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Single-gate tracking behavior in flat-band multilayer graphene devices
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A central feature of many van der Waals (vdW) materials is the ability to precisely control their charge doping,
n, and electric displacement field, D, using top and bottom gates. For devices composed of only a few layers, it
is commonly assumed that D causes the layer-by-layer potential to drop linearly across the structure. Here, we
show that this assumption fails for a broad class of crystalline and moiré vdW structures based on Bernal- or
rhombohedral-stacked multilayer graphene. We find that the electronic properties at the Fermi level are largely
dictated by special layer-polarized states arising at Bernal-stacked crystal faces, which typically coexist in
the same band with layer-delocalized states. We uncover a mechanism by which the layer-delocalized states
completely screen the layer-polarized states from the bias applied to the remote gate. This screening mechanism
leads to an unusual scenario where voltages on either gate dope the band as expected, yet the band dispersion and
associated electronic properties remain primarily (and sometimes exclusively) governed by the gate closer to the
layer-polarized states. Our results reveal an electronic mechanism underlying the atypical single-gate-controlled
transport characteristics observed across many flat-band graphitic structures, and provide key theoretical insights

essential for accurately modeling these systems.

DOI: 10.1103/j12f-v3j5

I. INTRODUCTION

Dual-gated two-dimensional (2D) van der Waals (vdW)
device structures offer unprecedented tunability, enabling
simultaneous in situ control of the charge density and per-
pendicular displacement field. This capability opens a broad
experimental phase space, which has driven numerous recent
discoveries in various multilayer vdW systems—particularly
those featuring flat electronic dispersions [1-32]. Here, we
focus on a striking and nearly universal feature that has been
apparent since the earliest measurements of dual-gated moiré
graphene multilayers, but that has received little attention until
now: the frequent appearance of diagonal lines in the filling—
displacement-field (v-D) plane.

An example of such behavior is shown in Fig. 1(a) for
twisted double bilayer graphene (TDBG), where diagonal
features tracking a single-gate voltage have been observed in
dozens of devices [25-30]. The figure shows a longitudinal
resistance (R,,) map in the v-D plane for one such TDBG
device, with arrows highlighting directions of constant bottom
(np) and top (n,) gate charge density (proportional to V}, and
V;). Two key observations are a set of resistive bumps forming
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a crosslike feature for hole-type doping (v < 0) centered at
D =0, and a high-resistance region associated with broken
spin and valley degeneracies for electron-type doping (v > 0)
at larger |D|. The crosslike feature is approximately aligned
with axes of constant n, or n,, as is the boundary of the
symmetry-breaking region.

The association of spin and valley symmetry breaking,
hereafter referred to as flavor symmetry breaking, with a
single-gate voltage is even more evident in the transverse
resistance (R,,) map of Fig. 1(b), corresponding to a twisted
bilayer-trilayer graphene device. The abrupt sign change in
R,, appearing at V;, = —4.9 V corresponds to a transition from
an unpolarized metallic phase to a metallic phase with full
isospin degeneracy breaking. The symmetry-breaking tran-
sition is completely decoupled from V; over a wide voltage
range. In contrast, other features of the maps in Figs. 1(a)
and 1(b)—such as band insulators and correlated insulators at
integer v—exhibit no gate-tracking effect, remaining vertical
in the v-D plane and thus pinned to fixed v. In this context,
the gate-tracking behavior is striking: it challenges the usual
assumption that D and v alone define the boundaries of char-
acteristic regions in experimental phase diagrams, suggesting
instead that a single-gate voltage can play a decisive role.

The 2D vdW materials that exhibit this gate-tracking be-
havior most prominently are TDBG [25-27,29,30], related

©2026 American Physical Society
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FIG. 1. (a) Experimental R,, map of twisted double bilayer graphene with twist angle & = 1.30°. The bottom and top gate axes are indicated
by the green arrows. The onset of symmetry breaking at v > 0 is tuned by n;, for D > 0 and n, for D < 0. The data are from Ref. [29]. Features
closely tracking a single gate are highlighted with green dashed lines. (b) Experimental R,, map of twisted bilayer-trilayer graphene with
twist angle & = 1.50° as a function of the top (V;) and bottom (V,) gate voltages. Insulators at v = 0 and 1 appear diagonally in this plot, and
are highlighted using black dashed lines. The horizontal dashed green line denotes a transition between a normal metal and a quarter-metal
phase. The data are from Ref. [28]. (c) Schematic of a doubly gated Bernal-terminated device, illustrating the bottom layer sublattice-polarized
surface state in blue. The blue lines denote graphene layers, and the black lines denote the top and bottom gate surfaces. (d) Relative layer
occupations W, for the layer-polarized state at K, (dark blue), and those of some generic bulk state (light blue). Note the perfect polarization

of the layer-polarized state to the bottom layer.

structures with different numbers of twisted graphene layers
[28,32,33], and rhombohedral graphene aligned with hexag-
onal boron nitride [22-24]. A key microscopic feature of
these graphene-based systems is the presence of robust layer-
and sublattice-polarized states at the K and K’ points of the
monolayer Brillouin zone, arising from the local AB (Bernal)
stacking arrangement between neighboring graphene sheets
away from any twisted interface. The schematic in Fig. 1(c)
shows the case of TDBG, formed by twisting two Bernal bi-
layers. In this system, there is a layer-polarized state in the two
outermost layers, but in other multilayer graphene systems the
relevant layer-polarized state may be internal [28] (see Sup-
plemental Material [34] for a detailed discussion). The bottom
layer-polarized state is relevant for D > 0, making up a layer-
polarized “pocket” that coexists with more delocalized states
within a single band [Fig. 1(d)]. The gate-tracking behavior
then generally arises from a combination of two effects: (i) the
layer-polarized pocket [on layer 1 in Fig. 1(c)] predominantly
controls the onset of symmetry-breaking phases due to its
high density of states (DOS), and (ii) the delocalized states
screen the layer-polarized pocket from the potential applied
to the remote gate [the top gate in Fig. 1(c)]. The interplay of
these two effects naturally leads to single-gate tracking of the
symmetry-breaking boundary, as seen in Figs. 1(a) and 1(b).
In this paper, we analyze the gate-tracking mechanism
to delineate its microscopic origins, examine its ubiquity in
moiré graphene structures, and assess its robustness. We be-
gin by clarifying the pivotal role of layer-polarized states in
shaping the band structure of Bernal-terminated multilayer
systems. Then, we introduce a simple electrostatic model that
provides an analytical view of how the layer-polarized states
evolve in the v-D plane, revealing a mechanism by which the

delocalized states screen the layer-polarized states. Finally,
we apply this framework to TDBG, performing numerical
mean-field simulations that may then be compared to experi-
ment observations, for example in Fig. 1(a). Our calculations
employ a microscopically accurate model of TDBG that in-
corporates the role of moiré potential. The self-consistent
mean-field simulations include Fock-driven symmetry break-
ing in addition to Hartree electrostatics. Although we focus on
TDBG for clarity, our theory establishes a general mechanism
that applies to any multilayer systems with Bernal stack-
ing as a component of its structure, including rhombohedral
multilayer graphene and twisted bilayer-trilayer graphene.
Appropriately generalized, our theory should also apply to
any layered system featuring perfectly polarized states, such
as twisted bilayer transition-metal dichalcogenides.

II. RESULTS

A. Systems with a Bernal-stacked interface: Perfectly
layer-polarized states near the K point

We begin by reviewing the properties of 2D graphene
multilayer systems that feature a Bernal-stacked interface.
Although our discussion focuses on a bottom Bernal termi-
nation, the same ideas extend to bands residing primarily on
internal Bernal-stacked interfaces (see Supplemental Material
[34]). Labeling the atomic orbitals in the two terminating
Bernal layers as Al, Bl, A2, and B2—where A/B denotes
sublattices and / = 1, 2 labels the layers—Ilocal Bernal stack-
ing implies that only the Bl — A2 interlayer tunneling is
significant. This arrangement yields a state at the K point that
is fully polarized to the bottom layer, even when other states
away from the K point are not bound to the surface.
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FIG. 2. (a) Single-particle (SP) AU vs v map of the density of states per flavor, p;. Here the difference AU is identical between all layers.
The contour of the layer-polarized states from the Bernal stacking termination (x = 0) is shown in orange. (b) Single-particle band structure
at v > 0 at the position of the blue star in (a). The color code shows the average distance of the state d*(k) from the bottom-most layer. The
bottom layer layer-polarized states have d*(Kj,) = 0. (c) Same as (b), but at the position of the red square of (a). (d) Numerical v-D color map
of the density of states per flavor (pf) together with the line of u = O meV. We work in the Hartree approximation with dielectric constant
€1 = & = 6 (see Supplemental Material [34] for details and further discussion about possible &, and ¢, dependence). (¢) U;;; — U, as a
function of v at D = 0.4 V/nm within the self-consistent Hartree calculation [obtained from Eq. (5)], compared to the naive value —deD/¢, .

In the basis Yg = (Ck,Als Ck,B1> Ck,A2, Ck,B2> - - - ), the
single-particle Hamiltonian near the K point, for a device with
Bernal stacking on the first two layers, takes the form [35-37]

Hyin + Hy
U, vpz —v4§ -k 0
UFk U, h —v4E
s —U4]ﬁ 5] U, vrk
= Z \Ilk —v3k  —ug4k vrk U, W,
k
0 .

ey

where k = k, + ik, and k = k, — ik, momenta are measured
from the K point, vr is the graphene Dirac velocity, vs, vy K
vr denote nonlocal interlayer tunneling velocities, and ¢, is the
strength of B1 — A2 tunneling. A key ingredient in the above
Hamiltonian is the layer-dependent electrostatic potential Uj;
[depicted in Fig. 1(c); [ denotes the layer index]. In the next
section, we derive how U; depends on charges on the top (n,)
and bottom (n,) gates. Note that for clarity here we do not
explicitly list all entries of the full moiré Hamiltonian—in
particular, we omit the moiré potential originating from the
twisted interface. We do however include the moiré potential
in all of our calculations, and in the Supplemental Material
[34] we explicitly discuss its details.

The layer-polarized state on the A1 orbital is an exact layer
and sublattice polarized eigenstate of Eq. (1) at the K point
(k = 0) with energy U, and is also spin and valley degenerate.
For small k away from the K point, states retain strong layer
polarization, forming a well-defined pocket of layer-polarized
states. The peculiarity of moiré systems featuring Bernal in-
terfaces that distinguishes them from standard Bernal bilayer
graphene is that this pocket exists within a well-defined flat
moiré band. As we will show, this high density-of-states
pocket controls symmetry breaking, and responds primarily
to the proximal gate as a result of its layer polarization. For
simplicity, throughout the remainder of the paper we measure
energies with respect to U, effectively defining U; = 0. In

this convention, the layer-polarized state is at the Fermi level
when the chemical potential is zero (1 = 0).

To illustrate the role of the layer-polarized pocket, we now
examine its impact on the band structure of TDBG, where we
consider a twist angle of & = 1.3° at which the moiré potential
optimally flattens the conduction band. Figure 2(a) shows a
map of the single-particle DOS calculated as a function of the
filling factor v and an interlayer potential difference AU =
U;+1 — U; (see Supplemental Material [34] for full details of
the model). Here, v and AU are treated as theoretical param-
eters; later, we will connect them to experimentally tunable
gate charges. A prominent feature in Fig. 2(a) is a region of en-
hanced DOS associated with a flat part of the band at positive
v. Overlaying the ;. = O contour reveals that this high-DOS
region coincides with the layer-polarized state being exactly
at the Fermi level. A similar high DOS feature also appears
for negative filling, although it aligns less precisely with the
u = 0 condition.

The interpretation of the layer-polarized pocket as the
source of the high density of states is confirmed by consid-
ering the band structures at specific points along the u = 0
contour, shown in Figs. 2(b) and 2(c), where we color code
each state in the band by its average distance from the bot-
tom layer, d*(k) = >_,(I — 1)W;(k), where W (k) is the layer
distribution. The pocket is centered around the K point of the
lower bilayer, Kj;. For v > 0 [Fig. 2(b)] the entire band (not
just the pocket) is strongly polarized to the bottom of the struc-
ture, resulting in a quenching of the layer-polarized pocket
dispersion. Figure 2(c) shows the contrasting case of v < 0,
in which most of the moiré band is widely distributed across
the layers leading to a larger dispersion of the layer-polarized
pocket. In what follows, we employ the zero-energy layer-
polarized state (at U; = 0) as a theoretical reference point,
serving to clarify how the layer-polarized pocket evolves with
gating in the band structure and explaining the experimental
single-gate tracking.

B. Relating layer potentials to the gate charges

We now develop a framework for properly describing
the electrostatics of multilayer devices, which is crucial for
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understanding the band structure evolution with density v
and displacement field D (rather than the interlayer potential
difference AU). Consider a multilayer system with N layers
labeled [ =1, ..., N, sandwiched between the bottom and
top gates, as shown in Fig. 1(c). We denote the net electron
densities in each layer [ by n;, and in the top and bottom
gates by n, and ny, respectively. Ignoring quantum capaci-
tance effects (as is valid when the gate—sample capacitance
is small), these densities relate to the top and bottom gate
voltages as n, = —%C,th and n, = —ﬁCthb, where C;; and
Cy, are the top and bottom gate capacitances per unit area,
and e is the electron charge. Overall charge neutrality implies
that the sum of these gate charges fixes the total device den-
sity, n =), n; = —(n, + np). We note that we are working
in terms of gate charges throughout as they are the more
convenient variables when considering screening of electric
fields as opposed to gate potentials. Their difference sets the

experimentally accessible displacement field, D = e™_* =

C”"V’TUC”RV”. The full Hamiltonian is thus

H = Hyin + Hinqz0 + H, )

where Hy, is the single-particle Hamiltonian at zero out-of-
plane electric field (U; = 0), Hiy g0 is the finite-momentum
density-density Coulomb interaction (excluding its uniform,
multilayer component), and H, is the uniform, multilayer
part of the Coulomb interaction originating from out-of-plane
electric fields [37-41]:

N
H =Y U P 3)
I=1
where P; is the projector onto layer /, and U; are the self-
consistent layer potentials. To find U;, we integrate Gauss’s
law across the layers:

np+ N @
€18

with d the interlayer distance and &, the out-of-plane di-
electric constant. Together, Hy;, + H, form the single-particle
description of Eq. (1), with U; subject to the recursion relation
of Eq. (4) [42].

This formulation treats out-of-plane electric fields due to
charges in the gates and in the sample on the same footing,
in keeping with Gauss’s law. The practice of incorporating an
unscreened displacement field D = ¢4 in the microscopic
Hamiltonian of Eq. (1) as a constant potential difference
AU = —deD/e, between layers, as is typically done in
single-particle approaches, is generally not correct. This is
best seen by rewriting the potential difference from Eq. (4)
explicitly in terms of D:

Uy — U = —é*d

deD e’d
U —U=——
&1 28L80

—2Zn, RG]

j<l

The second term, present even at zero displacement field, is
necessary to comply with Gauss’s law. Already at zero doping
(n = 0), this term enables screening of the displacement field
by the system [37,39,40]. For nonzero doping, it also includes
the additional electric field from the gates due to doping [38].
Capturing both effects is crucial for an accurate analysis in the
v-D plane.

To illustrate the merits of this framework, Fig. 2(d) shows
the self-consistently determined Hartree DOS, along with the
contour of = 0 (e.g., the layer-polarized state energy). Note
that here we treat the finite-q interaction within the Hartree
approximation, neglecting exchange effects and ignoring the
possibility of isospin symmetry breaking. Importantly, in con-
trast with Fig. 2(a), the vertical axis here is D. Using Gauss’s
law then allows us to also plot the gate density (7;, n,) axes in
green. We further note that our method avoids bias by using
the same plane wave basis set for different values of D and v
(see Supplemental Material [34]).

A key observation is that, for v < 0, the layer-polarized
state 1 = O contour aligns with the n, axis (constant n,). We
will show in the following section that this layer-polarized
state behavior arises due to the large spatial separation be-
tween the layer-polarized state in the bottom layer and the
rest of the highest moiré valence band, which is situated
towards the center of the TDBG structure [see Fig. 2(c)] and
efficiently screens the top gate. For v > 0, the layer-polarized
state contour is significantly more horizontal than the n, axis,
which we will show results from overscreening. Upon devel-
oping a physical understanding of the layer-polarized state
behavior in the two-gate geometry, we will show later that
when symmetry breaking is included, the system recovers the
experimentally seen single-gate tracking even at v > 0.

To further illustrate the importance of determining the
layer potentials correctly, in Fig. 2(e) we show U; 1 — U,
within the self-consistent Hartree calculation compared to the

“conventional” result of U;;; — U; = d;D In the conven-
tional approach, i.e., keeping only the first term in Eq. (5),
the potentials do not depend on v, unlike the self-consistent
solution, i.e., keeping all terms in Eq. (5), which strongly
depends on v. Crucially, the true potentials deviate from the
conventional result not only in magnitude, but also in the sign
of the energy difference, suggesting a possibility for nontrivial
state renormalization with external displacement field. Lastly,
in Supplemental Material Fig. S1 we show the expected . = 0
contours computed using the self-consistent framework and
the conventional approach for several dielectric constants & .
This comparison highlights that only with layer potentials
single-gate tracking occurs generically (for v < 0) for a wide
range of dielectric constants. A calculation using conventional
relation U;11 — U; with D would only yield single-gate track-
ing for a limited doping range if the dielectric constant is fine
tuned.

C. Physical origins of the gate tracking behavior

We now develop a qualitative understanding of the screen-
ing mechanisms at play in determining the evolution of the
layer-polarized state (or equivalently the p = O contour) in
the v-D plane, using an analytical model that includes the
effects of both Hyj, and H, in Eq. (2). We first write down

the compres31b1ht1es relative to the top and bottom gates, dn

and ,glven by
Bu 8u on aU;
W, —, 6
an = omom — o, ©)
Bu au an aU;
W, — 7
Bnb an Bnb Z ! ny, @
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where W, = du/dU; denotes the fraction of electronic states
in layer [ at the Fermi level (Zz W, =1) [43].

Due to the explicit presence of the n, term in Eq. (4),
the potentials U; respond differently to the two gates (see
Supplemental Material [34] for derivation). This leads to

ou 1 *Ad  é*d*
= —— o —, ®)
Bnb 1Y 18 18
ou 1 €*Ad
=% ©)
ny P €180

where we relate du/9n with the inverse density of states, 1/p,
at the Fermi level, and use an effective dielectric constant
&, > ¢, to account for additional screening by bands away
from the Fermi level. We have also introduced two effective
parameters, d* and Ad, defined via

N
d*=d (I—1W, (10)

=1

N
d
Ad = — U — \WWy, 11
212 | W, W (11)

A=l

which capture, respectively, the average distance of the
charges at the Fermi level from the bottom-most (I = 1) layer
and their average vertical spread across the layers, as illus-
trated in Fig. 3(a). Note that d* > Ad, and both p and W,
generally depend on the instantaneous gate configurations. We
note in passing that the asymmetry of Egs. (8) and (9) stems
from the choice of the convention U; = 0.

These expressions can be understood as follows. In ad-
dition to the standard compressibility %, the states at the
Fermi level experience electrostatic shifts due to changes in
the layer potentials U; as the gate charges vary. Both gates
induce the same change in the layer distribution, 8n;, yielding
a self-interaction term proportional to Ad. Meanwhile, the
bottom gate adds an extra shift proportional to d*, the average
distance from the bottom layer. This asymmetry arises due to
the explicit n;, term in Eq. (4), which comes from the gauge
choice U; = 0, pinning the layer-polarized state energy to u
alone [see discussion below Eq. (1)]. In a different gauge,
the relevant quantity for the layer-polarized state would be
u — Uy, but the same physical conclusions would follow.

Next, we relate the gate-projected compressibilities (%)
in Eq. (9) to the experimentally observed layer-polarized
state trajectory in the ny, n, plane. For small changes in gate
charges, the chemical potential changes as

du = a—M(Snb + a—'u(Sn,, (12)
ony on;
where 87, ;, are small increments in the top/bottom gate den-
sities. Constant-u trajectories thus satisfy

ény = —adny, (13)
where we introduce
EAd
Sy T e e (14)
ong [ omp 14 (L — 1)‘;?8?/)’

(a) ny
|D
nn
na o—0
| d|
ni -0
Relative Layer
Occupation W;
ny
(b) & &
>/ " pemmr
/ =
D ‘7;15 D ‘nt D ‘ﬁt 6nt
v v v
a>0 a=0 a<0 @
(c)4 T T 1.0
+ v <0
+ v > 0, no cascade
* v > 0, with cascade 0.5
3
d*
Ad 0.0
2
—0.5
1 —1.0
1 2a4 2 3
cieo P

FIG. 3. (a) Sketch of the theoretical setup, showing the gates and
the layered material. We assume the bottom two layers have Bernal
(AB) stacking, leading to layer-polarized states at the bottom-most
surface. The average distance of carriers from the bottom layer d*
and the average vertical spread Ad are shown. (b) Schematic illus-
tration of the behaviors expected for different values of «. (c) Map of
o [Eq. (14)] as a function of d*/Ad and ‘fédp. o = 0 corresponds
to perfect gate tracking. Contours of |«| = 0.3 are shown in dashed
black. Estimated parameter values for TDBG at v < 0 and v > 0
without and with flavor symmetry breaking (cascade) are also shown.

as the ratio of the two gate-projected compressibilities de-
fined in Eq. (9). The parameter « is directly connected to
screening of the layer-polarized pocket from the top gate
potential, setting the slope of the constant-p contours as
sketched schematically in Fig. 3(b). @ — 0 corresponds to
perfect screening: the « = 0 contour runs parallel to the n,
axis, implying that the layer-polarized state is tuned only by
the bottom gate. For o > 0, the contour tilts toward the D axis.
The layer-polarized pocket is underscreened from the top gate,
and at o = 1 it is tuned equally by both gates following the
naive picture often applied to 2D stacks. For « < 0, the con-
tour tilts towards the v axis, corresponding to overscreening.
We note at this point that in Eq. (14), the parameters should
be mathematically understood to correspond to the screening
(delocalized) states only and excluding the contribution of
the layer-polarized pocket. We derive this result rigorously
in the Supplemental Material [34], but summarize here that
physically it results from the fact that for the single-gate
tracking mechanism to occur, two types of states are required:
(i) those localized at one of the surfaces and (ii) a delocalized
high-DOS state in the bulk of the device. Here, the state (i) is
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the layer-polarized state, the occupation of which is constant
along the 1 = 0 contour, and it does not contribute to screen-
ing; only the states (ii) do by screening the gate remote to the
layer-polarized state, and hence they enter into the effective
parameters of Eq. (14).

To gain further insight, we plot o as a function of the
dimensionless parameters d— > 1 and ezAd P in Fig. 3(c).

A—; reflects the degree to Wthh the layer polarlzed and de-
localized states can be thought of as independent conducting
sheets, whereas ;Adp reflects the strength of out-of-plane
Coulomb self-interactions with respect to Kkinetic energy.
When there are no screening states, p =0 so o = 1, and u
depends only on filling v. Increasing the number of screening

states, p, causes « to decrease until
e Ad

5‘L80

p=1, 15)

at which point & = 0 and the top gate is completely screened
(d” = 0). For even larger p, o < 0, which corresponds to

overscreening. Increasing the ratio A—; serves to broaden the
regime of |a| < 1 [see, for example, the dashed curve cor-
responding to || = 0.3 in Fig. 3(c)]. This corresponds to a
situation in which the delocalized states have a larger vertical
separation from the layer-polarized states, and can thus screen
the adjacent gate more effectively.

We now comment on three relevant theoretical extensions
of this model, all of which act to increase «, i.e., move system
parameters effectively to the left in Fig. 3(c). First, the in-
plane Hartree correction [coming from the Hiy g0 terms in
Eq. (2)] renormalizes the band structure. However, the layer-
polarized state of Eq. (1) has zero in-plane inhomogeneity,
and is not (to first order) affected by in-plane Hartree. As
a result, the nonsurface states will shift upward with respect
to the layer-polarized state, reducing the effective value of p
and increasing «. Second, if the states of interest in the layer-
polarized pocket have some finite weight on the second layer
Wzlp , then they are at the Fermi level when p — Wzlp U, =0.
We show in the Supplemental Material [34] that this effect
also increases «. Third, due to its strong layer localization,
we expect exchange effects to be stronger within the layer-
polarized pocket than within the rest of the band. Effectively,
upon doping, the screening states shift upward relative to
the layer-polarized pocket, decreasing the effective p, and
increasing «.

We conclude this section by highlighting a subtle and
surprising implication of Eq. (15), which is that single-gate
tracking can occur even in few-layered systems. The micro-
scopic origin is the vertical delocalization (Ad # 0) of the
screening states. An intriguing feature of this mechanism is
that it allows overscreening (o« < 0) to occur. Interestingly, for
fixed Ad and d*, the infinite density-of-states limit (0 — ©0)
always leads to some overscreening, as we have

lim a:—A—d < 0. (16)
p—>00 d* — Ad
However, for large d*/Ad, o ~ 0 and perfect gate tracking is
recovered. Thus, starting from a system with ¢« — 0o, where
features only follow filling v (such as few layer graphene), the
additional presence of delocalized screening states improves

single-gate tracking, i.e., moves to the right of Fig. 3(c), even
in the imperfect d* &~ Ad regime. However, single-gate track-
ing becomes ideal when d* > Ad, moving up in Fig. 3(c).
The regime of large d*/ Ad is naturally realized in semimetal-
lic rhombohedral graphene [44—48]. This systems exhibits a
high density of states that is localized to the outermost surface
layers of the crystal, such that d*/Ad > 1, implying o ~ 0
in Eq. (16).

D. Relation to experimental observations

We now apply the above mechanism to real systems and
connect to experimental observations. First, consider TDBG
at v < 0, where we found that the layer-polarized state in
Fig. 2(d) was primarily tuned by a single gate. In this regime
of TDBG, d* =~ 2d, while Ad =~ 0.6d, since the screening
states [see Fig. 2(c)] are concentrated near the other end of the
stack. Figure 3(c) then predicts a robust large region of small
|| in parameter space, which we confirm in the Supplemental
Material [34], finding the slope of the u = 0 contour to be
largely independent of the dielectric constant &;. Coming
back to the experimental result in Fig. 1(a), we interpret the
gate-tracking crosslike features for v < 0 as corresponding
to the disappearance of the layer-polarized pocket, as, qual-
itatively, local high resistance regions can be associated with
regions of high density of states.

Next, we consider the gate tracking of symmetry-breaking
boundaries occurring at v > 0. Although the precise value of
« varies between systems, it appears to be an experimental fact
that @ > 0 for most symmetry-breaking phase boundaries. On
the other hand, in TDBG in the flavor-degenerate calculation
of Fig. 2(d), the layer-polarized state is overscreened (o < 0),
a behavior enabled by the delocalization of the screening
states. However, since the u = 0 contour is associated with
a high density of states, we expect the system, according to
the Stoner criterion [49], to be unstable towards symmetry
breaking, reducing the density of states. Provided that phase
transitions are triggered when the layer-polarized state crosses
the Fermi level within the symmetry-broken phase, the evo-
lution of the phase boundary in the v-D plane follows from
our present framework. Crucially, reduction of the density of
states effectively moves the system parameters towards the
left of Fig. 3(c), increasing the value of «. At v > 0, TDBG
has d* ~ d and Ad =~ 0.6d as numerically estimated from
the model in Sec. II A. A back of the envelope calculation,
estimating p ~ 0.1Ny /Ayc (meV)~!, where N ' is the number
of active flavors and Ayc is the moiré unit cell area, gives

%p ~ 0.44N; for &, =~ 8. In an unpolarized phase, Ny = 4,
predicting overscreening with o < 0. If instead symmetry
breaking occurred (i.e., a half-metal phase with Ny =2) a
small positive « would be obtained, as depicted in Fig. 3(c).
We now show that the layer-polarized state is indeed rele-
vant for symmetry-breaking transitions. To that end, we adopt
a minimal mean-field model of flavor symmetry breaking
[50], which shifts each flavor by an amount proportional to

its filling:
Hroek = —UrockDiag(vgs, vgrg, gy, VK| ), (17

where vy is the filling of flavor f relative to charge neutrality,
and Upyck sets the interaction strength. For simplicity, we only
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FIG. 4. (a) Density of states for the dominant flavor for Up,cx =
5.9meV and &, = ¢ = 6, with the boundary of cascade (symmetry-
breaking) region highlighted. (b) Same as (a) but for layer-polarized
state occupation Ny, . (c) Spin-resolved band structures at the red
square point of (a), inside the symmetry-broken region. (d) Spin-
resolved band structures at the blue star point of (a), just outside the
symmetry-breaking region. Note the bands are spin degenerate. (e)
Experimental R,, map of twisted double bilayer graphene, zoomed
in to the symmetry-breaking region. The data are from Ref. [29]. (f)
Same as (e) but for R,,.

consider valley-degenerate symmetry breaking by imposing
Vg4 = Vg4 and vg | = vg,—meaning the only competing
phases at noninteger fillings are a spin-polarized half metal,
and metal with unbroken flavor symmetry.

By optimizing the charge distribution between the two
spins for different values of v and D, we obtain the phase
diagram shown in Fig. 4(a) (see Supplemental Material [34]
for details of the calculation). The boundary of the symmetry-
broken region, shown with a black line in Fig. 4(a), is marked
by a sharp drop in the density of states. Furthermore, close
to the symmetry-breaking boundaries, the layer-polarized
state occupation Ny (i.e., how many of the four spin/valley
layer-polarized k = O states are occupied) changes nearly si-
multaneously [as shown in Fig. 4(b)]. These plots support an
interpretation of the transition from the half-metal phase into
the symmetry-unbroken state as arising from the depletion of
the layer-polarized pocket, which has high density of states.
This interpretation is further confirmed by inspecting the band
structures close to the transition point, shown in Figs. 4(c)
and 4(d) . In the polarized (half-metal) phase [Fig. 4(c)], the
high density-of-states surface pocket is emptied just before the
transition. This emptying of the surface pocket renders the po-

larized state energetically unfavorable, triggering a transition
into the unpolarized state [Fig. 4(d)]. The slope of the transi-
tion line is thus set by the slope of the layer-polarized pocket
within the symmetry-broken phase. This calculation captures
the experimental observations from Fig. 1(a), along with the
high-resolution zoom-in maps from the TDBG device, which
we show in Figs. 4(e) and 4(f). The present pocket-depletion
mechanism applies for transitions from a polarized into a
symmetry-unbroken phase, such as the half-metal to metal
transition in TDBG [Fig. 4(f)], and the quarter-metal to metal
transition in twisted bilayer-trilayer graphene [Fig. 1(b)].

As mentioned above, « is typically positive, but varies
from system to system and as a function of twist angle.
For example, the half-metal to metal transition in twisted
monolayer-bilayer graphene [28,33] has a larger « than for
TDBG [Fig. 4(f)]. Within our framework, this would naturally
occur because of a smaller delocalization and/or density of
states of the screening states. On the other hand, in twisted
bilayer-trilayer graphene, the transition from the quarter-metal
exhibits perfect gate tracking [Fig. 1(b)], which would imply
higher density of states than TDBG. This conclusion is fur-
ther supported by the observation of spontaneous electronic
crystallization behavior at v = 1/4 [32]. Lastly, we comment
on the apparent lack of experimental manifestation of features
with o < O slope. The layer dependent Coulomb interaction
[38] in the Fock term, as well as the effect of finite delocaliza-
tion of the layer-polarized pocket, would act to increase the
value of o, making experimental observation of o < O less
likely, but still possible in principle.

III. DISCUSSION

Motivated by unexplained experimental trends, we have
identified a largely overlooked element of theoretical mod-
eling in both crystalline and moiré graphene multilayer
structures: the self-consistently determined layer potentials.
Our findings broadly apply to systems with flat electronic
bands and a Bernal-stacked interface. By analyzing the micro-
scopic Hamiltonian, we showed that perfectly layer-polarized
states due to Bernal-stacked interfaces appear as a pocket
in momentum space, forming a portion of a larger moiré
band. We further showed that this pocket is responsible for
symmetry-breaking transitions and other features in the v-D
plane. Exploiting its perfect layer polarization, we constructed
an analytic framework based on accurate electrostatics to
derive necessary criteria for the single-gate tracking of the
layer-polarized pocket, uncovering a mechanism by which it is
screened from a remote gate and offering a unified perspective
on experimentally observed diagonal features in various vdW
systems. We supported our analytical findings with mean-field
calculations, determining layer potentials self-consistently,
thereby reproducing experimental trends.

Our analysis focused on cases where the bottom-layer sur-
face states dominate, corresponding to positive displacement
fields that favor conduction electrons in the lower graphene
layers. By symmetry, the same physics applies to the up-
per surface for negative displacement fields. Although we
concentrated on twisted double-bilayer graphene, our frame-
work can be extended to other multilayer graphene systems
with local Bernal stacking, such as twisted bilayer-trilayer
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graphene, and rhombohedral multilayers ranging from thin
films to bulk flakes. In particular, rhombohedral pentalayer
graphene demonstrates a tendency towards single-gate track-
ing at small positive filling factors (e.g., Refs. [22-24]),
occasionally coinciding in the v-D plane with a region exhibit-
ing robust correlations and quantum anomalous Hall states.
The coexistence of the two effects potentially hints at a con-
nection between strong correlations and single-gate tracking.
Recently, several experimental papers have reported single-
gate tracking behavior in multilayer rhombohedral graphene
[45—48], arising when valence and conduction bands with
high density of states simultaneously cross the Fermi surface.
Crucially, states from each band are polarized to opposite
crystal surfaces. Such a configuration is naturally expected
to give rise to a single-gate tracking through the mechanism
explained in this paper. However, in this scenario the screen-
ing mechanism originates from states in two different bands,
rather than from a single band in which the extent of layer
polarization evolves with momentum, as in the case of TDBG.

The self-consistently determined layer-potential frame-
work may also be applied to scanning tunneling microscopy
(STM) measurements versus gate bias, which corresponds to
tracing a diagonal line in the displacement field and filling fac-
tor plane (effectively setting the density of carriers in the top
gate to zero). The differing electrostatics between singly and
doubly gated multilayer devices may help clarify the recent
distinctions in symmetry-breaking regimes observed between
transport and STM devices [51,52].

Other flat-band moiré systems, such as twisted bilayer
MoTe, [53,54] and twisted bilayer WSe, [55,56], also ex-
hibit gate-tracking behavior in certain regions of their carrier
density and displacement field parameter space. While these
systems lack the internal AB stacking, by construction the
low-energy theory of bilayer systems of twisted bilayer
MoTe, and twisted bilayer WSe, is constructed from two
surface pockets present in each layer. As such, our theory is
likely able to capture similar effects in those systems, along
with many other van der Waals multilayer structures.

Before concluding, we would like to clarify the claims of
our manuscript in relation to the existing body of literature.
Experimentally local high resistance features, as those shown
in Fig. 1(a) for v < 0, have been reported in literature in
the past, e.g., Refs. [22-30,32,33,57-60], and referred to as
resistance “streaks” or “resistance ridges.” Generally, these
features can occur for several reasons, as some authors the-
oretically explain [57-60]; however, our analysis explains

why some of these resistance features as well as symmetry-
breaking boundaries tend to track a single-gate voltage. A
unifying mechanism for such single-gate tracking, which
forms the key result of our manuscript, to our knowledge,
has not been discussed in the literature although the question
of electrostatic screening due to gates in graphene systems
[37,39,40], and even twisted double-bilayer graphene in par-
ticular [61], has been discussed in the past.
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