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Abstract

Kondo physics and heavy-fermion behavior has been predicted and observed in moiré
materials. The electric tunability of moiré materials allows an in-situ study of Kondo
lattices’ phase diagrams, which is not possible with their intermetallic counterparts.
However, moiré platforms rely on twisting, which introduces twisting angle disorder
and undesired buckling. Here we propose device layouts for one- and two-dimensional
gate-defined superlattices in Bernal bilayer graphene where localized states couple to
dispersive valley-helical modes. We show that, under electronic interactions, these su-
perlattices are described by an electrically-tunable Kondo-Heisenberg model.
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1 Introduction

Kondo lattices are constituted by an array of magnetic moments coupled to a dispersive elec-
tron gas [ 1-3]. Historically, these lattices were first realized in intermetalic compounds, where
localized d or f orbitals couple to dispersive bands leading to heavy fermion behavior [4]. The
large charge density of these compounds screens electric fields, forbiding electrostatic tunabil-
ity of the electron density. Therefore an exploration of the phase diagram requires the growth
of several samples [5-12].

In the recent years, moiré materials became standard platforms to study correlated mat-
ter [13-15]. The quench of the kinetic energy caused by the moiré potential enhances the
effects of electronic interactions, triggering correlated phases [16,17]. In the past few years,
moiré Kondo lattices have been both theoretically proposed and probed experimentally [18-
22]. In contrast to their intermetallic counterparts, the electric tunability of moiré Kondo
lattices allow in situ control of the phase diagram.

Despite their versatility and tunability, experiments in moiré materials lack quantitative
reproducibility [23]. The mechanical manipulation required to fabricate moiré devices limit
their quality. Thus, their electronic structures vary from one sample to the other. These fab-
rication issues also limit the scalability of moiré devices. Gate-defined superlattices overcome
these limitations. The recent progress on patterning graphite gates allows manipulation of
the superlattice potential without mechanical manipulation of the active material layer [24].
Moreover, unlike moiré materials, gate-defined superlattices are not constrained by the crystal
lattice of the material.

Here we propose how gate-defined Bernal bilayer graphene superlattices as a platform
for electrically controllable Kondo systems. Our proposal is inspired by recent experiments
showing valley filtering via valley-helical channels [25-31]. We propose a gate geometry that
creates a series of quantum dots coupled by these helical channels. We build a low-energy
model for this device and show that, under electronic interactions, this Hamiltonian maps to
a Kondo lattice. Finally, we extend this device to two-dimensional geometries. Our proposal
is similar to Kondo lattices in twisted trilayer graphene [19], but in a fully electrically-defined
setup.

2 Valley-helical quantum dot arrays

We present a scheme of the device in Fig. 1(a). Our layout consists of Bernal bilayer graphene
with two bottom and two top gates, creating the chemical potential and displacement field
landscapes shown in Fig. 1 (b, ¢). The regions with nonzero displacement field in Fig. 1 (b)
result in a series of puddles with alternating polarity. These puddles are surrounded by regions
with nonzero displacement field shown in Fig. 1(c). Because displacement fields gap the elec-
tronic structure of bilayer graphene (we review effects of displacement fields in Appendix B),
the electrostatic profile results in a series of quantum dots with alternating polarity [32-39].
The connections between these quantum dots are point contacts constrained by regions with
opposite displacement field. Since the valley Chern number flips sign with the displacement
field (see Appendix B), these point contacts are valley-helical [25,40,41], as illustrated by the
arrows in Fig. 1(b).

In Fig. 2 we show the low-energy bandstructure of a repeating unit cell of this device.
We performed the tight-binding atomistic simulations using Kwant [42] and MeanFi [43] and
provide all the details in the Appendix A. In Fig. 2 (a) the bands are colored according to their
inverse participation ratio (IPR). We observe that the presence of nearly flat bands with high
IPR, which correspond to states localized in the charge puddles shown in Fig. 1 (b). These
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Figure 1: (a) Proposed device layout: A Bernal bilayer graphene sheet (black layers)
with two top and two bottom gates. The outermost gates cover the full device, while
the middle gate layers are patterned and screen the outer gates. The resulting chem-
ical potential (a) and layer imbalance (b) result in a series of charge puddles with
alternating polarities surronded by a displacement field that flips direction from one
side to the other of the device. The electrostatic profile creates a series of quantum
dots coupled by valley-helical point contacts.

localized states are weakly coupled to highly dispersive states. In Fig. 2 (b) we show the
valley-resolved bandstructure, where we can see that these dispersive states are valley helical.
These states are weakly coupled to the dot levels with a strength A ~ Avp/y ~ 0.1 — 1meV,
where y is the screening length of the electrostatic profile. These estimation of A agrees with
the observed anticrossings in the bandstructure. Because intervalley coupling depends on the
small parameter 1/Ky, where K is the valley momentum, we observe that valley anticross-
ings are negligible. This observation is consistent with experimental results showing valley
convervation in gate-defined nanostructures [31,44-52], and justifies our choice to neglect
intervalley scattering in the construction of a minimal model. These experiments also suggest
that the disorder in the state-of-the-art devices is small or sufficiently screened by the gates.

The dot levels at different charge puddles only couple through the valley helical states.
We demonstrate the lack of direct interdot coupling computing the conductance accross an
unit cells of this device. Since a perfectly helical point contact has a conductance G = 4e?/h,
we compute the difference |G — 4e2/h|, shown in Fig. 2(c). The saturation of conductance
at 4e?/h indicates that only two helical valley states per spin channel propagate through the
device. Moreover, in the inset of Fig. 2(c) we show the suppression of the conductance as a
function of the screening length. Tunneling between the dots is suppressed by the displacement
field. Thus, soft walls caused by large y increase the overlap between the dot states, increasing
tunneling of non-helical channels. Due to possible challenges on fabricating the multi-gated
layout shown in Fig. 1(a), we suggest that an alternative layout with a single layer of split gates
similar to a recent experimental realization is possible [31]. We show simulations of the split-
gate geometry in Appendix C, and emphasize that due to the large size of the charge puddles
we do not expect the required charging energies to observe Kondo pheomena discussed in
Sec. 3.

From the analysis above, we can construct a low-energy theory of helical states coupled to
dot levels. We split the effective Hamiltonian in three terms

H(k) = Hhelical(k)+Hd0t +HA(k)- (D
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Figure 2: Bandstructure of a unit cell of the device shown in Fig. 1. In panel (a) the
bandstructure is colored according to its inverse participation ratio (IPR), while in (b)
the colors indicate valley polarization. We observe that localized states (with large
IPR) couple to highly-dispersive valley-helical channels preserving valley number. (c)
Conductance accross an unit cell of the device. We observe that G ~ 4e2/h indicating
that the transport is dominated by the valley-helical channels. The inset shows the
scaling of |G — 4e%/h| at u = 0 as a function of 1/y. The scaling shown in the inset
occurs due to the suppression of the overlap between dot levels.

Here, Hyjicq is the Hamiltonian of the helical states that are perfectly transmited through the
point contacs. Each valley has two helical channels that we distinguish with the index p = +.
The Hamiltonian of the helical states is

Hyetica(k) = ), T(8° +vP k)L, (K)eop (), @)
T,0,n

where vF is the Fermi velocity of the helical mode p, 6° is the offset of each helical mode at
k =0, T = £ is the valley index, o is the spin index, and k is the momentum. The Hamiltonian
of a quantum dot level at the site i is

Hyor =€ Z dl—gidq:,cri > (3)
TO1l

where € is the energy of the dot levels. For simplicity, we ignore higher energy quantum
dot levels and assume the quantum dots in all the sites i are degenerate. Finally, the valley-
preserving hopping between helical and dot states is

Ha(k)=A > dl coop(k)+hec. 4

i,7,0,0

A scheme of this effective model is shown in Fig. 3 (a). We implement this model on a lattice
using the tangent fermions approach [53, 54] (see Appendix D), and recover a dispersion
similar to the one shown in Fig. 2 (b).

3 Effective Kondo lattice model

We now consider effects of electronic interactions. Interactions in the helical states only renor-
malize vP and are absorbed by Hyjicqa1(k) [55-60]. Thus, we are left with the Coulomb inter-

4
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Figure 3: (a) Scheme of non-interacting model described by the Hamiltonian in Eq. 1.
Helical valley states couple to dot levels preserving valley number. (b) Bandstructure
from a lattice model of Eq. 1 using the tangent fermions approach. We recover the
features of the bandstructure shown in Fig. 2 (b). Dashed lines show the dispersion
when A = 0. (c) Scheme of low-energy interacting model. Due to a charging energy
V > T, A we obtain a gate-tunable Kondo-Heisenberg model.

action between dot levels
Hdot—dot =V Z Negile i s (5)

T,7'0,07,1

where V is the charging energy of the quantum dots and n. ,; = dTT »idr,oi- We estimate
that the charging energy is similar to other graphene quantum dots of comparable sizes,
V ~ 5—10meV [61]. Perturbative expansion over the small parameter A/V reduces the

problem to an SU(4) Kondo model [19, 62]

H(k) ~ Hyelical (k) + Z JEP s (w;/k/')’wpk) ) 6)

i,0,0",k/

where Jg ~ A?/V, S; = \I/jy\l/i is the SU(4) spin operator of the quantum dot at the site i with
W; = (dyy,dyyi,d_qi,d_y;)", 1 is a vector where the entries are the generators of SU(4), and
Yok = (Cy1p(k), ey p(k), cqp(k), c_yp (k)T. Note that Kondo temperature of an SU(N) lattice
increases exponentially with N [62-68].

In the Hamiltonian of Eq. 1, we neglected the interdot direct tunneling T" since it is expo-
nentially suppressed by the gap caused by the displacement field, I' ~ exp(—U). However, the
in-gap transmission shown in Fig. 2 (c) suggests a small yet finite interdot tunneling rate I'. The
scaling in Fig. 2 (d) shows that the hopping probability across a unit cell of the deviceis T ~ y.
Because an electron must hop twice to cross a unit cell and the transmission probability across
each tunnel barrier is ~ I’2, we can estimate the interdot tunneling rate as I' ~ T4 ~ y1/4,
Within the tunneling regime, I'/V < 1, and we can again take the lowest order in perturbation
theory, leading to an additional Heisenberg-like exchange coupling [19,69]

Hexchange = JZ S;- Sj 5 7
(i.j)

with J ~ T'2/V. Moreover, we discussed in Sec. 2 that A ~ y~! and is weakly dependent on

U. Therefore, since the ratio A/T can be tunned with electrostatic engineering, this device is
described by an electrically-tunable Kondo-Heisenberg Hamiltonian. An estimation of realistic
parameter ranges requires electrostatic simulations that are beyond the scope of this work.
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Figure 4: (a) Proposed device layout for a two-dimensional geometry. This layout
results in the chemical potential landscape shown in (a) and layer imbalance shown
in (b). The checkerboard pattern of charge puddles are connected by valley-helical
point. (d) The low-energy description of this device consists of a series of localized
moments in the quantum dots connnected by two copies of Chaker-Coddington net-
works with valley-dependent chirality.

While we provide a gate layout for an one-dimensional system, this construction can be
extended to two-dimensional lattices. In Fig. 4(a) we show a layout proposal for a two-
dimensional lattice of quantum dots connected by valley-helical channels. This gate config-
uration creates a checkerboard landscape for the chemical potential and displacement field
profiles, shown in Fig. 4 (b, ¢). The connections between the quantum dots results in two
copies of a Chalker-Coddington network model [70] with valley-dependent chirality, i.e. a
valley-helical network. Similar networks were predicted to existed in both twisted multilay-
ers and strained graphene superlattices [19,71,71-75]. Since we expect similar energy scales
similar to the one-dimensional system in this two-dimensional lattice, a similar analysis results
again in a gate-controllable Kondo-Heisenberg model. Unlike the one-dimensional geometry
shown in Fig. 1(a), this two-dimensional geometry is roubust against relative twists between
the two gate layers.

4 Conclusion

We presented a strategy to obtain gate-defined graphene superlattices where quantum dots
are coupled by valley helical quantum point contacts. We showed that the low-energy descrip-
tion of these superlattices maps to a electrically-tunable Kondo-Heisenberg Hamiltonian. We
proposed a gate layouts for both one- and two-dimensional superlattices. Furthermore, we
showed that the helical modes in two-dimensional superlattices form a gate-defined valley-
helical network model. Finally, we introduced a lattice description using the tangent fermions
approach that can be used to simulate these superlattices with a reduced computational cost.
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A Model and simulation details

All the numerical simulations presented in this manuscript were obtained via a tight-binding
implementation of Bernal-stacked bilayer graphene. The tight-binding model was imple-
mented in Kwant [42], following the Slonczewski-Weiss-McClure parametrization [77-79] and
using tight-binding parameters obtained via infrared spectroscopy [37]. We neglect the effects
of spin-orbit coupling and therefore treat spins as a trivial degeneracy. The numerical imple-
mentation of the pristine Slonczewski-Weiss-McClure tight-binding Hamiltonian Hygine fol-
lows exactly the procedure described in Ref. [80] and implemented numerically in Ref. [81].
Throughout the manuscript, we simulate mesoscopic devices with sizes ~ 1pm. To minimize
the cost of the simulations, we rescale the tight-binding model by increasing the lattice constant
as d — sa and then adjusting the hopping parameters to preserve the low-energy Hamiltonian.
We set s = 10 in the transport simulations and s = 20 in the bandstructure simulations due
to their larger computational cost. To this end, we also follow the procedure developed in
Ref. [80]. This reference also justifies the choices for s for the parameter range used in the
manuscript.

Besides the pristine Slonczewski-Weiss-McClure tight-binding Hamiltonian Hgine, We
add onsite modulations of the chemical potential u and sublattice imbalance U to emulate
the effects of multiple gate layers as

Honsite = 291 [U(r,)sign(r, - 2) — ()], (A1)

where ¢, = (¢,,,¢,)7, ¢, is an annihilation operator of an electron at the atomic site n. The
screening effects are included by smoothening the electrostatic potential. In our calculations,
we set the potential at the interface between two regions with potentials V; and V; as

V(r) = @[1+tanh(lr;—%l)]+vm A.2)

where y is the screening length, and rj is the closest point at the boundary between the two
regions. Tipically y ~ 25—50nm and we use y = 25nm thorughout the manuscript except if it
is explicitly stated [82,83]. Thus, the chemical potential is the average between the potential
in the two layers

Vioper (1) + Vigwer (¥
,U:(I') _ uppe ( ) lowe ( )’ (A.3)
2
and the layer imbalance is the difference between the layer potentials
Ur)= Vupper(r) — Viower(T) - (A.4)

We fix U(r) = £100meV far from the gate edges through the manuscript.

We compute the conductance across the devices via scattering formalism. All the calcula-
tions are performed at zero bias. For the two-terminal devices simulated in the manuscript,
the zero-bias conductance is

2
G= 2%Tr(r_t"'), (A.5)

where t is the transmission matrix, and the factor of 2 comes from spin degeneracy.
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Figure 5: (a) Bulk bandstructure of Bernal bilayer graphene with U, = 0 and
Uy = 100meV. A sublattice imbalance U, opens a gap in the band structure. Berry
curvature for (b) Uy = 100meV and (c) Uy = —100meV. Due to time-reversal sym-
metry, the two valleys have opposite Berry curvature. However, the Berry curvature
changes sign with layer imbalance. The valley Chern number changes across an in-
terface where U flips sign results in the in-gap valley helical modes shown in panel

.

B Gate-defined valley-helical channels

Due to a combination of mirror and time-reversal symmetries, the conduction and valence
bands in graphene are degenerate at the corners of the Brillouin zone, as shown in Fig. 5
(a). This degeneracy makes graphene a gapless semiconductor. Thus, modulations of the
carrier density are insufficient to confine electrons due to Klein tunneling [84,85]. However,
in graphene multilayers, the mirror symmetry is broken by the application of an out-of-plane
electric field. The potential imbalance U between the layers opens a gap in the electronic
structure [32-38] as depicted by Fig. 5 (a). Therefore, it is possible to control the band gap of
graphene multilayers with double-gated devices [38, 39].

In Bernal bilayer graphene, the Berry curvature at each valley depends on the direction
of the external electric field, shown in Fig. 5 (b, ¢). Thus, at the interface of two regions
with opposite displacement fields, the valley Chern number changes. As a consequence, these
interfaces host topological valley helical channels. In Fig. 5 (d) we show the dispersion of a
nanoribbon with a switching layer imbalance. Due to the valley Chern number switch at this
interface, in-gap valley-helical states propagate along the interface [25,40,41]. The helicity
of these channels thus constrains the electronic motion in a single direction. For this reason,
these channels were proposed as valley filters.

C \Valley filtering with split gates

Due to possible complications in fabricating the layout in Fig. 1 (a) with four layers of gates,
we also calculate the conductance of a device with similar zigzag geometry but two layers of
split shown in Fig 6 (a). Despite the distance of 200nm between gates used in the simula-
tions, the transmission of non-topological in-gap states is still suppressed, as shown in Fig 6
(b). Additionally to the conductance plateau at G ~ 4¢? /h, we also observe a conductance
peak at charge neutrality. By inspecting the scattering wavefunctions, shown in Fig. 6 (c-e),
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Figure 6: (a) Illustration of the gate layout with a single crossing point with split
gates. (b) Conductance across a device with the layout geometry from panel (a) as
a function of the global chemical potential u and screening length y. We observe
that the residual conductance above 4e2/h increases with y due to higher tunneling
probabilities. The conductance shows a peak at y = 0 due to additional transmission
probabilities through the gap between split gates as we can observe by comparing
the scattering wavefunctions in panel (d) with (c) and (e).

we conclude that this resonance peak occurs due to additional propagating modes within the
split-gates gap. Thus, we demonstrate that both the four-gate layout shown in Fig. 1 (e) and
the double-split-gate geometry in Fig. 6 (a) can be used to fabricate valley-helical quantum
point contacts without gate-defined narrow channels. We conjecture that the lack of con-
ductance quantization in recent experiments [31] is due to the presence of these additional
channels. Therefore, we suggest that an additional gate layer can be used to reach quantized
conductance, as recently done in geometries with narrow channels [52]. However, verifying
this conjecture requires a more realistic simulation of the electrostatic environment, which is
beyond the scope of this work.

D Lattice implementation

Here we present a lattice model that describes the low-energy behavior of the superlattices
described throughout the text. We perform a lattice regularization of the Hamiltonian in Eq. 1
without fermion doubling following the tangent fermion approach [53,54]. The core idea of
this approach is obtaining a tangent dispersion for the helical states that can be expressed in
a lattice as a generalized eigenproblem H¥ = ESW. Particularly, for the Hamiltonian in Eq. 1,
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we write for the helical

Hpelical = 1 Z T[81L T, P)n(i, T, pln + (£ + SO+ 1,7, p)i (L, T, Pl4] (D.1

L,7,0

with t = (vt +v7)/2a, 5t = (v —v~)/2a. The dot Hamiltonian follows trivially,

HdotZGZh;T)d(i;Tld: (D.2)
i,T

and the coupling between helical states is

HA:AZ li, T, p)n(i, Tlq + h.c. (D.3)

i,7,0

We used the subindices d and h to destinguish states in the dot chain and helical lattice. The
overlap matrix of dot states corresponds to an orthogonal basis

Sdot :Zh’ T)d(i3T|d7 (D4)
i,T

whereas for the helical modes

Shelical = Z i+ 1,7, 0)(l, T, Pln - (D.5)

L,T,p

Solving this generalized eigenproblem with periodic boundary conditions result in the spec-
trum shown in Fig. 2 (c). While the approach results in a single Dirac cone at k = 0, the
tangent dispersion has a cusp at k = £, and for this reason we plot the dispersion in Fig. 2
(c) within [—7/2, t/2].
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