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Twisted bilayer graphene reveals its flat bands under spin pumping
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The salient property of the electronic band structure of twisted bilayer graphene (TBG), at the so-called magic
angle (MA), is the emergence of flat bands around the charge neutrality point. These bands are associated with the
observed superconducting phases and the correlated insulating states. Scanning tunneling microscopy combined
with angle resolved photoemission spectroscopy are usually used to visualize the flatness of the band structure
of TBG at the MA. Here, we theoretically argue that spin pumping (SP) provides a direct probe of the flat bands
of TBG and an accurate determination of the MA. We consider a junction separating a ferromagnetic insulator
and a heterostructure of TBG adjacent to a monolayer of a transition metal dichalcogenide. We show that the
Gilbert damping of the ferromagnetic resonance experiment, through this junction, depends on the twist angle
of TBG, and exhibits a sharp drop at the MA. We discuss the experimental realization of our results which open

the way to a twist switchable spintronics in twisted van der Waals heterostructures.
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Introduction. Stacking two graphene layers with a rela-
tive twist angle 6 results in a moiré superstructure which
is found to host, in the vicinity of the so-called magic an-
gle (MA) 6y ~ 1.1°, unconventional superconductivity and
strongly correlated insulating states [1-3]. There is a general
consensus that such strong electronic correlations originate
from the moiré flat bands emerging at the MA around the
charge neutrality point [4-11]. The tantalizing signature of
the flat bands have been experimentally demonstrated by
probing the corresponding peaks of the density of states
using transport [1-3,12,13], electronic compressibility mea-
surements [14,15], scanning tunneling microscopy (STM),
and spectroscopy (STS) [16-23]. The direct evidence of
these flat bands has been reported by angle resolved photoe-
mission spectroscopy (ARPES) measurements combined to
different imaging techniques [24-26]. However, spectroscopic
measurements on magic-angle TBG raise many technical
challenges related to the need of an accurate control of the
twist angle, and the necessity to have nonencapsulated sam-
ples which can degrade in air [25].

Here we propose a noninvasive method to probe the flat
bands of TBG and accurately determine the MA. This method
is based on spin pumping (SP) induced by ferromagnetic
resonance (FMR) [27-30], where the increase in the FMR
linewidth, given by the Gilbert damping (GD) coefficient,
provides insight into the spin excitations of the nonmagnetic
(NM) material adjacent to the ferromagnet [31-33]. SP is
expected to be efficient if the NM has high spin-orbit coupling
(SOC) strength [34]. In our work, we consider spin injection
from a ferromagnetic insulator (FI) into a TBG aligned on a
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monolayer of transition metal dichalcogenides (TMD) which
are considered as good substrate candidates to induce rela-
tively strong SOC in graphene and TBG [35-58].

We theoretically study a planar junction of a FI and a TBG
adjacent to WSe, (TBG/WSe,) as depicted in Fig. 1. We con-
sider the case where a microwave of a frequency €2 is applied
to this junction, and focus on the twist angle dependence of
the FMR linewidth [59].

Continuum model. In TBG with a twist angle 6, the Hamil-
tonian /;(k) of a graphene layer [ (I = 1, 2), rotated at an

: i, (0) —ilo, 0
angle 0;, is Iy (K) = e'2%h; " (K)e™' 2%, where 6, = —0; = 5

and h;O) (k) is the unrotated monolayer Hamiltonian. In the
continuum limit, h(lo)(k) reduces to hﬁo)(k) = —hvgk - 0¥,
where vr is the Fermi velocity, o* = (§0,,0y) and o; (i =
X, y, z) are the sublattice-Pauli matrices, and £ is the valley in-
dex. We assume that the SOC is only induced in the graphene
layer adjacent to the TMD layer, since the SOC arises from
overlaps between atomic orbitals [50]. This assumption is
consistent with recent studies on bilayer graphene and TBG
aligned on TMD layers [50,56,60,61]. Layer (2), in contact
with the WSe, monolayer, is then descried by the Hamiltonian
h (k) = h® (k) + hsoc + 2o, [56], where hsoc is given by

hsoc = %Esz + %(éaxsy - O'ny) + )%SUZSZ, (1)
s; (i =x,y,z) are the spin-Pauli matrices; A;, Ag, and Agm
correspond, respectively, to the Ising, Rashba, and Kane-Mele
SOC parameters [56]. The variation ranges of these param-
eters are A; ~ 1 —5meV, Ag ~ 1 — 15 meV, while Agy is
expected to be small [37,44,50,51,62-64]. The last term in
h; (k) is due to the inversion symmetry breaking induced
by the TMD layer. Hereafter, we neglect this term regarding

©2023 American Physical Society
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FIG. 1. Schematic representation of the junction between a fer-
romagnetic insulator (FI) and a heterostructure of TBG adjacent to
a monolayer of WSe,. The labels (1) and (2) denote the graphene
layers of TBG represented by the red and the blue lines. The red
arrow indicates the spin orientation of the FI characterized by an
average spin (Sg;) = (So, 0, 0), written in the coordinate frame of the
FI magnetization. The gray lines represent the boron-nitride (hBN)
layers encapsulating the TBG/WSe, heterostructure.
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the small value of m compared to the SOC parameters [56].
As in the case of TBG [65], the low-energy Hamiltonian of
TBG/WSe, reduces, at the valley &, to

Hg soc(k) is written in the basis V=
(Yo(K), 1 (K), ¥2(K), ¥3(k)) constructed on the four-
component spin-sublattice spinor o(k) and ;(k),
(j =1,2,3) corresponding, respectively, to layer (1) and
layer (2) (see Secs. I and II of the Supplemental Material
[66] and Refs. [8,56,65,67-70]). The momentum Kk is
measured relatively to the Dirac point K¢ of layer (1).
In Eq. (2), T; are the spin-independent interlayer coupling
matrices, hy j(k) = hy(k+qj¢), (j =1, 2, 3) where q;¢ are
the vectors connecting K;; to its three neighboring Dirac
points Ky of layer (2) in the moiré Brillouin zone (mBZ)
[65], and are given by qi¢ = K — K¢, @z = qi¢ + GV,
Qe = qie + E(GY + GY), where (G}, GY) is the mBZ
basis (see Sec. I of the Supplemental Material [66]). In the
unrelaxed TBG, and choosing sublattice A as the origin
of the unit cell in each layer, the 7; matrices take the

form [8] T = w(l, + ax) T = w(l, — 1o, + £%0,), and
T =wl, — —ox E 0}) [66], where w ~ 110meV [71]

h(K) T e T is the mterlayer tunnehng amplitude and I, is the identity
. matrix acting on the sublattice indices.
H (k) = T ha.1 (k) 0 0 @) Using the perturbative approach of Ref. [65], we derlve
§S0CRR) = T; 0 o2 (K) 0 ’ from Eq. (2), the effective low-energy Hamiltonian H soc (k)
. of TBG/WSe; (see Sec. II of the Supplemental Matenal [66]).
I 0 0 hy3(k) To the leading order in K, H&_( s)oc(k) reads as [66]
J
(W|He soc|V)
H{ e (k) = ———7— = i [her(k) + 13 o, 3)
,SOC <\IJ|‘~IJ> 0[ ff ]
hug ) 302
hege(K) = — kel (1 =3 oy — A A /Sy — OxSy
e (K) (\IJ|\II){ [( a’)éo o qO(E 10yS; + R(%‘O’)Sy OxSyx))
2
ky[(l = 3a?)oyly — ———(—A0us; + Ar(oysy + £o, Sx))“ “
hvrqo
soc 30
heff = (lIJ| ) |:€: IS z o + (Sxa) é:syUx):|v (5)

4 .
where (W|W) ~ 1 + 6%, a = 7, go = 1qj¢| = 576, a is
the graphene lattice constant, and o;, (i = x, Y, 2) act now

on the band indices o = &£ of the eigenenergies of H, S soc

denoted E, 1, and given to the leading orders in k and
by

ﬁu qo

E(K)s+ = ‘y'w)\/ﬁ(k)i&x v f2(K), (6)
fik) = (vp)*(1 — 30| K[> + 2ot (247 + A7)
£ &) = (hop)*(1 = 3a®P[IKIP(A] + 123) + o' ig.

Equation (5) shows that the SOC parameters A; and Ap are
renormalized by the moiré structure of TBG to

T @
T Tx6a?™ TR T 6a2™

which increase by decreasing the twist angle. The expression
of H, (lsoc [Eq. (3)] can be taken as a starting point to unveil the

(N

(

role of SOC in the emergence of the stable superconducting
phase observed, at & ~ 0.8°, in TBG adjacent to WSe; [56].
To probe the validity of the effective Hamiltonian Hg s)oc
[Eqg. (3)], we compared the corresponding eigenenergies with
the numerical band structure obtained within the continuum
model and taking into account 148 bands per valley and spin
projection (see Sec. II of the Supplemental Material [66]).
The results show that H, (ls)oc describes correctly the band
structure of TBG/WSe, down to a twist angle 6 ~ 0.7°. At
smaller angles, the effective Fermi velocities of H, ¢ s)oc are
overestimated. Such a discrepancy is expected since the lattice
relaxation effect is important at small angles [56]. It is worth
noting that, for the sake of simplicity, we did not consider a
relaxed TBG since we are interested in the SP around the MA.

Gilbert damping. In the absence of a junction, the magnon
Green function of the FI is defined as [72-78] Go(qu, iw,) =
Wﬁ’—ggw, where w, = 2mn/hf are the Matsubara fre-
quenc'i”es for bosons, Sy is the amplitude of the average spin
per site, and a¢ is the GD strength. The term —ag|w,| de-
scribes the spin relaxation within the FI. In FMR experiments,
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the microwave excitation induces a uniform spin precession,
which limits the magnon self-energy to the processes with
qn = 0 [79].

In the presence of the interfacial coupling, a correction,
dag(w), to the GD term is induced by the adjacent het-
erostructure TBG/WSe;. o (w) can be expressed in terms of
the the self-energy Z(’f (w) = Bq,=0(iw, — w + i8), resulting
from the interfacial exchange interactions, as [79]

28
Sag(w) = —h—aflm & (). ®)

For simplicity, we neglect the real part of Z{f (w) which simply
shifts the FMR line and did not affect the linewidth, in which
we are interested. The self-energy, in Eq. (8), includes the
contributions of all the interfacial spin transfer processes and
can be written as X¢(iw,) = Zq %0(q, iw,). Each process,
described by the self-energy Xy(q, iw,), is characterized by
a momentum transfer q and a matrix element Ty q,—0 = Tq.0-

In the second order perturbation, with respect to the inter-
facial exchange interaction Tg o, the self-energy ¥y (q, iw,) is
written as [78]

. |Tq,0|2 X.— A
2o(q, iw,) = T L%; TI‘[O'_Y 8k, @)

x ot 8k + q, iop + iw,)]. )
a;“"i are the electronic spin ladder operators written in the
coordinate system (x’,y’,7") of the FI magnetization char-
acterized by an average spin (Sg;) = (S0, 0, 0). g(k, iw,,) is
the electronic Matsubara Green function given by 2(K, iw,) =
[iw,I — Hs((l))c(k)]_', where w, = @2n+ ) /hf are the
fermionic Matsubara frequencies. In the basis of the spin-
band four-component spinor W = (Yy 4, Yy |, Y4, Y })
[56]; (K, iw,) reads as (K, iw,) = 2o(K, iw,)I; + &K, iw,) -
s, where s = (s, sy, s;) are the spin-Pauli matrices; & =
(8x, 8y, 82), 80, and g&; (i = x, y, z) are expressed, to the leading
order in the SOC, as a function of the band-Pauli matrices o;
(see Sec. III of the Supplemental Material [66]).

Since the ferromagnetic peak, given by ImGg is sharp
enough, namely ag + dag < 1, one can replace the reso-
nance frequency wgq,—¢ by the FMR frequency 2. The GD
correction can then be expressed as [66,78]

Sag(R2) = —%ImZR(Q) (10)
CRT TR TN

In general, the interfacial spin transfer includes clean and dirty
processes. The former (latter) take place with conserved (non-
conserved) electron momentum, which turns out to take q = 0
(q # 0) in Eq. (9) [79]. We first consider a clean interface, for
which an analytical expression of the GD correction [Eq. (10)]
can be derived (see Sec. IV of the Supplemental Material
[66] and reference [78,79]). The case of a dirty junction is
discussed in the next section.

Carrying out the summation over w,, in Eq. (9), we obtain
the analytical expression of the interfacial self-energy (see
Sec. IV of the Supplemental Material [66]). The sum over
the electronic states k = (k, ¢k ) runs over the states included
within a cutoff, k. ~ q¢/2, on the momentum amplitude k,
where the low-energy Hamiltonian [Eq. (3)] is expected to
hold (see Sec. IV of the Supplemental Material [66]).
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FIG. 2. Normalized GD, Sac/a Eq. (11), as a function of
the twist angle at different temperature ranges. Calculations are
done for A; =3 meV, Ay =4 meV, u =0, and for a FMR energy
A2 = 0.06 meV.

In the Following, we discuss the behavior of the normalized
GD coefficient

A\
Sag/ay = (h—9> 2(@=0,Q), (11)

where ¥ is a dimensionless function depending on the twist
angle 6, temperature 7, the chemical potential x, and the
orientation of the FI magnetization; ag = 250(‘1—"‘)2 and A =

# is the average SOC (for details, see Sec. IV of the
Supplemental Material [66] and Ref. [80]).

Discussion. In Fig. 2, we plot o g /ozg [Eqg. (11)] as a func-
tion of the twist angle 0, for the undoped TBG, at different
temperatures and for a fixed FMR energy /2 = 0.06 meV
which corresponds to the yttrium iron garnet. The SOC pa-
rameters are A; = 3meV and A; = 4 meV, as in Ref. [56].

Figure 2 shows that regardless of the temperature range,
dag increases by decreasing 6 but drops sharply at the MA,
where it exhibits a relatively small peak which is smeared out
at low temperature.

Putting aside its drop at the MA, the enhancement of da
by decreasing 6 can be, in a first step, ascribed to the de-
pendence of the self-energy [Eq. (9)] on the effective SOC,
given by Eq. (7), which increase by decreasing 6. However,
to understand the behavior of o at the MA one needs to go
back to the band structure, E,, 1 (k) [Eq. (6)], of the continuum
Hamiltonian of TBG/WSe,, which is depicted in Fig. 3 at
different twist angles. The arrows indicate the out-of-plane
electronic spin projection (s,) which we have numerically cal-
culated for different twist angles in Sec. II of the Supplemental
Material [66].

Away from the MA, the band dispersion gets larger as
0 decreases and, in particular, the separation between bands
with opposite (s;), involved in the SP process, increases. This
behavior is due to the angle dependence of the effective Fermi
velocity v* of TBG/WSe,, which reduces in the first order
in the SOC to that of TBG, namely (see Secs. I and II of the
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FIG. 3. Band structure of TBG/WSe, in the continuum limit [Eq. (6)] at 6 = 0.5° (a), 6 = 6,, = 1.043° (b), 6 = 0,7 = 1.058° (c), and
0 = 1.2° (d). The dashed lines represent the bands at the MA (8), = 1.05°). The red (blue) arrows correspond to the out-of-plane electronic
spin projection (s;) = +1 ({s,) = —1) [56]. Calculations are done for A; = 3 meV and Az = 4 meV.

Supplemental Material [66])

1 —3a?
UF1+6052.

The expression of the GD [Eq. (11)] includes transitions
between bands with opposite (s;) (see Sec. IV of the
Supplemental Material [66]). These transitions depend on the
statistical weight Af(E) = f(E(,)) — f(E_(,)), where f(x)
is the Fermi-Dirac function and E, is the energy band with
a spin orientation (s,).

In Fig. 4, we plot a pictorial representation of the band
structure of the continuum model [Eq. (6)] and the Fermi-
Dirac distribution f(E) at a given temperature 7. The band
dispersion gets larger as & moves away from the MA (Fig. 3)
and the separation between the bands with opposite (S;)
increases. As a consequence, the corresponding statistical
weight Af(E) is enhanced compared to the case around
the MA. This behavior explains the drop of the GD at
the MA.

Around the MA (9;; and 6,,), the statistical weight A f(E)
is reduced compared to that at the MA since the bands £ _
and E_ _ get closer (Fig. 3). This behavior gives rise to
the small peak at the MA (Fig. 2), which disappears at low
temperature (kg7 < A), where bands around the MA have

v* (12)

RE)

FIG. 4. Schematic representation of the band structure E, .
[Eq. (6)] and the Fermi-Dirac distribution f(E'). The bands in dashed
and green lines correspond, respectively, to the MA and to a twist
angle 6 far from the MA. The red (blue) arrows represent the pro-
jection of the out-of-plane spin projection (S,) = +1 ((S;) = —1).
Around the MA, the bands are almost flat and the statistical weights
Af(E), corresponding to the transitions between E_ . — E, , and
E__ — E, _, are small compared to the case of a twist angle away
from the MA, where the band dispersion is larger.

the same statistical weight Af(E) =1 (see Sec. IV of the
Supplemental Material [66]). In this case, the GD is basically
dependent on the effective Fermi velocity v* [Eq. (12)] which
vanishes at exactly the MA. Such dependence is responsible
for the cancellation of several terms contributing to the self-
energy [Eq. (9)], as they are proportional to v* [Eq. (12)] (see
Sec. IV of the Supplemental Material [66]). Let us now turn
to the case of a dirty interface where the spin transfer should
now also include the nonconserved momentum processes. The
corresponding self-energy [Eq. (9)] can also be expressed in
terms of the thermal weight A f(E) governing the interband
transitions (see Sec. IV of the Supplemental Material [66]).
Regarding the flatness of the bands, the dirty processes at
the MA acquire, as in the clean limit, small thermal weights
compared to the twist angles away from the MA, where the
bands are dispersive. In the dirty limit, the Gilbert damping
correction is then expected to drop at the MA as found in the
case of a clean interface.

It comes out that the twist angle dependence of S is
a direct probe of the emergence of the flat bands in TBG.
On the other hand, the temperature dependence of the fine
structure around the MA provides an accurate measurement
of the MA, with a precision below 0.005° (see Fig. S.4 of the
Supplemental Material [66]). It also gives an estimation of the
SOC induced in TBG adjacent to a monolayer of TMD.

It is worth stressing that in our model we did not take into
account the electron-electron interactions which significantly
distort the electronic band structure of TBG [80-83]. Near
the MA, the dominant electron-electron interaction is found
to be the Coulomb interaction with an amplitude estimated to
be 10 — 15 meV [82], which is larger than the width of the
flat bands ~2-5 meV and the SOC considered in the present
work. How are the results of Fig. 2 modified in the presence
of Coulomb interaction? Treating this interaction within the
Hartree-Fock approximation revealed that the Hartree term
considerably widens the bands while the exchange term leads,
basically, to broken-symmetry phases. At the charge neutral-
ity, the Hartree term vanishes and the exchange potential,
which concerns bands with identical spins, opens a gap of
4 meV [80,82,83], which is of the order of the SOC ampli-
tudes. As a consequence, the statistical weight A f(E) of the
bands with opposite (S;) is expected to increase, but keeping
larger values at small angles compared to the MA. Moreover,
the bandwidth, around the MA, is found to relatively increase
under the exchange term [80,82,83], but remains smaller than
3 meV, which preserve the flatness of the bands. It comes out
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that our results hold in undoped TBG under Coulomb interac-
tion, and can be used to extract the value of the MA at which
the Gilbert damping correction drops. Away from the neu-
trality, the bands are substantially distorted by the Coulomb
interaction [80,82,83] and our results should be taken with a
grain of salt since they account for filling v factors away from
—0.5 < v < 0.5, where the bandwidth, at the MA, is less than
4 meV.

Besides interactions, strain is found to be a key param-
eter in the emergence of flat bands in TBG [68,70]. The
effect of strain can be included in our model by deriving the
strain induced correction to the Hamiltonian given by Eq. (3),
taking into account the strain dependence of the vectors q;
connecting the Dirac points [70]. The twist angle, at which
da drops, can then provide a way to measure the strain
in TBG.

Experimental realization. Our proposed setup consists of
an interface between a FI and a fully hBN encapsulated
TBG/WSe, heterostructure (Fig. 1). The hBN layer acts
as a tunnel barrier which prevents the diffusion of the FI
atoms into the graphene layer [84]. On the other hand, the
encapsulation provides a clean interface and prevents the
graphene degradation [84] which is a challenging issue in
the STM and ARPES experiments [24-26], carried out on
nonencapsulated TBG samples. It should be stressed that
the hBN encapsulated TBG/WSe, heterostructure has been
already realized in Refs. [56,57]. Furthermore, the spin trans-
port through a clean interface between a FI and 2D material
has been experimentally achieved [84,85]. The 2D materi-
als were fully encapsulated by hBN [84] or covered by a
thin layer of an oxide insulator (as MgO) [85] to avoid the
interdiffusion with the FI. Our proposed technique to mea-
sure the MA can then be implemented experimentally with

a clean interface and at room temperature. Moreover, an in
situ manipulation of the twist angle can be realized as in
Refs. [86-89].

Conclusion. To conclude, we have proposed an experi-
ment to probe the flat bands of TBG and to measure its
MA accurately. The experiment is based on a spin pumping
measurement through a junction separating a FI and a TBG
adjacent to a monolayer of WSe,. We first derived the contin-
uum model of TBG with SOC, which constitutes a first step
to develop an analytical understanding of the emergence of
a stable superconducting state at small twist angles observed
in TBG in proximity to WSe, [56]. We then determined
analytically the Gilbert damping correction da induced by
the presence of the TBG/WSe, heterostructure. Our results
show that the twist angle dependence of da exhibits a drop
at the MA with a temperature-dependent fine structure. This
feature provides an accurate determination of the MA and an
estimation of the SOC induced in TBG by its proximity to the
TMD layer. Our proposed set-up can be readily implemented
regarding the state-of-the art of the experimental realizations
of SP in 2D materials and TBG-based heterostructure. Our
work opens the gate to a twist tunable spintronics in twisted
layered heterostructures.
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