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Symmetric Kondo Lattice States in Doped Strained Twisted Bilayer Graphene
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We use the topological heavy fermion (THF) model [1] and its Kondo Lattice (KL) formulation [2] to study
the possibility of a symmetric Kondo state in twisted bilayer graphene. Via a large-N approximation, we find
a symmetric Kondo state in the KL model at fillings v = 0, =1, £2 where a KL model can be constructed [2].
In the symmetric Kondo state, all symmetries are preserved and the local moments are Kondo screened by the
conduction electrons. At the mean-field level of the THF model at v = 0, +1, +2, 43 we also find a similar
symmetric state that is adiabatically connected to the symmetric Kondo state [3]. We study the stability of the
symmetric state by comparing its energy with the ordered (symmetry-breaking) states found in Ref. [1] and
find the ordered states to have lower energy at v = 0, +1,£2. However, moving away from integer fillings
by doping holes to the light bands, our mean-field calculations find the energy difference between the ordered
state and the symmetric state to be reduced, which suggests the loss of ordering and a tendency towards Kondo
screening. We expect that including the Gutzwiller projection in our mean-field state will further reduce the
energy of the symmetric state. In order to include many-body effects beyond the mean-field approximation, we
also performed dynamical mean-field theory (DMFT) calculations on the THF model in the non-ordered phase.
The spin susceptibility follows a Curie behavior at v = 0, £1, 2 down to ~ 2K where the onset of screening
of the local moment becomes visible. This hints to very low Kondo temperatures at these fillings, in agreement
with the outcome of our mean-field calculations. At non-integer filling v = £0.5, 0.8, £1.2 DMFT shows
deviations from a 1 /7 -susceptibility at much higher temperatures, suggesting a more effective screening of local
moments with doping. Finally, we study the effect of a Cs.-rotational-symmetry-breaking strain via mean-field
approaches and find that a symmetric phase (that only breaks C'3, symmetry) can be stabilized at sufficiently
large strain at v = 0,+1,+£2. Our results suggest that a symmetric Kondo phase is strongly suppressed at

integer fillings, but could be stabilized either at non-integer fillings or by applying strain.

Introduction— The experiments on magic-angle ( =
1.05°) twisted bilayer graphene (MATBLG) [4-6] have es-
tablished the existence of a variety of interesting phases [7—
28], including correlated insulating phases [29-39] and super-
conductivity [40—44]. Their discovery has been followed by
considerable theoretical efforts [45-69] aimed at understand-
ing their origin. An extended Hubbard model has been con-
structed to analyze the interacting physics [60, 70-82], how-
ever, due to the non-trivial topology of the flat bands [83—
91], certain symmetries become non-local. Alternatively, an
approach based on a momentum space model has been con-
sidered [92—-100], in which correlated insulators [101-108],
superconductivity [109-114], and other correlated quantum
phases [115-119] have been identified and studied. Besides,
various numerical calculations [120-127] have also been per-
formed to investigate the correlated nature of the phenom-
ena. However, the active phase diagram including the states
at non-integer fillings is not well understood. The exact map-
ping between the MATBLG and topological heavy-fermion
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model constructed in Ref. [1] could be used for develop-
ments in this direction. This mapping establishes a bridge
between heavy-fermions [3, 128—131] and moiré systems [1,
2, 132]. The presence of localized moments in MATBG is
supported by recent entropy measurements which have found
a Pomeranchuk-type transition [19, 133]. A large entropy ob-
served at high-temperatures, originates from weakly interact-
ing local moments whose fluctuations are quenched at low
temperatures [19, 133]. Since a similar behavior is observed
in heavy fermion systems [3, 128], where the fluctuating lo-
cal moments are screened by conduction electrons (Kondo
effect), this observation is suggestive of a Kondo state with
screened local moments in MATBLG [128, 134].

In this paper we use the KL model [2], to describe and study
the symmetric Kondo (SK) state. We focus on integer fillings
v = 0,+1, 42, where a KL model can be constructed [2] (a
KL description fails at v = £3 as demonstrated in Ref. [2]).
The SK phase preserves all symmetries; the local moments
are screened. We discuss the topology and the band struc-
ture of the SK state and extend the study to the THF model
where we identify the symmetric state that is adiabatically
connected to the SK state [3]. In order to address integer


mailto:bernevig@princeton.edu

and fractional fillings on equal footing, we perform both a
mean-field and a dynamical mean-field theory (DMFT) calcu-
lations of the THF defining a “periodic Anderson model” with
a momentum-dependent hybridization between the correlated
f- and the dispersive c-electrons in the non-ordered state.

Our mean-field calculations indicate that the energy of the
symmetric state is higher than that of the ordered (symmetry-
breaking) states found in Ref. [1] at integer filling. We thus
conclude that ordered states are more energetically favored
at integer fillings. DMFT supports this picture as we obtain
a Curie behavior of the local spin susceptibility at integer
fillings, down to very low temperatures ~ 2K, hinting to a
very small Kondo scale (lower than ~ 2K). Together with the
mean-field results we would then expect an ordered state to be
favored at low temperatures for these fillings.

Turning to the effect of doping, instead, from our mean-
field analysis, we find that the energy difference between the
symmetric phase and the ordered phase can be sizeably re-
duced. Doping hence suppresses the ordering and enhances
the Kondo screening. This conclusion is further supported
by the DMFT results at non-integer fillings. Here, we find
clear deviations from the Curie behavior in the entire range
from 10K down to ~1K. Even though it is computationally
too demanding to go further down in temperature, we point
out that our evidence of a clear-cut difference in the screening
properties between integer and fractional fillings is reliable.
DMEFT treats indeed local quantum fluctuations exactly [135]
and hence takes into account the many-body processes that
can potentially lead to the screening of local moments at any
filling.

Since realistic samples have intrinsic strains, we finally
study the effect of a C5,-breaking strain on the symmetric
phase. Our mean-field calculations show that the order is sup-
pressed by the strain effect and a symmetric state can be sta-
bilized at a sufficiently large strain at v = 0, &1, £2.

In summary, we conclude that a symmetric Kondo phase
is absent at integer fillings of MATBLG, but could in princi-
ple be stabilized either at non-integer fillings or by applying
strain.

Topological Heavy Fermion model and the Kondo lattice
model— The THF model [1] contains two types of electrons:
topological conduction c-electrons (ck,qrs) and localized f-
electrons (fR,ans). The operator cy qns annihilates conduc-
tion c-electron with momentum k, orbital a € {1,2,3,4},
valley n € {+, —} and spin s € {f,]}. At the I"j;-point for
each valley and each spin projection, c-electrons in the orbital
1 and 2 transform according to the I's irreducible represen-
tation (of magnetic space group P6'2'2) [1]. The remaining
c-electrons (a = 3,4) at the same valley with the same spin
projection transform in the I'y & I's reducible representation
(of magnetic space group P6'2'2) [1]. We will call them T3 ¢-
electrons (a = 1,2) and I'y @' c-electrons (a = 3, 4) respec-
tively. fr,ans 18 the annihilation operator of the f-electron at
the moiré unit cell R with orbital @ € {1,2}, valley 7 and
spin s. The Hamiltonian of the THF model [1, 136] is

Hrpp=H.+ Hyoe + Hy + Hyw + Hy + Hy - (1)

where fIc describes the kinetic term of conduction elec-
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trons, H re describes the hybridization between f-c elec-
trons [1, 136]. The interactions include an on-site Hubbard
interaction of f-electrons (Hy with U = 57.95meV), a re-
pulsion between f- and c-electrons (Hy, with W = 48meV),
a Coulomb interaction between c-electrons (H v with V(q =
0)/Qp = 48.33meV and g the area of moiré unit cell), and a
ferromagnetic exchange coupling between f-and c-electrons
(H; with J = 16.38meV) [1, 136].

Based on the THF model [1], a KL model of MATBLG
has been constructed via a generalized Schrieffer—Wolff (SW)
transformation as shown in Ref. [2]. The KL model is de-
scribed by the following Hamiltonian

]flKondo:Hc+ﬁcc+ﬁK+ﬁJ- (2)

where H, c H g come from the original THF model and
H,., Hg emerge from the SW transformation. H.. is the one-
body scattering term of I's c-electrons with the form of
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A is the damping factor of the f-c hybridization in the THF
model. ~y,v. characterize the zeroth order and linear order
f-c hybridization of the THF model with v/ characterizing

a k-dependent hybridization matrix [1, 136]. D1 ,,,, and
DQJ,MVf are defined as
U V(0
Divey = (U =Wy = 5+ (=20,
2 Qo
U V(0
D2,yc,yf == (U - W)I/f + 5 + ( Q( ) + W)I/C, (4)
0

where v¢,v. are the filling of f- and c-electrons deter-
mined from the calculations of the THF model at the zero-
hybridization limit [2]. We point out that in the single-orbital
Kondo model, the one-body scattering term merely introduces
a chemical potential shift [3, 137] of the c-electrons and is
usually omitted. However, in our model, I:ICC cannot be ig-
nored for two reasons. First, H cc 18 k-dependent and thus
introduces additional kinetic energy to the conduction elec-
trons. From Eq. S24, we observe the k-dependency mainly
comes from the linear k term that is proportional to v} and
can be traced back to the k-dependency of the hybridization
matrix in the THF model. Secondly, even if we drop the v/,
term in Eq. S24 (v}, = 0 corresponding to the chiral limit [1]),

H_, still produces an energy shift for the I'5 c-electrons. Thus
H.. leads to the energy splitting between I's and I'y & I’ ¢-
electrons and cannot be simply treated as a shift of the chem-
ical potential.

H is the Kondo interaction between f-and I's c-electrons
whose explicit form is given in Refs. [2, 136]. The Kondo
interaction consists of two parts: the zeroth order Kondo in-

teraction proportional to 4*/D,,, ,,, and the first order Kondo



interaction proportional to v, /D, .., where D;!, ;=
-Dy 11/C,uf + Dy ic,w' The zeroth order Kondo interaction
term describes the antiferromagnetic interaction between the
U (8) moments of the f- and the I's c-electrons and has a U (8)
symmetry. The linear-order Kondo interaction only has a flat
U(4) symmetry and is k-dependent [1, 136]. H is the fer-
romagnetic exchange interaction between I'y & I'y ¢- and f-
electrons that already exists in the TFH model [1, 136]. We
also note that, for both the THF model and the KL model,
ground states at filling v and —v are connected by a charge-
conjugation transformation [1]. This can be broken by other
one-body terms which we did not consider here. Therefore, in
what follows, we only focus on v < 0.

Mean-field Hamiltonian of the Kondo model— We next per-
form a mean-field study of the KL. model [3]. This MF sup-
presses the RKKY interaction and essentially restores the hy-
bridization term H ¢ of the original periodic Anderson model,
but in a renormalized form. It becomes exact in the N — oo
limit (we have N = 4 here which corresponds to the approxi-
mate flat U (4) symmetry of the KL Hamiltonian in Eq. 2). At
the mean-field level, the Kondo interaction H K can be written
as (see Supplementary Materials (SM))
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where we have introduced the following mean fields
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with |U') being the mean-field ground state, and H.T. denotes
the Hartree term ((f1f), (c'c)) whose explicit formula is in
the Supplementay Materials (SM) [136]. Several points are
in order. First, as we have mentioned above, the mean field
restores the hybridization of the original Anderson model, but
in a renormalized form. Vj*, V5" describe the renormalized
hybridization between the f- and I's c-electrons driven by the
Kondo interactions between two types of electrons(f and I's
c) [3, 138]. Second, it is necessary to keep the Hartree con-
tributions. In the canonical Kondo model, the Hartree term
merely produces a chemical potential shift (in the case without
symmetry breaking) and hence can be omitted. Here, Hartree
contributions (see SM [136]) are k-dependent because of the
k-dependency of the Kondo interactions, and thus contribute
to the dispersion of the conduction c-electrons. Furthermore,

since only I's c-electrons contribute to the Kondo interaction,
the Hartree term also produces an energy splitting between the
I'3 and theAFl @ I'y c-electrons.

As for H;, we perform a similar mean-field decoupling

ik-R

e

R,|k|<Ac,ans

HYF =g

+ V46—1177(—1)°‘+1nflir{,aﬂsck’aJrz??S + hC)
—JNM[VSM |V4|2} +HT. (7)

where we have introduced the following two mean-field aver-
ages that describe the f-c hybridization:
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To impose the filling of the f-electrons to be v¢, we intro-
duce the Lagrange multiplier [134, 136, 138]:

ﬁ)\f = Z )\f( : f;yansz,ans : _Vf> 9
R,ans

with A to be determined self-consistently [136]. Finally, we
introduce a chemical potential p. to the c-electrons

I:IALC = —Hc Z

IK|<A.,ans

e s Cleans © - (10)

In the calculation, we tune p. and A together to fix both the
total filling v = vy 4 v, and the filling of f-electrons [136].
The final mean-field Hamiltonian of the K. model now is
Higo = He+ Hee + HYY + HY'F 4+ Hy, + H,, .
(11)

We then self-consistently solve the mean-field equations
(see SM [136]). Atv = vy = 0, —1, —2 (where a KL model
can be constructed), we identify a SK state that preserves
all the symmetries and is characterized by V;* # 0,V #
0,V = 0,Vy = 0[136]. We comment that the exchange
interaction H ; [1] between f-and 'y ® I's c-electrons is fer-
romagnetic, and hence disfavors the singlet formation or hy-
bridization (V3, V) between f- and I'y & I'y c-electrons. We
find that V3, Vy vanish (their numerical amplitudes are smaller
than 10~%). In fact, H; favors the triplet formation or pair-
ing formation (fc'), where both lead to a symmetry-breaking
state at the mean-field level and are beyond our current con-
sideration of SK state.

Properties of the symmetric Kondo phase— In Fig. 1, we
plot the band structure of the SK phase and compare it with
the non-interacting THF model. We find the hybridization in
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FIG. 1. (a) Band structure of the non-interaction THF model at v = 0. (b), (c), (d) Band structure of the SK phase at v = 0, —1,—2
respectively.

the SK state defined in Eq. 5 to be enhanced compared to the
non-interacting limit of THF model, which is clear from the
increase of the gap of the I'; states at the I' point [1] from
its non-interacting value 24.75meV at v = 0, to 168meV,
190meV, 213meV at v = 0, —1, —2 respectively. We also
find that in the SK phase the bandwidths of the flat bands at
v = —1,—2 become 16meV, 53meV, which are (much) larger
than the non-interacting flat-band bandwidth (= 7.4meV) of
the THF model (Fig. 1). However, at v = 0, the flat-band
bandwidth is the same as the non-interacting flat-band band-
width. This is because, at v 0, the one-body scattering
term and the Hartree contributions from H KJ? 7 all van-
ish [136], and the enhanced hybridization pushes the remote
bands away from the Fermi energy and does not change much
the band structures of the flat bands. In addition, unlike the
non-interacting case, here we found the flat bands are mostly
formed by I'y @ 1"y c-electrons with orbital weights larger than
70% at v = 0,—1,—2. This is because the large f-c hy-
bridization induced by V7, V5 (Eq. 5) pushes the energy of I's
c- and f-electrons away from the Fermi energy and reduces
their orbital weights [136].

The flat bands in the SK phase form I'y & 'y, M7 & My
and K, K5 representations at I' r, My, K respectively, and
have the same topology as the flat bands in the non-interacting
THF model [1]. More explicitly, the flat bands for each val-
ley and each spin projection belong to a fragile topology [1]
atv = —1,—2. At v = 0, due to the additional particle-hole
symmetry, flat bands have a stable topology [1, 85, 91, 136],
which is characterized by the odd winding number of the Wil-
son loop as shown in supplementary material [136]. We men-
tion that the interplay between Kondo effect and the topologi-
cal bands has also been studied in various other systems [139—
144].

Symmetric phase in the topological heavy-fermion model—
We next investigate the similar symmetric phase in the THF
model Eq. 1. We first focus on integer fillings v
0,—1,—2,—3 and perform the mean-field calculations of
THF as introduced in Ref. [1, 136]. By enforcing the mean-
field Hamiltonian to preserve all the symmetries, we are able
to identify a symmetric state that preserves all the symmetries
at v = 0,—1,—2,—3. To observe the stability of the sym-
metric phase, we compare its energy (Es,,,) with the energy
(Eorder) of the ordered (symmetry-breaking) ground states
derived in Ref. [1]. The ordered ground states in Ref. [1]
are a Kramers inter-valley-coherent (KIVC) state at v 0,
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FIG. 2. Doping dependence of the ground state energy difference
AFE = Esym — Eorger near integer fillings v, = 0, —1, —2, —3.

a KIVC+valley polarized (VP) state at v = —1, a KIVC state
at v = —2 and a VP state at v = —3. We point out that at
v = —3 other states with lower energy exist [145]. In our
numerical calculations, we find AE = Egym — Eorger =
47meV,40meV, 33meV, 23meV at v = 0,—1, -2, -3 re-
spectively. In all integer filling cases, the symmetric states
have higher energy, and the ground states cannot be the sym-
metric state, which is consistent with the previous calcula-
tions of Ref. [1, 2, 103]. Note that our mean-field calcula-
tion does not include a Gutzwiller projection to fix the fill-
ing of f-electrons at each site, and hence we expect the en-
ergy of projected symmetric states will be lower. However, as
we show later, after including the effect of local correlations
via the DMFT approach, we confirm that the Kondo phase,
which is adiabatically connected to the symmetric phase in
the mean-field calculations, is strongly suppressed at integer
fillings (down to temperatures ~ 1-2K). This further supports
the development of ordering at integer fillings.

Effects of doping— We next investigate the effects of dop-
ing, first at the level of mean-field theory. We stick to a nar-
row region v € [Vint — 0.5, Vit +0.5] near each integer filling
Vint = 0, —1, —2, —3 and compare the energies of the ordered
states F,,q and the symmetric states F,,,, in the THF model.
To find the ordered state solutions, we first initialize the cal-
culations with the mean-field solutions at integer filling v;,,;
and fill the mean-field bands up to current filling v. We then
self-consistently solve the mean-field equations and calculate
the energy of the resulting states. We obtain the symmetric-
state solution in a similar manner but take the symmetric so-
lution at v;,; as initialization and enforce the symmetry of
the mean-field Hamiltonian during the calculations. Fig. 2
displays a plot of the difference of the ground state energies



AE = Egym — Eorger as afunction of doping Av = v — vy,
near v;,; = 0,—1,—2,—3. We observe that hole doping at
v = 0,—1,—2,—3 and electron doping at v = 0 decreases
the AE. Doping holes at v = 0, —1, —2, —3 and doping elec-
trons at v = 0 to the ordered states is equivalent to doping the
light (dispersive) bands which are mostly formed by conduc-
tion c-electrons. After doping, the conduction electrons will
stay close to the Fermi energy, and then enhance the tendency
towards the Kondo effect.

However, doping electrons at v = —1, —2 to the ordered
states is equivalent to doping heavy (flat) bands which mostly
come from the f-electrons. Because of the flatness of the
band, we find the nature of the ordered states will change with
doping (see SM [136]). For example at v = 2, the KIVC
order is suppressed by the electron doping (see SM [136]).
Thus, AF will be affected by both, changes of ordering and
doping. However, a sizeable change of the order parameters
is not observed for hole doping at v = 0, —1, —2, —3 and also
electron doping at v = 0 (see SM [136]), because we are dop-
ing conduction c-electrons in both cases. We also point out
the complexity of v = —3. First, other states that break trans-
lational invariant [145] could have lower energy than the VP
state we currently considered. Second, even for the VP state,
doping electrons is equivalent to doping both heavy and light
bands [1], since both light and heavy bands appear in the elec-
tron doping case [1]. In practice, as we increase Av, we find
that, at v = —1, —2, AF will first decrease and then increase
and, at v = —3, AF will always increase.

In summary, we conclude that hole doping can suppress the
long-range order and enhance the tendency towards the Kondo
effect near v = 0, —1, —2. Electron doping, depending on the
fillings, could also enhance the tendency toward the Kondo ef-
fect. However, on the electron doping side, the change of or-
der moments indicates the importance of the correlation effect
which could be underestimated in the mean-field approach. In
the next section, we provide a more comprehensive study of
the doping effect using the DMFT calculation.

Dynamical mean-field theory results of the THF model—

In the following, we present the dynamical mean-field the-
ory resultss of the THF model (Eq. 1), where we describe the
local quantum many-body effects of the density-density Hub-
bard term ﬁU within the f-subspace. The fIW and I:IV in-
teractions involving density fluctuations on the c orbitals are
accounted for at the static mean-field level. We neglect or-
dered phases and perform calculations in the non-ordered one.
There, we focus in particular on lifetime effects, quasiparticle
weights and exploit the ability of DMFT to take local vertex
corrections to the spin-spin correlation function into account.

First, DMFT finds a qualitative difference between the
strong quasiparticle renormalization when the f+c manifold
is occupied with an integer number of electrons and a lighter
Fermi liquid at fractional fillings: this can be seen from the
scattering rate I'y = —Im>;(w = 0) which is shown as a
function of the total filling v at " = 11.6K (light blue empty
circles) in Fig.3(a). The largest scattering rates are found close
to v = 0.0, -1.0 and -2.0, progressively decreasing as one
moves away from the charge neutrality point. Correspond-
ingly, the spectral weight at the Fermi level (black and grey

solid circles) is suppressed at these fillings, with a residual
nonzero value due to the finite temperature on the one hand
and the resilient f/c hybridization on the other.

Fig.3(b) illustrates the temperature-dependent screening of
the local magnetic moment on the f orbitals at different fill-
ings. A flat T - x% (w = 0) indicates Curie behavior and a
well-defined effective local moment, while deviations signal
the onset of screening and a crossover towards a renormalized
Pauli-like behavior, in agreement with the general expecta-
tion of zero-temperature Fermi-liquid in the periodic Ander-
son model [146]. While at v = 0.0, -1.0 and -2.0 the 1/T
local spin susceptibility persists down to 1-2 K, the fractional
fillings deviate from Curie at much higher temperatures, in
line with the better Fermi-liquid nature signaled by the single-
particle quantities in Fig.3(a).

As in the Hartree-Fock treatment of the THF model, DMFT
confirms the difference between electron doping and hole dop-
ing (particle-hole asymmetry) near integer filling v = —1 and
-2. Here, DMFT reveals particle-hole asymmetric scattering
rates (Fig. 3(a)) and also in the difference of effective local
moments at v = —0.8 and —1.2(Fig. 3(b)).

In summary, our DMFT calculations confirm that the
Kondo phase is strongly suppressed at integer fillings v =
0, —1, —2, increasing the propensity towards long-range order
at these fillings. However, by doping the system, the develop-
ment of Kondo screening (starting from ~ 10K) is observed,
which suggests that doping could enhance the Kondo effect.
This picture is consistent with our mean-field calculations.

Effects of strain— Since twisted bilayer graphene samples
exhibit intrinsic strain [147] and the ordered states are disfa-
vored by strain, we investigate the effect of strain on the sym-
metric state of THF model via mean-field approach. We focus
onv = 0,—1,—2, —3 and introduce the following Hamilto-
nian [136] that qualitatively characterizes the effect of strain

ﬁstrain =« Z (flv'r{,lnszQT]S + hC)
R,ns

where « is proportional to the strain amplitude (we leave the
construction of a realistic strain Hamiltonian [148-150] for
a future study). A non-zero « breaks the C'5, symmetry but
preserves all other symmetries [136]. We compare the ground
state energies of the symmetric states (Eg;’;,‘fi”) and the or-
dered states (E57%) at non-zero strain. To obtain the sym-
metric state solution, we solve the mean-field equations by
requiring the mean-field Hamiltonian to satisfy all symme-
tries except for the Cs,. We obtain the solution of the or-
dered states by initializing the mean-field calculations with
the ordered ground states at zero strain and then perform self-
consistent calculations. In Fig. 4, we plot the difference be-
tween the ground state energies of the symmetric and the or-
dered states AE*"*" = Eliain — Eainain g a function of
the effective strain amplitude o with OmeV < o < 20meV at
v =0,—1,—2,—3. We observe that AF at v = 0, —1 van-
ishes at sufficiently large strain. A detailed analysis [136] of
the wavefunction shows that the ordered state cannot be sta-
bilized and converged to a C's, broken symmetric solution at
large strain. By further increasing strain, we find a symmet-
ric state at v = —2 can also be stabilized at @ ~ 45meV
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FIG. 3. DMFT solution of the THF model. (a) Doping v dependent low-energy spectral function at the Fermi level (A(w = 0)) for the
full system A¢ot, the c- (Ac) and the f-electrons (Ay) at 11.6 K. Also shown is the scattering rate I'; as extracted from the local f-electron
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self-energy. (b) Effective local moment T" - X, (w = 0) as a function of temperature 7" for different doping levels v.
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FIG. 4. Energy difference A E*'me" — E3train petween
the symmetric state that only breaks Cs, symmetry (E;;I,‘fi") and
the ordered state (E:7*™) as a function of « - a parameter charac-
terizing the strain amplitude. We note that even at zero strain o = 0,
a symmetric state that only breaks Cs, symmetry has lower energy
than the fully symmetric state. Thus AE*"*™ at o = 0 is smaller
than the corresponding AF in Fig. 2.

(see SM [136]). We conclude that a symmetric phase can be
stabilized by sufficiently large strain at v = 0,—1,—2. As
for v = —3, we mention that other ordered states, that break
translational symmetry and have lower energy than the VP
state, exist even at zero strain. We leave a systematical analy-
sis of ¥ = —3 for future study. Finally, we comment that even
at zero strain, a symmetric state that breaks Cs, symmetry has
lower energy than the fully symmetric state that preserves all
the symmetries (including Cs,). Therefore, AE*'"%™ (energy
difference between a symmetric state that only breaks Cs,, and
an ordered state) at zero strain = 0 in Fig. 4 is smaller
than the corresponding A F (energy difference between a fully
symmetric state and an ordered state) in Fig. 2.

Discussion and summary— Our main result is that an or-
dered state, instead of a SK state, will be the ground state of

the system at integer filling v = 0, —1, —2, —3. Our mean-
field calculations of THF model indicate ground state energy
of the symmetric state is higher than the one of the ordered
states at these fillings. Via DMFT calculations, we find the
Kondo temperature to be substantially smaller than 2K. Thus,
we conclude the Kondo effect is suppressed at integer filling
v 0,—1,—2,—3, and the ground state is likely to be an
ordered state. However, our mean-field calculations suggest
doping can reduce the energy difference between the symmet-
ric state and the ordered state enhancing the tendency towards
the SK state. This has also been confirmed by the DMFT
calculations which show a strong deviation from the Curie
Weiss law at non-integer fillings v —0.5,—-0.8,-1.2 al-
ready around 10K. Furthermore, we show that a sufficiently
large ('3, breaking strain could also stabilize a symmetric
state that only breaks the (5, symmetry at v = 0,—1,—2.
Therefore, we conclude both doping and strain enhance the
Kondo effect and could, in principle, stabilize a SK state. Our
results may explain the recent entropy experiments [18, 19]
which reveal a high-temperature phase with fluctuating mo-
ments and a low-temperature Fermi liquid phase with unpolar-
ized isospins. This could be understood as a sign of screening
of the local moments and the development of the SK phase at
low temperatures.

As far as the SK state is concerned, we have performed a
systematic study of its band structure and topology. Via the
mean-field approach, we successfully identified the SK state
in the KL model, and a symmetric state, that is adiabatically
connected to the SK state, in the THF model. For the SK
state in the KL model, we find that the I'5 states near the ',
point have been pushed away, and the bandwidth of the flat
bands is enlarged at v = —1, —2. The hybridization between
f-electrons and I's c-electons is enhanced by the Kondo in-
teractions. Consequently, the flat bands are mostly formed by
T'y ® I's c-electrons. The topology of the flat bands remains
the same as in the non-interacting case. However, for the sym-
metric state in the THF model, the enhanced f-c hybridization
does not appear. We mention that the mean-field solution of



the symmetric state in the THF model underestimates the cor-
relation effect, which could be the origin of the weak f-c hy-
bridization. We expect introducing a Gutzwiller projector will
give a more precise description of the symmetric state in the
THF model.

Note added— After finishing this work, we learned that re-
lated, but not identical, results have also recently been ob-
tained by the S. Das Sarma’s [151], P. Coleman’s [134], and
Z. Song’s groups [152]. We also mention that results from Z.
Song’s group are compatible with our DMFT results.
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S1. TOPLOGICAL HEAVY-FERMION MODEL

The topological heavy-fermion (THF) model introduced in Ref. [1] takes the following Hamiltonian
H=H.+H.+ Hy + Hy + Hy + Hy + H, (S12)

The single-particle Hamiltonian of conduction c-electrons has the form of

T E (em) i , (e,m) _ 022 U*(Ukon + ikyUZ)
Hc - ‘kl N Ha,a’ (k)ckanscka ns ’ H (k) - U*(Ukmﬂo _ Z‘kyo.z) MO'_T. (Sl?’)
77,5#1711'7 <Ac

where 0 ;. are identity and Pauli matrices. ckqys represents the annihilation operator of the a(= 1,2, 3, 4)-th conduction
band basis of the valley (= %) and spin s(=t,|) at the moiré momentum k. At I"y; point (k = 0) of the moiré Brillouin zone
(MBZ), cxiys, Ckans form a I's irreducible representation (of P6'2'2 group), Ck3ns, Ckans form a I'y @ I's reducible (into I'; and
I'; - as they are written, the ck3ys, Ckans are just the o, linear combinations of I'; ==I'; ) representation (of P6'2'2 group). A is
the momentum cutoff for the c-electrons. N is the total number of moiré unit cells. The parameter values are v, = —4.303eV - A,
M = 3.697TmeV.

The hybridization between f and c electrons has the form of

. 1 .
HfC:\/TiM Z Z(esz 1]

k| <A, aans
R

22 i
> Haacm)(k)fRansckans+h.c. , (S14)

where frays represents the annihilation operators of the f electrons with orbital index a(= 1, 2), valley index n(= =) and spin
s(=T,{) at the moiré unit cell R. Ny, is the number of moiré unit cells and A = 0.3376a,, is the damping factor, where a is
the moiré lattice constant. The hybridization matrix H (/¢ has the form of

HYIeM (k) = (yoo + v}, (nke0s + kyoy), 02x2) (513

which describe the hybridization between f electrons and I's ¢ electrons (a = 1, 2). The parameter values are v = —24.75meV,
vl =1.622eV - A.
H v (U = 57.89meV) describes the on-site interactions of f-electrons.

g U f o
HU=§ZZ71R:ZTLRZ, (S16)
R
where n{; = ans f;{ans fRans is the f-electrons density and the colon symbols represent the normal ordered operator with

i — £ 1
respect to the normal state: : fg,, s, fRaznse = fRaym s SRaznass — 20a1m1s1500m282-

The ferromagnetic exchange interaction between f and c electrons H is defined as

J . ’
_ Z Z Z i(ki—k2)- Ry, 7 ata’y ., ot ot .
Hy = _W € (a—ke2) (7777 + (_1) ) : fRans1fR“/"/S2 Oy al42,n7 s Ok a 2,81 (S17)
M Rsisz aa’nn’ |ki|,|kz|<Ac
_ . e AF 1
where J = 16.38meV and : Chy 0/ +2,7 85 Ck1 042,151 *= Ciey 0/ 42,1755 Ch1,ab2,ms1 — 20ky k2 0a,a0n,n/0sy s,

The repulsion between f and c electrons Hyy has the form of

2 Z Z —igR . rf oo f .
HW = Wae qa : fR,anszvans o Ck-‘rq,an's'ckﬂﬂ/«‘?/ : (Slg)
n,8,m",8" 0,0 |[k|<Ac,|k+q[<Ac

where we take W, = W5 = 44.03meV and W3 = W4 = 50.20meV.
The Coulomb interaction between c electrons has the form of

A 1
Hy = 2Q0 N Z Z Z Z Vig): CLalmlelirqalmsl - CTk2+qa2n2SQCk2a2n252 : (S19)

nisia1 N2s202 |k, ka|<A a
’ © k1 +al,| k2 +al<Ac
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where Qg is the area of the moiré unit cell and V(q = 0)/€ = 48.33meV. We will always treat Hy at mean-field level (int
both the THF model and the Kondo lattice (KL) model) [1]

. V(0 V(0 V(0
Hy ~ ( )Vc S el ansCrans — LNMVS + YO > s (S20)
/ 20 Q=

[k|<Ac,a,n,s

: : _ 1 ol . i
where v, is the filling of c electrons ve = 5= > i< A a5 (] ¢ Clg ansChoans 1 V) with [1)) the ground state.
Finally, we introduce a chemical potential term

HH =K Z Cnganka»a"?S —H Z fl&,m;sz@ns . (SZI)
k|<Ac,ans R,ans

S2. KONDO LATTICE MODEL

The Kondo lattice model is derived by performing a generalized Schrieffer-Wolff (SW) transformation on the topological
heavy fermion model (detailed derivation in Ref. [2]). The Hamiltonian has the form of
I:IKondo:-Hc+-HV+-HW+-HJ+ﬁK+-Hcc_-HMC (822)

where H, (Eq. S13), Hy (Eq. S19) and Hyy (Eq. S18) and H; (Eq. S17) come from the original TFH model. The Kondo
interactions and the one-body scattering term are

D D >

R, |k|<Ag, |k |[<A. o0 0,0’ m,m' 8,87

eik—k )R—|k|>X\?/2—|K'|?)?/2 ;
NMD : fR,anszﬂ/n/S, - ck’,a’n’s’ck’ans :
Ve,V f

[726(,/)@/601,,1 + Y ba,aln Ko — k’yay]a,a, + Y0 ar [Nkox + kyO'y]aa:|

(823)
and
N k2 ) 1 1 2/2 vl (nky — iky,)
Hee == Z Z € |k|2A2( + ) { / 7 : Y Y cel  Carms t (S24)
cc k.. k ) k,ans“k,a’ns
k| <Ac,n,s a,a’€{1,2} Divewy  Dawew, o (ke + iky) v/ a,a’
where
U -V U -V
D1y, = U =Wy — 5 +( 0 +Wve , Dayow, =U—-W)ry + 3 + (Q—O + Wv,
-1
1 1
Dy, ,,=|— + } . (825)
Y |: Dlﬂ/cvyf D27V67Vf
We point out that, at v = vy = v, = 0, Dlv”m”f = *D27Vmuf and the on-body term ﬁcc(: 0) vanishes.

We note that in the Kondo model the filling of f electron at each site is fixed to be vy. Then we can replace 3_,, . :

f;{ anszvO”?S : with v and ﬁW becomes
HW = Z Z Wyf : c;r(,an/s’ck'xa’ﬂs(sk;k"i‘Q (826)
[k[<Ac,|k'|<Ac,ans Q

where Q € {mbys1 + mbyre|m,n € Z} and by, bpsa are the reciprocal lattice vectors. If we focus on the conduction
electrons within the first MBZ, we can replace 6k k'+q by dk k’ and

IA{W = Z Z Wyf : CL,an’s’ckﬂ”]S (527)
k|<Ac,ans Q

which is a chemical shift of conduction electrons. We also set W, = Wy = W3 = W4 = W = 47.12meV in fIW to simplify
the SW transformation. The realistic values of W » 3 4 are not identical but the difference is about 15%.
Finally, we introduce a chemical potential z. to tune the filling of the system

Hy o=~ D> 0k apsCians : (S28)
k|<Ac,ans
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S3. SYMMETRY

We now provide the symmetry transformation of electron operators. For a given symmetry operation g, we let
D¥(g), D¢ (g), D¢ (g) denote the representation matrix of f-, I's c- and I'; @ I'y c-electrons:

gfl;,ansg_l = Z ngR,a’n’s’Df(g)a'n’s’,ans

a/nlsl

I%ansd ' = D Chams D (@armstans, a € {1,2}
a’e{1,2},n's’

gcfc,m78971 - Z C;k,a’n’s'DC (9)ar+2ms atoms,  a € {3,4} (529)
a’e{3,4},n's’

We consider the following symmetry operations as given in Ref. [1].

T, Cs,, Coy, Co, T (S30)

with the following representation matrices

T: DIT)=oomo, D(T)=00msc0, D (T) = 0oTuso
Cy,: DI (C3,) = e 5T, D (Cs.) = e F T, D (Cs.) = 00705
Coz Df(sz) = 02T0S0; DC/(CQZL’) = 0270%0> DCN (sz) = 02T0S0
Cy.T: DI (Co,T) = 0,70, DC/(CQIT) = o,1050, D (C2.T) = 0270% (S31)

where 0,y >0, Te,y,2,05 Sz,y,2,0 are Pauli or identity matrices of orbital, valley and spin degrees of freedom respectively.

At M # 0,v, # 0, we also have U(1), charge symmetry, U(1), valley symmetry and SU(2),, spin symmetry for each
valley 7. We also mention that at M = 0, we have an enlarged flat U(4) symmetry and at v, = 0 we have an enlarged
chiral U(4) symmetry [1, 2]. At M = 0,v, = 0, we have a U(4) x U(4) symmetry [1, 2]. Here, we consider the case of
M # 0,v], # 0, where we only have a U (1), x U (1), X SU(2)y=4 x SU(2),—— symmetry. We comment that M = 3.698meV
is relatively small and we have an approximate flat U(4) symmetry. Under U(1). transformation gy;(1), (f.) (characterized
by a real number 6.), U(1), transformation g1, (6,) (characterized by a real number 6,) and SU(2),, spin transformation
9su(2), (0}) (characterized by three real numbers 01/, ;1 € {x,y, 2} ), we have

UL)e: DI (guq).((6e) = e 0omo0, D (gun). ((0c)) = e P oomos0, D (guy. ((6e) = e oomos
ULy : DY (gu), ((0) = 00e™ "6, D (gu), ((6u)) = o0e ™60, D (gu(1), ((6)) = doe ™™gy
SU(Q)T] Df<gSU(2)77 (95)) = er*i ZM 92 10+4nrz,§“7 Dc’ (gSU(g)T, (9;;)) — 0—0677;2“ 92;0277”&#7
Z . nTo+nTs
D (gsu(2), (04)) = cpe ™ 2u i 5T 5w (S32)

S4. MEAN-FIELD SOLUTIONS OF THE KONDO LATTICE MODEL

The Kondo Hamiltonian in Eq. S22 contains two single-particle term H, and H,, and two interaction terms Hy + H;. We
now discuss the mean-field decoupling of Hg, H ;.
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A. Mean-field decoupling of Hy

We treat the interaction terms via mean-field decoupling

L TMF
Hy ~HY

= D by

Ny D
R, |K| <A, |k |<A. a,al,a,a’ 0,158, MZve,vy

ei(k—k’)R—|k\2/\2/2—|k’|2)\2/2

{725a’,a’6a7a + Y0, 0000 ko0 — kgl;ay]a’a’ + 000 a0 [Nk 0 + kyoylaa
{ <f1T1,ansckva775> <cIc’,a’n/s/ fR’Ot'T]’5'> - <fl'r{,ansckvaﬁs>czc’,a’n/s/ fR,Ot'U/S/ - f;{,ansck@US <cl'r<’,a’n’s’ fR;Oé/n'S'>

- <: flir{,omszvalﬁ/S/ :><: C;r(’,a’n’s’ckaans :> + <: flir{,anszﬂ/n/S’ :> : CJlrc/,a/n’s’Ck,m?S o fl;r{,anszﬂ’ﬂ/S/ : <: lec/ a’n’s’ck»anS >}

(833)
where for an operator O, (O) = (¥|O|¥) with |¥) the mean-field ground state.
1. Fock term
We first consider the Fock term (F.T.), which takes the form of
ei(kfk’)Rf|k|2>\2/27|k’|2>\2/2
ET. =
> > oD
R, k| <A, |k [<A. o0/ a,a’ ', s,8’ @ Vf
2 / 11,0 / /
|:"/ 0o’ a'0cv,a + ’)’U*(Sa,a[n kpoz — kyay]a’a’ + YV dar,ar nkyosx + kygy]aa]
(e ansCicans) o ar o fRarms’) = (ks Cans Yol ot PRt = T s Chsans (o s fR,armrs?)
R,ansk,ans k’,a'n's'JR,a'n’s R,ansk,ans/Cx’ a'n' s’ JR,a'n's R,anstk,ans k’,a'n’s’ R,a'n's
etk R—|k| ,\2/2 ; e~k R—|K'|?A%/2 ;
:Z D { Z Z fR,anka»f”]S>< Z Z 7]\7 Cy a”r]’s’fR7O£’7]/s/>
R Ve,Vf |k\</\ ans \k’\<A a'n’s’ \% M
etk R—[K| /\2/ ; e~k R—-[K'|°X?/2 ;
[ e tnt 5 ST ) b
|k|<A. ans |k/|<A a'n’s’
. 1,/ 71242
ek R—[k[?A?/2 : e W RAKTEN 2 60— K oyl avar ;
FWA DD e fh s Ceans) (> D Y o arny s R0 st)
[k|<A. oms VNu [K'|<A.a’a’n’s’ VNuM
eik-Rf|k|2>\2/2[nkzaz_~_k oylaa ; e~k R—[K'|°X?/2 ;
+’Y,Ui< Z Z / - fR_anka,an3>< Z Z —Ck’ a/n’s’fRya/nlS/>
‘k|<Ac aans NM |k/|<Ae a'n's’! V NM
etk R—[k[?A%/2 Nkyow + kyo e~k R—[K'|?)?/2
Ui|: Z Z \}Ni - z y}aa f}T{,ansckﬂns< Z Z VNt CI{’ ! n’s’fR o’ 'S'>
|k|<A. aans M k/|<A. a'n’s’ M

e RPN /2008 o 4 kyoyaa

fR ‘Ck,oms> Z —CIT(I I IfR,a/n’s’ +hC:|}
\/m o k| <A a/n’s’ \/m ams

(S34)

e~k R—|K'|?X?/2

2

|k|<A. @ans
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We introduce the following mean-field expectation values

etk R—|k[?A?/2

= Z Nyv Ny

R, [k|<A. ans

<lI} ‘ fl;,oms Ck,ans |\Il>

ek R—[K| 2X\2/2
= > Z TN (Mka0a + kyoy)aa (W] fl qmsClcans|¥) (S35)

R,|k|<A, aans

and assume the ground state is translational invariant such that

ik R—[k[222/2

etk R—[k[?A%/2
Z Z \/7 <\I]‘fR omsck 0”73|\I/ Z Z \/7 <\I/|fl1:'{,ansckvans|\:[/> =V

k| <A, ans R|k|<A ans

ok R—k|[?\?/2

Z Z \/— (nkyos + kyay)aa<‘I’|f;[,ansck7an8|\1’>

[k|<A. aans
1 Z eik-R—[k|?A%/2 ;
= 7(’0]{:1‘033 + kyoy)aa <‘Ij|fr,ansck,ans|\l’> =V, (S36)
Num R, |k|<A. aans VM
Then the Fock term (Eq. S34) becomes
etk R—[k| ,\2/2 N2V l2
RT.=— 2 e (Vf‘fﬁ,ansck,uns + h.c.> + %77“'
Yol R, |k|<Ac an,s Vet
etk R—[k| ,\2/2 Nusvo VEVe
P S S e (W kaon + Ky an i + ) + ATV
z/ WV R, \k|<A a,a,m,s Ve,Vf
/ Zk R— |k‘ AZ/Q N / V*V
rYU* M’YU* 2 1 (S37)

T )t

VeVl R, k|<Ae @m,8

2. Hartree term

For the Hartree term (H.T.), we introduce the following density matrices O7, 00/71, O 2, where O7 have also been used in
the mean-field calculations of the THF model as shown in Ref. [1] (however, OC'>1, Ocl’z, V1, V5 are absent in the THF model)

1
O‘J;US a'n’'s’ = Ni <\Ij| : flir{,omsz,a’T]’s’ : ‘\I/>
Mg
! 1 2,2
t _ _ ) .
O(Cz,ns,a/n/s/ == ’ e [k[X <\I/‘ : CL7anka7a’?7’S’ : |\Ij>7 a,a’ c {172}
M <A,
027,2/3/ = D D€ KN (kg0 + Ky )aa (V] CharysrCleans * W), a’ o € {1,2} (S38)
|k|<A a=1,2

We then assume the ground state is translational invariance such that

1
<\Il| : f;{,anszva/U’S’ : |\Ij> = N7M <\Ij| : flir{,omszaaln’S/ : ‘ > O({ms a’'n’s’ *
R

(S39)
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Using Eq. S38 and Eq. S39, the Hartree term can be written as

H.T.
cik—k )R—|k|*X\?/2—|K'|?)?/2
= Z Z Nu D [725a’,a’6a’a + Wibaaln'kpow — kgllay]a’a’ + 70 0ar 0 [Mka0w + kygy]aa:|
uc,uf

a,a’ a,a’ g
|k|<1\m|k [<Ac n,n',s,s’

{ - <: fl;,,anszvaln/S’ :><: cL’,a’n’s’CkvaWS :> + <: fgt,ansz,a’n’s/ :> : Clt’,a’n’s’ck»ans i fl‘:rl,ansz»Oé/ﬁlsl : <: C;r(’,a’n’s’ck»ans >}

Ny / '
— 2 f c'l c,2
- D Oans an'’s’ Oa’n’s/,oms — {7 Ooms ol n’s’Oa’n’s’,ans +h.c.
/ Ve,Vf
a?‘x 9
77177/$‘318/
E E IR ’ k|22
- { ans,a’'n’s’ € Ba : Ck,a’n/s’ckﬂns 6a a(sa a! + |7V Ooéns a’n’s’ 601,@[77 kyos — kyay]d'a'e Ik
[k|<Ac a0,

0,1
1 2
: CLa'n/ka.,ans : +h.c.] } Z Z { : f;{7ansz,a’n’s’ O; Kurstoms T {’yvi : f;{,ansz’ya’n’S’ O; Yurst ams h.c.] }

aoz7

5,8
(S40)

3. Fock and Hartree terms
Combining Fock and Hartree (Eq. S37 and Eq. S37) terms, we have

Ay ~AYF
=FT. 4+ H.T.
ek R—[k| ,\2/2 N2V 2
= Z Z l:(vl*fl-;,(msck»ans + hC):| + D’-Yim
Ve, Vg

D
Yol R, |k|<A. an,s

sz k| )\2/2 N ’U/V*V
D I S T
V s R, |k|<A; aa,m,s Ve, Vf
ok R—[K| X“/Q Ny, ViV,
DD DR [(v;f;,mck,m R A
Ve,V

D
Ve,V R‘k|<A a,n,s
Z 2 f c ' c,2
+ _D |: OC”79 007/8'004 n's ,ams (ryU*Oans,a/W/S/OO/??/S/,OH’]S + h.c.
Ve,

T]T] SS

E E INED I ’ k|22
+ ans a’'n’s’ € ~Ikl . ck,a’n/s/ckaans 60‘ 0«60‘ ,a! + Vs Oans a’n’s’ 60‘70«[77 k’wO'a: - kyay]a’a’e Ik
[k|<Ae a,a,
nn'.s,s’
LT . i) 1 ) c'\2
: Ck,a’n/sckvans : +h.c. : fR,omsz>a/"7,5/ Oa 'n’'s’,ans + YU, ¢ fR,a'r]sz/yaln/Sl Oa s’ ams + h.c.
a, a s
n,m’ 8,8’
(541)

V1, Vi describes the Fock contribution that characterize the hybridization between f- and T'3 c-electrons. O, 0¢+!, 02 are
the mean fields taking the form of {fT f), (c'c) which represent the Fock contribution.
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B. Mean-field decoupling of H,

We now perform a mean-field decoupling of the ferromagnetic exchange coupling term [1]
H, ~ ﬂJ\IF

ik—k/ ‘R ata’ T T
QNM Z Z Z ( ) (' + (=1)** ){<fR,omka’70¢+2J?S><Ck/,a’+2m/s/fR1a’77/S/>

R aa’/nn’,ss’ k|, |k/|<A.

- <fl;,ansckxa+2ﬂ751>CI<’,a/+2,n’s’fR7a/77/5/ - fl'r{,anslckxa+2ﬂ75 <CI<’,a’+2,77’s/fR’0"77/5/>

- <: fl;,ansz:a'U/S/ :><: CJlrc’,a’+2,n’s’ck7Ot+2a773 >+ : f;l,anszva'ﬂ/S/ : <: cli’,a’+2,n’s’ckall+27775 :>

+ <: fl;,ansz:alﬁlsl :> : CL’}a’JrQ,n’s’Cka@"rQ:”]S : } (842)

1. Fock term

The Fock term takes the form of

ET. = ZNJW Z Z Z ellkk ).R(nn/ + (71)a+a ){<f1]?L{,anka/7Oé+277]S><CI<’,a'+2,77’s’fR,a'77'S’>

R aa’'nn’,ss’ k|, |k/|<A.

- <fl1:.{,ansck’a+2’7751 >cIc’,o/+2,n/s/ fRA,a’n’s’ - flir{.,omsl Ck,a+2,ns <CL/,O¢’+2,n/s’fR’a/n/3’> }

ci(-K)R kR
=—J E E { E \/7 55 n(—1)e+1 fR LansCK/ ,a+2, 775>< E 56777/(_1)&4-1 7\/N70k/7a/+2,77/5/fR,a’n’s’)
R ¢=+ k| <Ac,ans k|<Ac,a'n’s’ M
Gi(-K)R gk R
_ 7o { b 1 —— o f )
/7 5 n(=1)>+t1 IR ansCK a+2,ns &' (=) +1 AT K ,o'+2,' s’ I R,a/n’s’!
k| <Ac,ans k| <Ac,ans M a’n’s’
1( k)R 1k R ;

- W(Sé n(= 1)““fR ansC’ o+ 2.n) Z VN Ot yr (—1)e"+1Chet 42,17t TR0/ s } (54

k’,ans M [k|<Ac,a'n's’

We then introduce the following mean-fields

Fo (-1t

ERNPUID B T

R, |k|<A. an,s

<qj|f;{,ansck7a+27]5|\p>

eik'R5 1 a+1
_ } : } : —1n(=1)>t T
ne R,[k|<A. om,s Nuv Ny (U1 ons oz [} (54

and assume the ground state is translational invariant such that

eMRE (1)t By p(1)art
Z Z #)< |fR aﬂsck a+2ns|\Il NJVI Z Z Z 777( <\Ij|flit,ansck;a+27]8|\p> = ‘/3

|k|<Ac an,s R |k|<A. an,s

eik.R5_1 n(—1)a+1 'R(s—l (L1)ets
, v a+2ns|¥) il 0| fl arons | U = V4
2: § : VNar ( |fRansck +2ns|¥) NM Z Z Z VN ( |fR,anka, +2ns|¥) 4

|k|<A. an,s R |k|<A. an,s

(845)
Then the Fock term can be written as

ET. = — JNuy [|[Va]? + V4P

i(—k')-R
+J Z {\/]TM {51177(1)“+1f1;,ansck’7a+2,7lsv3* + 5*1177(*1)“4“f;,ansck’7a+2ansv4* +:| + h'C'} (546)
R, k|<Ac,ans
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2. Hartree term

The Hartree term takes the form of

J . _ ’ . !
HT =— 2N Z Z Z el(k k) R(nn/ =+ (_1)a+a ){ - <: fl];,ansz,a/n’s’ :><: Clt’,a’+2,n’s’ck,a+2ms :>
M "R aa’nn’,ss’ k|, |k/|<A.

+: fl‘:r{,anszaO/TI/S/ : <: Clt’,a’+2,71/s/ck’a+2ﬂ75 :> + <: f;{,ansza’n/S’ :> : CL’,a’—&-Q,n’s’ck»a‘f‘QWS : } (547)

We introduce the following density matric which has also been used in Ref. [1]
1 ].
0% i s = o 7AW e g yansoarays 1 0), aa’ € {1,2}. (S48)
|k|<Ae

Using Eq. S38 and Eq. S48, the Hartree term becomes

JN]M / ’ 1
_ ata f c
HT. =— E (7]77 + (_1) )Oans,a’n’s’Oa/n’Slvaﬂs
aa’nn’ss’
J + " J
§ . . ¢ § ’ ! Lt .
+ 5 : fR7ansz7O/’fZ’s/ : Oa’n’s’,ans + 5 O(x’r/s,(x/n’s’ “Ckr a2, s Ckat2,ms ¢ (549)
R.,aa’/nn’ss’ |k|<Ac,aa/nn’ss’

3. Fock and Hartree terms

Combing Hartree and Fock terms (Eq. S46 and Eq. S49), we have
I;[J %H#JF
= —JNm Y Vs + [Vaf?
==+
ei(—K)R

+J Z {m |:61777(_1)“+1f;{,ansck'»aJrQWSv; + 6—1777(_1)“"'1f;{,ansck'»a+27nsv4*:| + h.C.}
R, k|<Ac,ans

JN]V[ / ’ 1
ata f c
- 9 E (7777 + (_]‘) )Oar]s,a’n’s’Oa’n’s’,ans
aa’nn’ss’
J t " J
§ ' . . OF § f At .
+ E : fR,ansz»a/U/S/ : Oa’n’s’,ans + 5 Oan‘s’a/n/s/ : Ck’}a’+2,n’s'ck704+27778 : (SSO)
R.,aa’nn’ss’ k|<Ac,aa’nn’ss’

Vs, V, describes the Fock contribution that characterize the hybridization between f- and I'; @ I'y c-electrons. O7 0" are the
mean fields taking the form of (fTf), (cTc) which represent the Fock contribution and have also been used in Ref. [1].

C. Filling constraints and mean-field equations

We note that in the Kondo model the filling of f electrons is fixed to be v¢ at each site. To simplify the calculation, we take
a common approximation that only requires the average filling of f-electron to be v¢ [3, 138]. In other words, we only require

ﬁ Y Roans(¥l: fﬂ’ans fr,ans 1 |¥) = vy. We then add the following term to the Hamiltonian

Hy =) )‘f<:f1;r{,ansz,ans : _Vf> (S51)

R,ans
and determine the Langrangian multiplier A ¢ from the following equation

1

NiM Z (¥ fIT{,ansz,oms ) = vy (852)

R,ans
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In practice, we perform calculations at fixed total filling v = v; + v., where vy and v, are the average fillings of f and ¢
electrons respectively. Since v is also fixed in the Kondo model, we will self-consistently determine the chemical potential fi.
(in Eq. S28) by requiring

1
— Z ik C;rc,ansck,ans ) =ve=v—vy (S53)

N,
M |k|<Ac,ans

Finally, our mean-field Hamiltonian takes the form of
AMF = f, 4 Heo + Y+ AYF + [, + 1, (S54)

and we determine Vi, Va, Vs, Vi, 01,01, 02, 0" | A}, . from the self-consistent equations (Eq. S35, Eq. $38, Eq. S44,
Eq. S48, Eq. S52, Eq. S53). During the self-consistent solution, at each step, we will adjust A¢, p. according to the current
filling of f- and c-electrons. We use 1/;'c and v denote the filling of f and c at i-th step. For the i + 1-th step, we will update
Af, lhe @S Ap — A + T(Vjc —Vf), e = pre — (V2 — vc), where (> 0) will be manually adjusted to improve the convergence
(in practice, we take r ~ (0.001).

D. Mean-field equations of the symmetric Kondo state

We focus on the symmetric Kondo phase without any symmetry breaking. Therefore, we require our density matrix of f-
and c- electrons (Eq. S38, Eq. S48) to be symmetric. We can then utilize symmetry to simplify the self-consistent equations
(Eq. S38, Eq. S48). We first consider the U(1),, symmetry. From Eq. S32, a U(1),, symmetric solution satisfies

! _nf —i6, (n—n") ! _
Oans,a’n’s’ - Oans,a'n’s’e = Oans,afns' =0
1 A1 —i0,(n—n") 1 _
Oans,a’n/s’ - Oans,a’n’s/e = Oans,a/—n’s’ =0

’ ’ . , /
c,2 _ <2 —i0,(n—n") 2 _
OCH]SA)/T]/S/ — Oans’alnlsle = Oans’alinlsl — O
OCII _ OC// 77/6,/(777”11) i C// _ O
ans,a’n’s’ — a'r]s,a/n’s’e ans,a’—ns’ —

(S55)

and Vi, Vs, Vi, V, are invariant under U(1), transformation. From Eq. S55, O7, OC"l, O“’,’2, 0" are block diagonalized in
valley index. We next consider a SU(2),, transformation acting on the valley n. We find

i gnon f i 0ok _Nf !
E [6 wu ]52-,5004775,04’775’ [e w ]5/73/2 = OO(’I]SQ,QI’I’]SIZ = Oans,a’ns’ X ]1575/
s,s’

P>, 0ot 1 P>, 0laH Al 1
E " &nTu ]sz,sOans,a’ns’[e o ]5/75/2 - Oans,a’ﬂs’ = Oansya/ns/ o Lo
s,s’

P>, 0lcH c,2 P>, 0lcH A2 2
E [e" &nTn ]sz,sOans,a’ns’[e o ]5/75/2 - Oans,a’ﬂs’ = Oansya/ns/ o Lo
s,s’

iy, 0ot <’ iy, OlcH Yo '’
§ [6 wu ]SQ,SOa'r]s,a"r]S’ [e w ]S'xs,z = Oans,a’ns’ = Oans,a/nsl X HS,S' (856)
s,s’

where I is an 2 x 2 identical matrix. In addition, V7, V5, V3, V} are invariant under SU (2)77 transformation.
From Eq. S55 and Eq. S$56, the density matrices O7, Oc/’l, 0<" are diagonalized in valley and spin incdies. We then introduce
2 x 2 matrices, o/, 0% 11 0% 21 o1 such that

f _ fm 1 _ <l
Oans,a’n’s’ - Oa,a’éﬁan/(SSvS/’ Oans,a’n/s’ - Oa,a’ 57]771,5515,’
2 c',2,m "’ c’'n
Oans,a"r]’s’ = Oa,7a/ 67]771'5373'7 Oans,a/n’s’ = Oa,z;’ 577777/6375/ (S57)

We now consider the effect of discrete symmetries in Eq. S30. Using Eq. S31 and Eq. S57, we find

T (Of,n)* _ Of,fn, (Oc’,l,n)* _ OC/-,L*U’ (Oc’,Q,n)* _ 0c',2,7n’ (Oc”,n)* _ Oc",fn

Cs. o5 0z pfme—i%los _ (fin pi%Flos j In—ifFlon _ o\l BT c 2 —i5 et _ 2 o ¢
* ) ) )

/ ! ! ’ 1 1

1 1 2 2
Coy : Uxof’nax — Ofm’ 0,0 Moy = 0% 5092 g, = 02N 0% Moy = 0f

/ / / / " 1
Co, T : (Umof’”az)* _ Ofm7 (%Oc 71,77%)* — o ,1,777 (owoc ,2771%)* = _o°¢ ,2,—71, (O'IOC ’”az)* — o M (S58)
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From the definition (Eq. S38), O7, 00/71, O°¢" are Hermitian matrices and then of , 00/717 o are also Hermitian matrices. Com-

bining Eq. S58 and the Hermitian properties, we can introduce real numbers Xg . X0 ’1, Xf)”, Xf” and then o/ ocl, o take the
following structure

m_ f—n _ f ¢ 1n _ . da 2 _ c’'m_ c”’
ofm =0l = xlap, oM =0T =y, 0T =0, o7 =x§ o0+ X 0n (S59)

where 0, 0 4, are identity and Pauli matrices respectively with row and column indices o = 1, 2. Since the filling of f- and
Iy @ Iy ¢ electrons are vy = Tr[Of], v = Tr[O°"] respectively, we find x{ = v;/8, x5 = v /8. Using Eq. S59 and
Eq. S57, for the symmetric solution, we finally have

Oins an's’ T 5@&’577777’68,8’”1‘/8
,1 1 ’.2
Ozczns a'n’s’ = 5‘1,‘1,677771,6575/)(8 ’ Otczns,a’n’s/ = 07 a, a’l € {13 2}
O;ns a'n's’ — 677,77'68,8' (6%@’”6”/8 + 5@,3711’)(; )7 a, a € {1'2} (S60)

As for the hybridization fields, we find discrete symmetries will not impose constraints on Vi, V5. As for Vs, V,, we have

T: V3 = V4*; C3z : ‘/3 = 62'27‘—/3‘/37 V4 = 6i27r/3V4
Coz i V3 =Viy; Co.T : V3 =Vy (S61)

therefore
Vs=Vy4=0 (562)

In summary, instead of solving self-consistent equations of O7, Oclvl7 OCN, Vs, V4 (Eq. S38, Eq. S44, Eq. S48), we can use

1
Vi = Ni Z <‘If| : f[T{,anszﬂns : |\I/>
M R,ans
' 1 242
;1 B . .
Xy = SNy, z (W~ IkI"A 'Cli,ansck,ans L)
Ik‘<Acya:1,271’]s
1
Verr = Ni Z <\I,| : CL,a’r]Sck7anS : |\Ij>
M |k|<A.,a=3,4,ns
1’ 1
X{ = SN, Z <W|Clv3nsckv4’75+CI<,4nka,3ns|\I/>
|k|<Ac,ms
hon (S63)

and obtain Of, O°, 0" via Eq. S60. We note that the first equation in Eq. S63 is equivalent to Eq. S52. In summary, combining
Eq. S35, Eq. S53 and Eq. S63, we have a complete set of mean-field self-consistent equations for the symmetric Kondo state.
We comment that Eq. S63 are the same mean-field equations as we derived in Sec. S4 A, Sec. S4B and Sec. S4 C, but with
additional symmetry requirement, that is the ground states satisfy all symmetries.

We mention that, at v = vy = v, = 0, we have OanS as = 0, Ogms ays = 0 and the Hartree term in Eq. S41 vanishes.

We now prove the Hartree term in Eq. S50 also vanishes. We note the only non-zero components of 0<" are Of;s,zns, Og;;syms.
From Eq. S49, the Hartree term takes the form of (with o0/ =0

i(ki—ka) Ry, 1, (_1yata'y| . gt
2NM Z Z Z ¢ (' + (=1)* Q)['fRans1fRa'77'82 Og’n’sz,an51:|

Rsise aa/nn’ |k |,|ka|<A.

— i(k1—kz2)-R a+3—ay| . ¢t . e’
- 2NI\/I ZZ Z e’ (7777 + ( 1) ) |: . fRansz(XITIS . 03—04773,(”75:|

Rs an |kq|,|ka|<Ac

- QNMZZ > e“‘““”'R(o){:f&ansfms;oglans,ans]

Rs an |kq|,|ka|<Ac
=0 (S64)

and hence vanishes. In summary, at v = 0, we only need to consider V7, V5, and other mean fields vanish.
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E. Properties of the symmetric Kondo state

We solve the self-consistent equations Eq. S35, Eq. S44, Eq. S52, Eq. S53 and Eq. S63 at integer filling v = 0,—1, -2
with vy = v,y = 0. We identify the symmetric Kondo (SK) states at v = 0,—1,—2 which are characterized by
# 0 (|’y2V1/D,,f71,C = 95meV,111meV,209meV at v = 0,—1,—2 respectively), Vo # 0 ([v;7V2/D,, .,
80meV, 97meV,197meV at v = 0, —1, —2 respectively) and V3 = 0,Vy = 0. Even if we allow non-zero V3,V and ini-
tialize the mean-field calculations w1th non-zero V37 Vi, V3, Vy, we still find V3 = V, = 0 after self-consistent calculations
(amplitudes smaller than 10~5). This is because H describes ferromagnetic interactions and disfavors the development of non-
zero V3, V. We also comment that the non-zero V7, V5, introduce an effective f-c hybridization (Eq. S37) and characterize the
Kondo physics.

We next discuss the topological feature of the bands. Since the SK states preserve all the symmetries, it is sufficient to only
consider the bands in valley + and spin . We find at v = 0, —1, —2, the representations formed by flat bands at I'; K, M are
'y & Ty, Ko K3, My & Ms respectively. We note that the representations formed by flat bands here are equivalent to that of the
non-interacting THF model. Thus, the flat bands form a fragile topology at v = —1, —2 and a stable topology at v = 0 due to
the additional particle-hole symmetry at v = 0 [1, 85].

In addition, we also calculate the Wilson loop of the flat bands (valley + spin 1). In the calculation of Wilson loop, we
let k1 € {5 }i= 1 N1, ko = {%}= 1 No1and k1 € {F}i=1,..Nv-1,k2 = {{}j=1,. . v-1and k = E1bas1 + kobag o,

3aM (\f 0),bar2 = 3aM (‘2[, g) are two moiré reciprocal lattice vectors and ay; is the moiré lattice constant.
We then let |u, k) denote the n-th eigenvectors of the single-particle Hamiltonian H (k) (of valley + spin 7). We focus on
the subset of the bands, which we denote with band indices n = 1,..,npqnq. Here, we take the flat bands as the subset of

the bands that we are interested in. We then define the matrix Uy as a matrix formed by the eigenvectors of the flat bands

where by 1 =

Uk = [Ju1 k), [u2,k)s - [Uny,,qk)]- The Wilson loop [85] along the ks direction is defined as
W(kl k1 k2=0 H ( khszzm U ko= 2W(JJ\']+1))V(kl_O)k2_2ﬂ)Uk1,k2—27r . (S65)

where V& is defined as H(k+G) = VEH (k)VET, G = nbys1 +mbas2, n,m € Z. We mention that c-electrons are defined
in the momentum space that can be larger than the first MBZ (depending on the momentum cutoff A.). Thus we introduce
VG that maps ¢y to ¢ g to restore the periodic condition H(k + G) = VEH (k)V!. The corresponding Wilson loop
Hamiltonian [85] is

Hlkn) = =iln(W (k1) (S66)

We plot the Wilson loop spectrum (eigenvalues of (k1)) in Fig. S5, where we observe the Wilson loop has winding number 1.
As shown in Ref. [85], in the presence of additional particle-hole symmetry at v = 0 [1, 85], (—1)™ with n the winding number
of Wilson loop is a stable topological index. We conclude that at v = 0, the symmetric Kondo state has a stable topology that is
characterized by the odd winding number of the Wilson loop.

From Fig. S5, we observe the behaviors of the Wilson loop are similar at different fillings. We check the overlapping of the
flat-band wavefunctions between different bands. We let {|u} ) }i=1,....n,,, denote the wavefunction of flat bands at filling v.
We define the overlapping between wavefunctions at fillings v and v/ as

Overlap(v, /) Z Yo (ubhdui whdut (S67)

k ij€{l,....,nbana}t

We find Overlap(0, —1) = 99.1%, Overlap(—1,—2) = 91.6%. The large overlapping of wavefunctions between different
fillings indicates similar behaviors of the Wilson loop at different fillings as we showed in Fig. S5.

Finally, we analyze the mean-field Hamiltonian of the symmetric Kondo state. The mean-field single-particle Hamiltonian of
valley 1 and spin 1 (spin 1 and spin | are equivalent) of the Kondo symmetric state can be approximately written as

) ) = { H) (k) g(fc,m(k)} (S68)

Hemt(k) Hen (k)
ﬁ](fm)(k) = Eflayo

r7(c,m) _ Ecloyo ’U*(kaO'o + ik:yaz)
el = [U*(lefao — ikyo) Eerlaxo

HYe (k) = [Fog + v, (nkyow + kyoy) Oaxs) (S69)
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FIG. S5. Wilson loop spectrum of flat bands of SK states at v = 0, —1, —2.

where Hm fen) Ffen denote the single-particle Hamiltonian of the f-block, c-block and fc-block respectively.
Ey¢,E., E.» denote the energy shifting induced by the Hartree term, one-body scattering term H,, and chemical potential.
E¢, E. can be k dependent and we only keep its k-independent part which makes dominant contributions. F.» comes from
the Hartree contribution of H 7 (Eq. S49, which is relatively small and we set E.» = 0. We also set M = 0, since it is small
compared to the other parameters. 7, v, denote the renormalized f-c hybridization emerged from Kondo interactions (Eq. S37).

We also drop the damping factor e~ IkIPA*/2 g simplify the analysis. In practice, we find || = L |72V + ol V| ~
Ve,V f

175meV, 209meV, 406meV. In the chiral limit v, = 0, we also have v/ = 0 (v, = v/, = Yo Vi*/Dy, ). We note that
|04 ||k| can reach a similar amplitude as the k-independent hybridization |¥|. However, we expect in most regions of MBZ, |7/
makes the dominant contribution. We, therefore, drop the set vz = 0 or equivalently v, = 0 as an approximation. By setting
v, = 0, we can further separate H (") (k) into two blocks. The first block corresponds to the row and column indices 1,3, 5
with electron operators, fi 155, Ck,1ns, Ck,3ys- The second block corresponds to the row and column indices 2, 4, 6 with electron
operators, fic 2,5, Ck,2ns, Ck,ans- We focus on the first block whose single-particle Hamiltonian is

B Ey y 0
A (k) = | 4 E, v, (nky + ik,) (S70)
0 wve(nky —iky) 0

We next analyze the eigensystems of ﬁ(")(k). We note that 4 provides the largest energy scales near I'j; point and will gap
out f- and I's c-electrons. To observe this, we first consider the first 2 x 2 block of 2(" (k) which describes the single-particle
Hamiltonian of f- and I'3 c-electrons

Ey 5
b &} (S71)

The eigenvalues and eigenvectors are

E.+E , . (E.— Ef)? E.+E , . (E.— Ef)?
B = f_\/72+( 12 g f+\/72+( 1)

2

2 4 ’ 2 4
1 T 1 T
vy = Es—FE;. 7|, wv2= Es+ E¢e 7
\/2Efc(Efc—E3) [ ] \/QEfC(Efc—FEg) [ ]
(S72)
E;—E.

where E3 = =I5 Er. = /72 + F2. Since 7 is larger than E., Ef, I's c-electrons and f-electrons are gapped out by the
hybridization. Consequently, the flat bands are mostly formed by I'; & I's c-electrons. Numerically, we indeed find the orbital
weights of I'; @ I'y c-electrons are large (71%, 77%, 89% at v = 0, —1, —2 respectively).

We next treat v, perturbatively. We find the dispersion of the flat band becomes

By [kP(0)? _ EglkP(v)?
E\E, 32— E.E;

E]{lat ~ (873)

At v = 0 with particle-hole symmetry, £y = E. = 0 and Elflat ~ 0. However, at v = —1, -2, where Ey # 0, E. # 0, flat
bands become dispersive. We observe that | E| is much smaller than |¥| at v = —1, —2. E increases as we change from v = 0
to v = —2, because we are doping more holes to the f-orbitals. At v = —2, E; canreach ~ 0.5|%|, butatv = —1, Ey ~ 0.1]7].

Approximately, the dispersion of the flat band is EJ'* ~ (v,)2E;/32. Atv = —1, we have Ej ~ 13meV - A2[k|? and, at
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v = —2, we have By ~ 45meV - AQ\kP. This indicates a larger dispersion at v = —2, which is consistent with our numerical
result shown in the main text Fig.1.
We next analyze the wavefunctions of the flat bands. The corresponding electron operator of the flat band d} lat.k 1S

1 v (Nky — iky) .
d;lat,k ~ A7k |:C;r<,3ns + EcEf o ,S/Qy - EfCI(,lns + ’Yfli,lns (874)

where the normalization factor

a2 [k[2(EF +72)
Ay = \/1 + G, P (S75)

We observe that in the large || limit, the flat bands are mostly formed by I'y @ I’y c-electrons (CL?)US). We also provide the
Berry curvature derived from the wavefunction in Eq. S74

—2(EEp — %)% (E} +5)v]

Qk) = 5 (S76)
[(B.E7 3202+ (B + 70k
We next calculate the Wilson loop from the wavefunction in Eq. S74. The wavefunctions of d} lat K 18
1 vk —iky vk —iky <]
u(k) = . [1 Tt (-Ep) E—st ’y] (S77)
where the first, second and third rows denote chnS, flil s cLl s respectively. We then parametrize the momentum as
4r Ar V3 3
k= b b by =-—(V30), bys=-—(—,< S78
T1apbpr1 + zoapbpra, basa 3ans (v3,0), baa 3aM( 5 2) (S78)
1 1.1
X2 € |— o, | — S79
1,22 € [~5, 5] o (S79)
and define |u(x1, z2)) as |u(k)) with k = z1apbas1 + z2apbas2. The Wilson loop can be written as
N-1 ,
W(zx1) = H(u(z To = Ta;)|u(xr, 22 = o j11)(u(z1, 22 N)|u(T1, 220)), X2i=— L A (S80)
1 o 1,42 2,4 1,42 2,7+1 1, L2,N 1,42,0)/5 2,7 2@]»[ ans N
The spectrum of the Wilson loop is
N(z1) = —iln(W(z1)) = —z/ (u(x1, 22)|0p, |u(z1, 22))dxe — i In({u(z1, 1/(2an))|u(z1, —1/(2anr))) (S81)
—
In the continuous limit with ap; — 0, we find
N(zp) = —i/ (u(x1, 2)|0, |u(x1, x2))dxe — i In({(u(z1, 00)|U(21, —00)) (S82)
Combining Eq. S77 and Eq. S82, we find
Uf.fcl
N(xzy) =m{1+ (S83)
(B3%—E:Ef)?
\/rv%v% + Efffyzf

Even though Eq. S82 is calculated from the perturbative wavefunction in Eq. S77, it qualitatively captures the behaviors of the
Wilson loop shown in Fig. S5. We observe that N(—oo) = 0 and N (co) = 2, which indicates a 27 winding at v = 0, —1, —2.
We also mention that current calculations correspond to one of the two flat bands for each valley and each spin, because we only
pick one block of the single-particle Hamiltonian as we discussed near Eq. S70. The other flat band can be derived in the same
manner and has similar behaviors, since it has a similar single-particle Hamiltonian.
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S5.  MEAN-FIELD SOLUTIONS OF THE TOPOLOGICAL HEAVY-FERMION MODEL

We now discuss the mean-field equations of topological heavy-fermion mode in Eq. S12. We use a similar Hartree-Fock ap-

proximation as introduced in Ref. [1]. However, we decouple H; via Eq. S50. The mean-field expectation values we considered
are

1
054778704’?7/5’ = N7M Z<\I}| : fl];{,ansz,a’n’s’ : |\I/>

R
/ 1
Ogns,a’n’s’ = Ni Z <\I/| :C]Tc,ansckﬂ’n's’ : |\II>7 a € {172}
M <a,
" 1
Ozczns,a’n’s’ = Ni Z <\II| :CL7a+27]sck7a’+277/5/ : |\Il>7 aﬂa‘/ € {172}
M <A,
/g 1 )
O(if Il ol — T — Z 671k.R<\I/‘CT fR 'n’ /|\I/> a 6 {1 2}
ns,a’'n’s / k,ans QNS ) )
NN k|<AcR

6ik'R51 (—1)a+1
Vs = Z Z +<\P|f;{ .Ck a+2ns|\p>
,ans K,
Rden, ame VMV NM

eik-Ré‘i1 (1t
V= n U0 fh ansCheatans|¥) s
Rém%% Nuv/Nar (YInfR,an +on

where O7, OC”, V3, V4 have also been used in the Kondo lattice mean-field calculations (Eq. S38, Eq. S48 and Eq. S44).
In addition, THF model also has a chemical potential term H,, (Eq. S21) and we determine p by requiring the total filling of
f-and c-electrons to be v:

v = Tr[0'] + Tt[0°] + Tr[0”] (S85)
where we note that the filling of f-, I's ¢- and I'; @ I'y c-electrons are
v =Tr[0f], v =Te[0%), ver =TH[0], (S86)

respectively.

\I;/e dichss the difference and similarities between the mean-field equations of the KL. model and that of the THF model.
For the THF model, we introduce mean fields O/, OC/, O“’”, o' f , V3, V4 (Eq. S84) (for a generic state without enforcing any
symmetries). As for KL model, we introduce mean fields Vi, Vs, O, 01, 02, 0¢" V4, V4 (Eq. S38, Eq. S35, Eq. S48,
Eq. S44) (for a generic state without enforcing any symmetry).

« For both models, O¢" ,Of V3, V, are part of mean fields and contribute the mean-field decoupling of H 7 (Eq. S50).

¢ In the THF model, we introduce a chemical potential term y that couples to both the f-electron density operators and c-
electron density operator (Eq. S21. We enforce the total filling of f- and c-electrons to be v by tuning p. In the KL model,
we introduce a Lagrangian multiplier Ay (Eq. S51) that couples to f-electron density operators, and a chemical potential
e (Eq. S28) that couples to the c-electron density operators. We enforce the fillings of f-electrons and c-electrons to be
vy and v, respectively by tuning A ¢ and . in the KL model.

« We also mention that O° in THF model (Eq. S84) and O0¢"! in the KL model (Eq. S38) are different, where the latter one
has included an additional damping factor e~ 1kI*A*,

* In the THF model, we do not need hybridization fields V1, V5 (Eq. S35), since both come from the decoupling of Kondo
interactions that only appear in the KL. model.

A. Mean-field equations of fully symmetric state

We next discuss the solution of the symmetric state The fully symmetric state is characterized by density matrices
07,0 ,0¢",0¢7 and hybridization fields V3, V; that satisfy all symmetries. The structures of O, O¢” in the fully sym-
metric state are given in Eq. S60. We also prove that V3 = V; = 0 in a fully symmetric state (near Eq. S62). We now discuss
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the symmetry properties of 0,0, From Eq. S32, a U(1),, symmetric solution satisfies

/ / . ’ /
O;’I]S,O/T]'S, == Ogns’a/n/sle 20‘/(7] n ) = OZT]S,O(*HS' = O
cf A f —i0,(n—n") c'f o
Oans,a’n/s’ - Oans,a’n’s’e i = Oans,a—ns/ =0 (587)

Then, O¢, 0¢'/ is block diagonalized in valley indices. We next consider a SU(2),, transformation acting on the valley 7. It
indicates

P>, 0ot < P>, 0ot Y4 ¢
§ [e" &nn ]SQ,SOans,a’ns’ [e" &= P ]s/,s; - 0047182’@'775'2 = O"‘"S’O‘/ns/
s,s’
P> 0MagH cf P> 0ot _A7f c'f
§ [e w ]5215011775,0/7]5’ [e w ]5/15/2 = Oan527a’778'2 = Oans,a’ns’ (S88)
s,s’

Combining Eq. S87 and Eq. S88, we can introduce 2 X 2 matrices 0,0 I such that

o = 0% i85 51Oy O =02t 5y by (S89)

ans,a’n’s’ ans,a’n’s’ a,a
We now consider the effect of discrete symmetries in Eq. S30. Using Eq. S31 and Eq. S89, we find
T: (o9M)* =07, (o7FM)T = o fm
ng . ei27r/3na'z Oc/,ne—i27rn/3az _ Oc’,n’ ei27‘r/3naz Oc’f,ne—iZﬂn/SJZ — Oc’f,n
Cap: 0,0 oy = ocl’", 050" Mgy = o' 1

Co, T : Uz(ocl’")*aw = 00/’”, ow(oc/f’")*olc — o' fm (S90)

Then we can introduce a single real number XSI, X6 T to characterize the density matrices

Ogns,a’n’s’ = XS 601;04’677’77/7 027{8,0/77’3’ = XS f(;ava'(sﬂ;ﬂlés’sl . (S9])
Since the filling of I'; c-electrons is v = Tr[OC/] = 8xgl, we let X(C)/ = v /8. Therefore, instead of calculating the original

density matrices in Eq. S84, we can calculate the following quantities

1
V=g D AU fhapafRoans  [9)
M Ra
,ans
1
Ve = Ni Z <\Ij| :C]t,ansckvan's : |\I/>
M
|k|<Ac,a=1,2,ns
1

Verr = <\I]‘ :CL,ankaﬂns : |\Il>

M k|<Ac,a=3,4,ns

, 1 .

f = —ik-R f

XT= e Y e R fRans ) (S92)
8NV Ny e|< Ao o

and construct density matrices via Eq. S60 and Eq. S91. In addition, the filling constraints in Eq. S85 becomes
V=Vf+ Ve + Ve (S93)

Combining Eq. S92 and Eq. S93, we have a complete set of the mean-field self-consistent equations of symmetric state.
Here we discuss the differences and similarities between the symmetric solution in the KL model (Sec. S4 E) and the sym-
metric solution in the THF model as introduced in this section.

* Both Kondo symmetric (KS) state in KL model and the symmetric state in the THF model preserve all the symmetries.
» The KS state is adiabatically connected to the symmetric state in the THF model.

¢ The mean-field solutions are exact at N = oo.
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FIG. S6. Wilson loop spectrum of symmetric state in the THF model at v = 0, —1, —2

* To obtain a more precise description of the Kondo state, we need to introduce a Gutzwiller projector to our symmetric-
state wavefunction in the THF model. The Gutzwiller projector will suppress the charge fluctuations of f-electrons and is
expected to further lower the energy of the symmetric state.

* We also comment that, in the THF model, the flat bands are mainly formed by f-electrons with f-electron orbital weights
80%, 85% and 87% at v = 0,—1, —2 respectively. However, in the KL model, the flat bands are mainly formed by
I'y @15 electrons as discussed in Sec. S4 E. This is because, in the KL model, we observed an enhanced f-c hybridization
driven by Kondo interactions which is absent in the symmetric state solution of THF model. We expect the enhanced
hybridization will be recovered after introducing the Gutzwiller projector.

* We find the spectrum of the Wilson loop in the symmetric state of the THF model has winding number one and three
crossing points(Fig. S6). However, in the SK state of the KL model, the spectrum of the Wilson loop spectrum has
winding number one and one crossing point (Fig. S5). However, at v = 0, for both the THF model and the KL model, the
symmetric state has a stable topology with an odd Winding number of Wilson loop spectrum [85]. We also mention the
difference in the Wilson loop spectrum comes from the absence of enhanced f-c hybridization in the THF model.

B. Mean-field equations of the symmetric state in the presence of strain

We now discuss the mean-field solution of the symmetric state in the presence of strain. We add the following term to the
Hamiltonian (Eq. S12)

Hstrain =« Z (flir{’lnszQns + hC) (594)
R,ns

We note that H strain ONly breaks Cs, symmetry. To show this, we rewrite the H strain aS

Hstrain = E afR ,ans [hstrazn]ans a’n’s’fR a’'n’s’
R,ans,a’'n's’
hstrain = 0£T0S0 (595)
where the matrix structure of Hgypgin 1S denoted by  hgirain0zT0So- We now show it commutes with

DI(T), D (Car), DY (C2:T), DY (gsu), (04)). D (90r), (6)). DY (9u 1), ((6c)) (Eq. S31, Eq. S32) and hence Herrain
preserves all symmetries except for Cs,

strain T)] = [O-IT0<O7JOTIEO] 0

[h Df
[hstrains DY (Caz)] = (027050, 02Tos0) = 0
[hstrains DY

I DY (g 1), ((0:))] = 02705, ¢ *007050] = 0
[h Df

gu (), ((0n))] = [Ux7’0§0,0067w”z§0] =0

strain

strain;

(
(
(C2.T)] = [0270%, 0xToso] = 0
(
(
(

. To+nTs
[ straznan gSU(Q ,7( ))] = [UIT()§(]7006 ZZ“ 9:1 : 4 gu] =0



30

In the presence of strain, the symmetric state is defined as the state that preserves all the symmetries except for C's, which
is broken by the strain. In the presence of C'3,-breaking strain, Eq. S57 and Eq. S89 still hold, because the system still has
U(1)e x U(1)y x SU(2)4 x SU(2)_ symmetry. As for Eq. S58 and Eq. S90, we only need to consider T, Cy,, C2, T and we
find

O(J;ns,a’n/s/ - X(])CO—O + X{JCC:| 517,77/55,3/
L a,a’

’ ’ ’ 1 1 1
c _ c c c _ c c
Ooms,o/n/s/ = |Xo0 %0t X1 Jf} 577,77’5575’7 Ooms,o/n’s’ = [XO o0 + X1 Uz] 577777’5513”
L a,a’ a,a’

OC'f f

/
_ c
ans,a’n’s’ T Xo

oo+ Xfi,faz:| 577,77/55,5/ (596)
a,a’

where X3, x{, X6 x§ . X6 x§ oxg xS
and Eq. S96, we find

are real numbers tha characterize the density matrices. Combining Eq. S38, Eq. S48

1 1
X(J)c = SN Z <lI/| : flirt,ansz,OmS : |\I]>7 X{ = SN Z<\Il‘f1§,,1nsfl{72ns + f};,Qnsz,lnsl‘ll>
M R,aetas M R,ns
/ 1 / 1
X6 = SN <\I/| : CI{,aT/scLans : |lIl>’ X; = SN Z <\II|CI<,1nka72775 + CL,Qnsck,1n5|‘l’>
M |k|<Ac,=1,2,ms M k| <Ac,ms
1" ]_ " ]_
XS = SN Z <\II| : CL,anstlr{,ans : |\II>’ X(1: = SN Z <\II|CL,3nka74775 + CI{,4nsck73775|\I/>
M [k|<Ac,=3,4,ns M |k|<Ac,ns
’ 1 .
c'f —ik-R T
Xo© = — >, R Rans¥),
8NM NM k|<Ac,R,ans
’ 1 .
f —ikR | i
Xy’ = SNy VN Z e Ve 15 /Ro2ns T Cig 0y fR1ns | P)

M k| <A, R,ms

1 1 .
c'f —ik-R t
XO o 7,/ Z € <\Ij|ck,a+2nsz70”]S|\Ij>7
BNV 4 R s
7 1 ik
il = SN/ Nas Yo R gy frns + e fRans | ©) (S97)
k|<A¢,R,ns

where we also have X({ =vy/8, XS/ =v/8, Xﬁu = v /8. As for V3, Vy, we only consider the T, Cs,., C. T of Eq. S61, which
indicates

Va=Vi=Vy=V; (S98)

Combining Eq. S44, Eq. S93, Eq. S97 and Eq. S98 with filling constraints v = vy + v + v, we have a complete set of the
mean-field self-consistent equations of symmetric state in the presence of strain. We perform calculations with non-zero strain
atv = 0,—1, —2, —3. We initialize the calculations with the fully symmetric solutions derived at zero strain, and the procedure
converges within 500 iterations. The results are illustrated and discussed in Sec. S5D.

C. Effect of doping

We now discuss the effect of doping at zero strain. For hole doping at v = 0, —1, —2, —3 and electron doping at v = 0, we
mainly dope electrons to the light bands that are mostly formed by c-electrons (Fig. S7). Consequently, the energy difference
between the symmetric state and the ordered state decreases since we have more conduction c-electrons near the Fermi energy,
and the system favors the symmetric state.

We now point out the complexity of electron dopings at v = —1, —2. Doping electrons at ¥ = —1, —2 is equivalent to dope
electrons to the heavy bands that are mostly formed by f-electrons (Fig. S7). The heavy (flat) bands become closer to the Fermi
energy, and hence, the energy cost of putting f-electrons into flat bands will be small. Then we can fill the heavy (flat) bands
with a small energy cost. By filling the heavy (flat) bands, the type of orders formed by f-electrons can change a lot. To observe
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FIG. S7. Dipsersions of KIVC state at v = 0, KIVC+VP state at v = —1, KIVC state at v = —2 and VP state at v = —3. The color represents
the weight of f-(yellow) and c-(blue) electrons.
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FIG. S8. Evolution of order parameter as a function of doping at v = 0, —1, —2

the change of the ordered states, we consider the following order parameters

1
OQL‘ = NiM Z fl;.,ans[Ow]ansaa/n/S/vaa/n/s/’ T € {KIVC7 SZ,VZ,Vy}

R,ans,a’'n's’
OKIVC = OyTySo, 0s, = 00T0Sz, OV, = 00T:S0, OV, = 00TySo (S99)

We measure the expectation values of O,—g v, s,,v.,v, with respect to the ordered states at each filling. In Fig. S8, we show
the evolution of (O,) as a function of doping. We find for hole doping at v = 0, —1, —2 and electron doping at v = 0 (where
carriers go to light bands in both cases), the system stays in the same ordered states (compared to the integer filling). However,
for electron doping at ¥ = —1, —2, we can observe the changes of the order parameters. This is because we are mainly dope
f-electrons for electron doping at v = —1, —2. We thus conclude that electron doping at v = —1, —2 will introduce sizeable
changes of the order parameters. Both the change of order parameters and the doping effect will affect the energy competition
between the symmetric state and the ordered state.

Finally, we comment on the v = —3 case. At v = —3, the actual ground state might be a CDW state which breaks the
translational symmetry [145] and is beyond our current consideration. In addition, at v = —3, even for the valley polarized state
we currently considered, electron doping is equivalent to doping both heavy and light bands (Fig. S7), which is different from
v = —1, —2. We leave the detailed study of v = —3 for future study.

D. Effect of strain
We next analyze the effect of the strain. We first note that as we increase o (Eq. S95), the strain will gradually suppress the
KIVC order (OXVC Eq. $99). This can be observed from
{OKIVCu hstrain} = {JyTy<07UzTO§O} =0 (SlOO)

Heuristically, the anti-commuting nature indicates the competition between ox v ¢ and hgypqin. Thus, as we increase hgyrqin,
oxrve will be suppressed. We also find the spin-polarization Og_ and valley polarization Oy, commute with Rgtrqin

[OSZ, hstrain] = [007'0§z, O-ITO§0] = 0; [0V27hstrain] = [UOTz§07 UwTog()] =0 (SIOI)
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Heuristically, this indicates the valley and spin polarization do not directly compete with hgyq:n. However, as we will show in
this section, a sufficiently large strain could still destroy the valley and spin polarization in the THF model.
For future convenience, we also introduce the eigenstates of the strain Hamiltonian H s4y.4: (Eq. S95)
1 1
T _ T T T _ T
dR7lns - E(-flllns - fR,Zns)’ dR72ns - ﬁ(fltt,lns + fR,Zns) (8102)

We will call d}m s and d;{.zns as d; and d; electrons (orbitals), respectively, for short. We mention that d;, ds are f-electrons.
The strain Hamiltonian can then be written as

f{strain =« Z (7dI1,1nst71715 + dL,,QnstQ’?S) (8103)
R,ans

Thus, for a positive strain amplitude o > 0, the energy of d; electrons will be lowered and the energy of ds electrons will be
raised. We introduce (h¢rqin) to characterize the population imbalance between dy and ds electrons

1 1
<hstrain> = <N7M Z flir{,oms [hstrain]ans,a’n/s’fR,a’n/s/> = m Z <dJ1r:{71nst,1ns - dJ1r2{72nst,2ns> (5104)

R,ans,a’'n’s’ R,ans

In Fig. S9, we plot the evolution of various order parameters and also |(hs¢rqin )| Where the expectation value is taken with
respect to the ordered state solution. In all cases, |{hstqin)| increases as we increase «, since « linearly coupled to hgirain
term. The KIVC order will be suppressed and fully destroyed at sufficient strong strain at v = 0, —1, —2. At v = 0, after the
destruction of the KIVC order, self-consistent calculation produces a symmetric ground state that only breaks C'3, symmetry,
even though we initialize the mean-field calculation with an ordered state.

However, at v = —1, —2, after the destruction of KIVC order, the spin polarization and valley polarization still exist. By
further increasing the strain, the ordered states will finally become unstable (Fig. S9), which means the mean-field calculations
that are initialized with ordered solutions converge to a symmetric state.

We next analyze the transition from an ordered state to a symmetric state at a large strainat v = —1, —2.
1. v=-1
We first consider the v = —1 with 4meV < a < 18meV. In this parameter region, the KIVC order is destroyed but valley

and spin polarization persist (Fig. S9). In Fig. S10 (a) (b), we plot the band structures in this parameter region. We note that
flat bands that are mostly formed by f-electrons (marked by red circles, Fig. S10) move towards the Fermi level, as we increase
strain. Near the transition point to the symmetric state, the flat bands are very close to the Fermi level. This signals an instability
of the ordered states since we can fill the flat band without any energy cost. By diagonalizing the mean-field Hamiltonian, we
find the flat bands (marked by red circles, Fig. S10) correspond to d; electrons (Eq. S103). By filling the flat bands, we have
more populations in dy orbitals, which increase |(hstrain)| (Eq. S104) and drive the system to a symmetric state.

We now estimate the critical value of strain . at which a transition from an ordered state to a symmetric state happens. At
a., the flat bands (marked by red circles, Fig. S10) are very close to the Fermi energy and induce the transition. To estimate «.,
we calculate the excitation gap of the flat bands (marked by red circles, Fig. S10): AE;q:. Then we have

N =0 (S105)

ar,

We estimate AE;,; using the zero-hybridization limit [2] of the model, where v = 0, vl = 0 (Eq. S15). In addition, we also
set J = 0 to simplify the calculation (Eq. S17). The zero-hybridization model with non-zero strains are

Ezero—hyb:gU+ﬁW+ﬁV+ﬁstain+Hc+]:]u (S106)

where Hy, Hy, Hy, Hoprain, H., PAIH are defined in Eq. S16, Eq. S18, Eq. S19, Eq. S95, Eq. S13 and Eq. S12 respectively,
and Hy are treated with mean-field methods. In the zero-hybridization model, the filling of f-electrons v and c-electrons-v,
are good quantum numbers. We solve the zero-hybridization model at fixed total filling  with the assumption that the ground
state does not break translational symmetry (fillings of f-electrons are uniform) [2]. To estimate the excitation gap of the flat
bands, we calculate the energy cost of adding one dR,1, electron. We mention that, in our mean-field calculations with finite
f-chybridization, the relevant flat bands (marked by red circles in Fig. S10) correspond to d; electrons. We let | W ero.nyp) denote
the ground state of the zero-hybridization model. The state with one-more dr 155 is

(Wezet ) = A 1| Wrerohyb) - (S107)

zero-hyb
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‘We next calculate

A-Eflait - < wa -hyb | Hzero -hyb ‘ \Ilzem hyb> <\I/zer0-hyb | -Hzero—hyb | \Ijzero—hyb> (S 108)

The energy loss from Hubbard interaction term is
exct '} exct ' U 2 U 2
AEy = <\I/zer0—hyb|HU‘\I/U > - <\I'zero—hyb|HU|‘I/zero-hyb> = E(Vf + 1) - Eyf = U(Vf + *)

The energy loss from Hy term is

ABy, =(Weret | Hy, |Wezet >_<\I/zero»hyb|1:lW|\Pzero—hyb>

zero-hyb zero-hyb
Z Wavea(ve +1) — Z Waleavs = Z Walea (S109)
a=1,2,3,4 a=1,2,3,4 a=1,2,3,4

where v, , denotes the filling of c-electrons in orbital a. The energy change from Hy is
AEy <q/;;gthyb‘HV‘q/§;gfhyb> - <‘I’zero-hyb|ﬁv|‘1’zero-hyb> =0 (S110)

The energy change from H strain 1S
AEqtrain = (Verth o Hatrain | inchys) = (Vseronyb| Hstrain| Uacromys) = —a (S111)
The energy change from chemical potential H 18
AE = <‘I’ze;§thyb|H |\I/§emrgthyb> <‘I'zer0-hyb|ﬁu|‘pzem-hyb> —H (S112)

Then the excitation energy of adding one dg, 1, electron is
U
ABjpia = ABy + AEw + Aprain + AEy = 5 (vp +1/2) + ) Wavea =~ (S113)

We further take the following approximation: Wy 234 = W = 47meV (the difference between W 5 3 4 is about 15%). Then

U
AEflatxg(Vf—i-l/Q)—&—WVc—,u—a (S114)
Atv = —1 and OmeV < o < 43meV, the ground state of the zero-hybridization model has vy = —1,v. = v —vy =0
(Fig. S11). Then
U
AEflat:_E_M_a (S115)

We next determine chemical potential . Chemical potential 1 is determined by requiring the c-electrons filling to be v. = 0.
The single-particle Hamiltonian of c-electron in the zero-hybridization limit takes the form of

N N V(0
quero—hyb = . {g )Vc - M>CL,ansck7a775 (S116)
k,ans 0
where we have set Wy » 3 4 = W. We note that when
V(0
Wyy — ()I/C—,u:O (S117)
Qg
f[c,zem,hyb = ﬁc and we have v, = 0. Therefore,
V(0
w=Wuvs+ Q( )I/C:7W (S118)
0
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where we take v, = 0,y = —1 (Fig. S11). Using Eq. S115 and Eq. S118, we find

AEf = W — % —a (S119)

Then the flat bands reach Fermi energy when AEy;,¢ = 0, which leads to

AEfig=0=a.=W — % = 18meV (S120)

which is close to the value (also around o« = 18meV as shown in Fig. S9 (b)) from self-consistent calculations of the finite-

hybridization model. Here, the finite-hybridization model refers to the original THF model with finite v, v}. Therefore, we

conclude the transition from an ordered state to a symmetric state happens at @ = o, ~ 18meV at v = —1.
We also discuss the solutions of the zero-hybridization model here. In Fig. S11 (a), we show the ground state properties of the
zero-hybridization model at various strains and v = —1, where
1 1
V{ = — Z : d;{ 1?7st717]$ : V{ = — Z :dI;t 277st72773 : (S121)
Nu £ ’ Ny & ’
»NS ,MSs

denotes the filling of d; and dy electrons respectively with v/ = 1/{ + I/Qf . We find a transition happens at o ~ 25meV.
We note that this transition is described by filling one more dg, 1, electrons at each site. After the transition, there will be
4 f-electrons filling d; orbitals, and zero f-electrons filling the dy orbitals. Thus for d; orbitals, all the valleys and spins are
filled, but for d, orbitals all the valleys and spins are empty. Therefore, there is no room to develop order and the ground state
is a symmetric state. We note that the transition in the zero-hybridization limit and the transition in the finite-hybridization
model (at v = —1, & =~ 16meV, Fig. S9) share the same origin. They are both driven by filling electrons in d; orbitals (in the
finite-hybridization model, we fill the flat bands) and, after the transition, both ground states are symmetric. Thus, the results
between zero-hybridization and finite-hybridization models are consistent. However, the critical values «, for the two models
are different, since we have finite f-c hybridization in the finite-hybridization model.

2. v=-2

We next discuss the transition from an ordered state to a symmetric state at v = —2. We focus on the parameter region
10meV < a < 45meV, where the KIVC order is destroyed but valley and spin polarization exist (Fig. S9). In Fig. S10 (¢) (d),
we plot the band structures in this parameter region. As we increase strain, we note that flat bands (marked with red circles,
Fig. S10), move towards the Fermi level. Similar to the v = —1 case, when the flat bands reach the Fermi energy, a transition to
the symmetric state happens. However, at v = —2, we need a much larger strain to destroy the ordered state as shown in Fig. S9
(d). To understand this, we start from the zero-hybridization limit of the model (Eq. S106). As shown in Eq. S114, the excitation
energy of the relevant flat bands (marked by red circles in Fig. S10)

AFEgq = %(Vf+1/2)+WVC*M*OZ (S122)

By solving the zero-hybridization model, we find the ground states have vy = —1 and v, = —1 in the parameter region we
focused 4meV < o < 18meV, as shown in Fig. S11. Then

U
AEflat:—E—W—u—a (S123)
We now calculate the chemical potential. p is determined by requiring the filling of c-electrons to be v, = —1. The single-
particle Hamiltonian of c-electron in the zero-hybridization limit (Eq. S116) takes the form of
A . V(0
He gerongy = He + Y (Wop + Q(OM — 1)L 4sChans (S124)
k,ans

where we have set W 5 3 4 = W, and take the mean-field treatment of H v(Eq. S20). At M = 0 limit (M = 3.697meV, which
is relatively small), the dispersion of c-electrons are Fy = tu,|k| — E., where we define

E.=Wvy + V(gO) Ve — [ (S125)
0
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Then all the c-states with energy smaller than 0 will be filled. The corresponding Fermi momentum kg is

1
|’U*k‘F‘ =FE.=kr=—F, (S126)
|v4]
Then the filling of c-electrons is
8 8k2 8rE?
V= / dhydly = -~k ST (S127)
AvBz Jix|<kp AmBz Ampz|vi

where the prefactor 8 comes from the 8-fold degeneracy of the bands (2 spins, 2 valleys, and 2 orbitals) and A ;7 is the area
of MBZ. We require v, = —1 which indicates

StE? Appz|v]?
Ve=——"""F—==—-1=FE. =/ —— S128
Apz|vs|? 87 (5128)
Using Eq. S125 and Eq. S128, we find
V(0 Ay |2
o= W — ( ) N JV[BZ|U | (5129)
Qo 8

where we take vy = —1, v, = —1. Combining Eq. S123 and Eq. S128, we find

U V(0 A v |?
ABjiar = -5 + éo)—ﬂ/ MB;TI F_q (S130)
V(0 A 2
+ ()—f—\/ MB2U? 6o ey (S131)
QQ 8

We note that our estimation of transition in Eq. S131 is based on the single-particle picture and has not included the effect
of hybridization. Thus the estimated value is larger than the transition value a ~ 45meV from mean-field self-consistent
calculations with finite f-c hybridization.

We also discuss the solution obtained from the zero-hybridization model at v = —2. In Fig. S11 (b), we show the ground state
properties of the zero-hybridization model at various strains and v = —2. We observe two transitions, both characterize by the
increments of 1/{ . After the first transition o ~ 15meV, we have three d; electrons at each site. Then not all valleys and spins
of d; orbitals are filled. This gives the possibility of developing spin and valley polarized order after we turn on the Hj and f-c
hybridization. Indeed, from Fig. S9, we can observe the non-vanishing order at 15meV < a < 40meV. By further increasing
strain, at o« ~ 50meV, we observe a second transition in the zero-hybridization model. After the second transition, we have
ylf =2, yg = —2 and there is no room for f-electrons to develop order. Correspondingly, for the finite-hybridization model, we
also observe a transition to the symmetric stat at &« ~ 45bmeV. Thus we conclude the consistency between zero-hybridization and
finite-hybridization models. We also point out that, the transition value a,. ~ 62meV suggested from single-particle excitation
in Eq. S131 is also larger than the transition value o, ~ 50meV obtained by solving many-body wavefunction in the zero-
hybridization model. This points out the limitation of the single-particle picture.

Finally, we comment on the difference between v = —1 and v = —2. Eq. S131 and Eq. S120 indicate that a relatively large
strain is required to destroy the ordered state at v = —2 compared to v = —1. This is because, near the transition point with
o < ag, c-electrons have filling v. = 0 at v = —1, but have filling v. = —1 at v = —2 (Fig. S11). In other words, we dope
more holes to the c-bands at v = —2 compared to v = —1. In order to dope more holes to c-bands, the chemical potential (or
Fermi energy) needs to be increased. The increment of chemical potential also leads to a larger Fermi surface, which has been
observed in the model with finite hybridization (Fig. S10), where the Fermi surface at v = —2 is larger than the Fermi surface
at v = —1. In the zero-hybridization model, the change of chemical potential can be observed analytically from Eq. S118 and
Eq. S129. We note that the excitation gap of the flat band (A E;4:) is measured with respect to the Fermi energy (or chemical
potential). Then at fixed «, we find the value of AE;q; at v = —2 is much larger than its value at » = —1 (Eq. S119 and
Eq. S130) due to the larger chemical potential at v = —2. Thus, at v = —2, a much larger strain is needed to make AFEy;q; = 0
and destroy the ordering.

And the transition happens at

U
AEflat =0= Qe = _5
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FIG. S9. (a), (b), (c) Evolution of order parameters as a function of strain amplitude o at v = 0, —1, —2. (d) Evolution of order parameters at

v = —2 with an extended parameter region OmeV < o < 55meV
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FIG. S10. Band structure at v = —1 (a), (b) and v = —2 (¢), (d). Red circles mark the relevant flat bands.
3. Discussions about v = —3
We now discuss v = —3. We first comment that, at v = —3, other low energy states that break translational symmetry exists
even at zero strain [145]. Furthermore, even in the zero-hybridization limit at zero strain, » = —3 is close to the transition point
between vy = —3 and vy = —2 states [1]. These all point out the complexity of v = —3 even in the absence of strain. Thus, we
leave a more systematical analysis at v = —3 for future study.
E. Strain

We now discuss the derivation of strain term in the Eq. S95. Here we will take a minimal model to capture the effect of strain,
and leave a detailed analysis (based on Ref. [150]) for future study. We take the single-particle Hamiltonian of twisted bilayer
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FIG. S11. Evolution of filling as a function of the strain in the zero-hybridization model at v = —1, —2.



37
graphene at valley 7 and with non-zero strain [148]

(S132)

g - [0 ]

Ut Hjk)

where H;(k) is a 2 x 2 matrix that characterizes the Hamiltonian of I-layer graphene. U is the interlayer coupling matrix. In
real space, U takes the form of

, o
_ ing;-r _ wo wye” U=/
U= Z Uje""Vr Uj = [wlemu—l)m wo

with wg, wy are two constant parameters that characterize the interlayer couplings. H;(k) is given by

H, 5(k) = —hop KR(:FG) + gl> _1(1{ + ;Alvn)} Lo

(S133)
where o = (no,,0,) , R(6) is a rotation matrix, ¢ is the twist angle and [148]
gl ) o —Q(l)(l-)i- 6502
00 + ey €yy
Lo _ 367 |
AT =nq ol =27V, B~3.14
2evrp ey
1
e = 5(655; +ell). (S134)
eg%, eg(,; are normal strains along x and y directions respectively, 65,,2 is the sheer strain. Q(l) denotes a rotation from the
twist angles [148]. Since the flat band is sensitive to e_ = (e(j) — e@)/? and €, = (eS; — exy )/2 [148], we consider the
heterostrain with Q) = 0, e(j) =0, W = (—1)Hte_, 6552 = (—1)!*'e,,. We further focus on the sheer strain €,,, and set the
normal anisotropic strain to be zero e _ = 0. For small twist angle, we approximately have

Hl":m(k) ~ — hvp [(R(i&) — 51) (k + ZAM)} .ol
o [R<i9)k — &t ;Alm} o (S135)

The effect of strain is then captured by the following single particle Hamiltonian of valley 7

Hgtrmn (k) H strain,l + Hstrazn 2

3B8y0m o nkyoy + kzo
;Itraiml = - 92 €xy Y —ay ) Hgtrain,2 = h‘UFe-’L'y v o _leyam _ kzay

(S136)

We next project the H gtmm(k) to the Wannier basis of f-electrons. We take the following wavefunction of f electrons at R

with orbital «, valley n and spin s [1]

27T>\ —ik-R—1)2(k—Q)2
|WR04 17717 Qt . ZZ Z iR é)\O(k Q) |k5Q7177778>

=t k Q€Qi,

2 )\ - ) . .
Wiiaoms) = || o DD D, e HmiR=3N0-% ) Q2,1 5) (S137)

Q)
ot 11 k Qe

where A\g = 0.1aas, Q4o is the total area of the sample and Q;,, = {+q1 + n1bar,1 + na2bara|ni, ne € Z}, g1 = ko(0, —1) [11].
From Eq. S136 and Eq. S137, we can calculate

1 /
hitggglgngsg = NM Z<WR70¢177,9| Z wlll,a’,n',s’ [H;]train(k)]l/a/JIQOéIQwkvllza/a'fll»sl|WR705277727$2> (8138)
R

k,a’l’,abll,n' s’
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where 1y | o,n,s 18 the electron operator of the original electron basis with momentum k, layer /, sublattice «, valley 1 and spin
s. Here, we take the average over all the moiré unit cells (sum over R), and thus we only keep the momentum-independent (in
f-electron basis) contributions. We leave the momentum-dependent term for future studies. In the f-basis, the strain can be
characterized by

r} E strain
Hstrain - h’a'r]:, a2M2S2 fR7o“73fR,O¢277282 (8139)

R,ans,azmn2s2

We next evaluate 257" from Eq. S138. We separate h*!"%" into two parts (Eq. S136)

Z wl];,l,oc’,n’,s [Hgtrazn 1 (k)h/a’7l§a'2 ¢k,l/201'777'78' ‘WR,(X277127S2>

k,a’'l',afll,n’ s’

’
d)lT{ Lo’ s’ [H;]t’rain 2(k)}l/o/,l’ al wk,lf a’n’,s’ ‘WR,a27n2732> (S140)
26 Q,T, ’ 2%2 2

1] 1y !’ ’
k, o'l a4l ' s

1
strain,l E
h’an.s Q2M282 N <WR7<¥77I7$
MR

1

strain,2

hans, asmzsy T 7 § :<WR70W78
MR

For hstrein:1 using Eq. S136, Eq. S137 and Eq. S140, we find

hstrazn 1

ans,aan2ss
213 3570 _irnl_qyetl
:617,1’]268,825(173—042 Q 0 wyz Z Z lne )\ (k Q) 2 ( 1)
tot 1=+ QeQ, k
37'(')\ ﬂ _ 2 _
=012 0s,52 0030 gy xyZ{ 37 et N Ao Q)} (S141)
tot k LQeo, Qeo_
In a more compact form, we find
hstrain,l = 0L T0%
37T)\()ﬂ’70 k Q)2 _/\2 k—Q)>2 4
o ey Y | D € + ) e ~ (1.3 x 10%¢;, |meV. (S142)
k Qe Qe

We next calculate h*"*2 using Eq. S136, Eq. S137 and Eq. S140, we find

hat7 ain,2
ans,aan2 S

27r/\3h6:cy . a iZin(—1)* -2 (k—Q)?2
oo T TS Sy @) 1 @) )
27‘()\2h€E . @ . a —22(k—Q)?
:6n,n255,525a,370¢2 Q(i . N Z |: Z (n(ky - Qy) + Z(_l) (kfb - QI))“?(_]') € Ao(k=Q)
o

£ 3 (- @) +iCDR G - Q) Jin-1)7e 0

QEQ 4,

27 \2he, ) o . o —22(k—Q—nqy )2
:5%77258,825(1,37@# Z Z (n(ky = Qy —naq1y) +i(=1)%(ks — Qu — 77(11,:6))“7(_1) e olk=Qnan)
° k QeQo

+ <17(ky —Qy+nq1y) +i(—1)* (ks — Qu + nql,x))z'n(—n%AS(“Q*"W} (S143)

where we let Qy = {nle)l + nng}2|n1,n2 € Z} Since q; = ]{59(0, 1), Q= 0, Ny = ko, we find

strain,2
hans Q21282
2 A2 he,
bdaniean e 3 S DR, - Q) (k- Q) = (1) (k- Q)
¢ k QeQ

= (ke = Qu)nf+(k - Q) (5144)
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where we define
fik—Q) = +eMNk—Qta)? | —Aj(k-Q-a1)? (S145)

Since q1 = kg(0,1), f+(k — Q) is an even function of both (k — Q), and (k — Q), and f_(k — Q) is an even function of
(k — Q) and an odd function of (k — Q),. Therefore,

Do (k= Qf+(k-Q) =0, > > f(k-Q) =0, DD (ke —Qu)f+(k—Q) =0 (S146)
k QeQo k QeQo k QeQo
Thus,

hstrmn 2 =0 (S 147)

ans,a2n252

However, we mention that, even though pstrain2 — o {7 strain,2 in Eq. S136 can contribute a k-denpendent term in the THF
model which has been omitted here.
Combining Eq. S142 and Eq. S147, we have

. B : B ,
Hotrain = § Qans,aznzss fR,ansz,(X2U282 = « [hstrain]ans,aznzw fR,ansz,aznzsz (S148)
R,ans,azn2s2 R,ans,azn2s2

which is equivalent to the Eq. S95. « is connected to €, via

3
WQOM) €y ) [ Y ety 3 e‘kg(k—@z} ~ (1.3 x 104emy>meV. (S149)
tot k “Qeoy Qea-

For a typical strain at the order of €,,, ~ 1073 [148], & ~ 13meV. We mention that the strain could also induce addition terms
to the conduction c-electron blocks (cf¢) and f-c hybridization blocks (cf i f t¢), which are expected to be small. Here, we
only consider a minimal model, that is zeroth order in k, to capture the essential effect of the strain. We leave a comprehensive
construction of strain term (based on Ref. [150]) for future study.

S6. DYNAMICAL MEAN FIELD THEORY: IMPLEMENTATION

We study dynamical effects of the f-f density-density term using DMFT. The c¢-f and c-c density terms are included in this
model on the Hartree level. We neglect the f-c exchange interaction H ;. We treat a Hamiltonian of the form H, + H fo+ Hy +
H ME 4 H ME where the first two terms compose the non-interacting THF model and the remaining terms are given by

~ U
Hy=5 Y fhacfencllyofoms

(,m,0)#(a’ 0’ ,07)

=350 > £l o famo (S150)
(a,n,0)
Hy" =Wup > el stame+Wre D i, fane (S151)
(a,n,0) (cv,m,0)
HY' =Vve Y cl, sCameo- (S152)
(am,0)

Here, the last two terms are mean-field decoupled and therefore composed of single particle terms, and we have neglected all
constant terms as an overall shift does not affect the observables we are interested in. The two particle term Hy is restricted to the
f- subspace. We proceed with an LDA+DMFT-style calculation with a correlated subspace made up of f- electrons embedded
in a larger space of f- and c- electrons. By allowing an arbitrary shift of the chemical potential x and fixing the total filling
v = v + v, we can consider an effective interacting Hamiltonian restricted to the the - subspace:

' =Hpy + Hpe (S153)
N U
Hff 25 Z fjumafa,n,o’ l',n/ﬂ-/fa’,n’,a’ (8154)
(am.0)£(a 0"
Hpo =(=35U+ (v = 20p)W = V(v —vy5)) > fl, o fame (S155)

ppe(vs) (erm.0)
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The f-electron occupation vy is self-consistently calculated along with the the f- subspace self-energy > in at each step of
the DMFT loop for a set of different total fillings (v) and temperatures (T). Written in this way, the single particle terms can

be treated as an iteration-dependent double counting potential, u(Di)C = UpcC (V}i)), where the superscript labels the iteration

number.
In the 7th iteration of the self-consistency loop, we perform the following sequence of steps:

1. Embed the old impurity self-energy ng_l) into the lattice Green’s function associated to the Hamiltonian H, + H fe t+
Ay
DC -
2. Fix the total filling to v.
3. Calculate the new orbital-resolved fillings z/J(f) and ugi).

4. Determine the new double counting term u%)c.

5. Use a CT-QMC solver to obtain the new self energy E(fi).
We performed our calculations in parallel using the w2dynamics suite [153, 154]' as well as the TRIQS family of packages
[155-157].
In Fig. 3(a) of the main text, the zero frequency spectral weight and the scattering rate are computed by extrapolating the green

function and the self-energy respectively on the Matsubara axis. We approximate these by using the value at the first Matsubara
frequency so that

I'= —Im¥(w = 0) = —Im¥(wy), (S156)

Alw=0) = —% (Z TrG (k,w = o)) ~ —% <Z TrG(k:,wo)> . (S157)
k k

! https://github.com/w2dynamics/w2dynamics
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