM™) g = (Ax — Ag) (ARIEy — ARIQ) + (B, — By). As Ay is always larger than Ao,
the value of (Aq**), — (Aq™**), increases monotonically with ARI&; — ARIQy;. Therefore, the
electric field-induced interlayer charge transfer and redistribution in a graphene bilayer during
interlayer sliding can be fundamentally described and governed by the magnitude of ARI% — ARIQy.
For certain twisted bilayers such as those with twist angles of 6 = 7.3°,29.957° and 46.8°, see Fig. 5b,
the difference ARI&; — ARIQy is significantly smaller than that of an AB-stacked bilayer due to a
slight interlayer charge transfer, resulting in robust insensitivity to applied electric fields. The value of
ARI%y — ARIQy; can be used as a concise and physically interpretable descriptor for designing low-
friction interfaces in electrically gated graphene devices.

Moreover, we have conducted additional calculations for AB-stacked, 7.3°-twisted and 21.8°-
twisted graphene bilayers by combining the KC potential [33] for interlayer vdW interactions and ML-
predicted charge deviations for Coulomb interactions. As shown in Figure S27, the total energy
surfaces derived by both the KC+ML and LJ+ML models exhibit excellent agreement with those
obtained from the DFT-derived energy surfaces. Furthermore, the differences in the total energy
surfaces obtained from the KC+ML and LJ+ML models for graphene bilayers with twist angles of
2.1°,3.2°, and 27.8° are slight, as shown in Figure S28. These results indicate that the LJ+ML model
sufficiently captures the essential features of interlayer interactions in twisted graphene bilayers and
that interlayer Coulomb interactions play a key role in shaping the total energy surface during

interlayer sliding.
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4 Conclusions

In summary, our comprehensive DFT-based ML study reveals that heterogeneous charge
distribution and interlayer sliding-induced charge transfer in certain twisted graphene bilayers,
particularly those with twist angles of 7.3°, 29.957° and 46.8°, are robustly insensitive to applied
vertical electric fields compared to the AB-stacked bilayer. This field insensitivity enables such twisted
bilayers to maintain ultra-low interlayer friction and exhibit a slight energy gap change during
interlayer sliding, even under a strong electric field of 2 V/nm. A charge-modified RIcm model has
been developed for graphene bilayers to quantitatively describe the coupling effect of interlayer sliding
and electric fields on their interlayer charge transfer and exchange. The maximum charge change
difference (Aq{***); — (Aq{**), in the graphene layers between biased and unbiased conditions
linearly increases with the corresponding maximum registry index change difference ARI&; — ARIQy.
A smaller value of ARI%, — ARIQ; indicates a weaker response and stronger insensitivity to electric
fields. The DFT-based ML results, combined with the charge-modified registry index model, deepen
our fundamental understanding of the coupled effect of interlayer sliding and external electric fields in
twisted graphene bilayers and provide valuable insights for achieving ultralow interface friction under

extreme bias conditions.
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