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Collective magnetic excitations in AA- and AB-stacked graphene bilayers
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We discuss novel transverse plasmon polaritons that are hosted by AA- and AB-stacked bilayer graphene
due to perfect nesting. They are composed of oscillating counterflow currents in between the layers, giving a
clear interpretation of these collective modes as magnetic excitations carrying magnetic moments parallel to the
planes. For AA-stacked bilayer graphene, these modes can reach zero frequency at the neutrality point and we
thus predict a symmetry-broken ground state leading to in-plane orbital ferromagnetism. Even though it could be
hard to detect them in real solid-state devices, these novel magnetic plasmons should be observable in artificial
setups such as optical lattices. Also, our results might be relevant for magic angle twisted bilayer graphene
samples, as their electronic properties are mostly determined by confined AA-stacked regions.
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I. INTRODUCTION

Plasmonics in graphene-based materials has attracted
much attention since the wavelength of light can be reduced
by several orders of magnitude governed by the inverse fine-
structure constant o~} ~ 137 [1-7]. This strong confinement
further gives rise to various applications such as perfect ab-
sorption [8], the sensoring of biochemical molecules [9],
plasmon-induced transparency [10], and plasmon-enhanced
chirality [11]. Also, other two-dimensional systems have
shown interesting plasmonic properties such as molybdenum
disulfide [12], black phosphorous [13], and general van der
Waals materials [14].

Plasmonics is usually based on longitudinal or transverse-
magnetic plasmons which consist of collective density oscilla-
tions collinear to the propagation direction. These excitations
are strongly confined due to the enhanced Coulomb cou-
pling between the electromagnetic field and the charge carrier
density. On the other hand, transverse or transverse-electric
plasmons can also exist in graphene and consist of collective
current oscillations that are perpendicular to the propagation
direction [15]. These excitations are closely pinned to the light
cone and thus weakly confined, which allows for their de-
tection in the Otto configuration [16,17]. Negative refractive
index environments can help to enhance their confinement
[18,19], and magnetically biased graphene-ferrite structures
give rise to nonreciprocal plasmons [20]. Also, in AB-stacked
bilayer graphene the transverse modes are considerably more
confined than in its monolayer counterpart [21]. The nonlinear
response of transverse plasmons is analyzed in Ref. [22].

Transverse plasmons in single-layer graphene arise from
interband transitions close to the absorption threshold and it
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is difficult to visualize their magnetic character [23-25]. This
might further be a reason for their fragile nature, i.e., their
ultrahigh refractive index sensitivity [26].

Here, we study the antisymmetric transverse mode of AA-
or AB-stacked graphene bilayers, which has not been men-
tioned in the literature so far [27]. They are considerably more
stable, as they arise from a resonant “magnetic” absorption,
absent in the uncoupled bilayers discussed in Ref. [28]. Fur-
ther, the antisymmetric counterflow leads to perfect screening
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FIG. 1. Sketch of the transverse antisymmetric plasmons in bi-
layer graphene. The loop currents, j, create an in-plane magnetic
moment, m, between the layers. In particular, we are interested in the
long-wavelength limit ¢ — 0, where a uniform, in-plane, oscillating
magnetic moment emerges out of transverse (chargeless) currents
which are opposite in each layer.
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outside the sample for ga — 0 such that the plasmon disper-
sion does not depend on the two external, possibly different
dielectric environments, contributing to additional stability.
Finally, these antisymmetric modes have a clear physical
interpretation and correspond to loop currents around the lay-
ers resulting in an in-plane magnetic moment density (see
Fig. 1). Remarkably, for AA-stacked graphene these modes
can also exist at zero frequency and we thus predict a mag-
netic instability and spontaneous symmetry breaking at zero
temperature, giving rise to orbital in-plane ferromagnetism.

The paper is organized as follows: in Sec. II, we discuss
the electromagnetic response in a bilayer and define the plas-
monic excitations within the random-phase approximation
(RPA). We also comment on the effect of an inhomogeneous
dielectric environment for the transverse (magnetic) modes.
In Sec. III, we discuss the magnetic response of two typi-
cal graphene bilayers that are AA and AB stacked and give
numerical estimates for the resonant frequency. We finally
discuss the stability in AA-stacked bilayer graphene in Sec. IV
and close with conclusions.

II. ELECTROMAGNETIC RESPONSE IN BILAYERS

Following Ref. [29], the most general (bare) in-plane cur-
rent response in isotropic (and nonchiral) bilayer systems can

be written as
] 1
WY — _(xun xi2\ (A, 1
<J5) (le Xzz) (A‘Z) ’ M

where A’ denotes the gauge field acting on layer £ = 1,2
and v = [, t defines the longitudinal and transverse channels,
which are decoupled. Further, x;. = ((j¢, j*)) is the current-
current response with respect to layers £ and ¢’. Note that
the polarization subscript v is suppressed in x, , since both
polarizations coincide in the g — 0 limit.

In a homogeneous dielectric environment, the propagators
of the gauge fields with in-plane momentum ¢ and frequency

w are given by
1 e 9
2>v-du<e_4a | >, @)

with a the distance between layers, ¢’ = /¢? — epuw?/c?,

d = 2;;#* and d, = —m [30]. Time-reversal symmetry
sets x12 = x21, and in the following, we further assume that
the exchange of layers is also a symmetry leading to x;; =
x22- The collective excitations (plasmons) are then defined in

the RPA by [31]
det(1— xD,) =0, (3)

where x = x¢ ¢ denotes the 2 x 2 response matrix.

In terms of bonding and antibonding modes, we have x. =
x11 £ x12 and d,+ = d,(1 £ exp(—q’a)), and plasmons are
the zeros of the effective dielectric functions:

1 —dyrx+ =0. 4

The transverse field propagator is purely imaginary in the
ga — 0 limit, causing any current excitation leak out to the
propagating electromagnetic field for a single layer. This
is avoided in the double layer by the combination 1 —

exp(—2¢’a) in d,_, making the effective propagator for the
antisymmetric mode real to lowest order in g. Leaking to the
electromagnetic field thus only occurs in higher orders. Of
course, this effective real magnetic coupling is still very small,
but the condition for the self-sustained collective modes is
guaranteed by the divergent nature of the current response y_
near sharp features of the spectrum as we show below.

The response function x_ refers to the counterflow that
leads to an in-plane magnetic moment. The intrinsic ex-
citations are thus collective magnetic dipole oscillations
or magnetic plasmons—contrary to conventional plasmons,
which are collective electric dipole oscillations. Nevertheless,
the resonance condition, (4), is usually not fulfilled due to the
weak magnetic coupling and a true magnetic plasmon cannot
be formed.

In the next section we show that in typical graphene bilay-
ers with AA and AB stacking, the resonance condition can
always be reached due to “perfect nesting” close to a fre-
quency wy, where the real part of y_ diverges as (v — wo) ™.
For extremely clean samples, collective modes are thus guar-
anteed by the divergent nature of the current response x_
near sharp features of the spectrum and we predict genuine
magnetic excitations close to the resonance condition.

Interestingly, in an inhomogeneous environment, i.e., if the
bilayer is surrounded by two dielectrics with permittivities €,
and €, and permeabilities ©; and w,, the final result for the
antisymmetric modes does not change in the long-wavelength
limit due to perfect screening. The antisymmetric eigenvalue
of 1 — x D then reads (see Appendix B)

x-:1+%?un—m»a+OWm» )

The magnetic mode, alternatively defined by ReA™ =0, is
therefore essentially independent of the surrounding dielectric
media. On the other hand, the symmetric plasmonic mode
does depend on the environment, and the existence of exci-
tations closely pinned to the light cone will strongly depend
on the refractive index difference, ny — n, [26].

III. GRAPHENE BILAYERS AND CURRENT RESPONSE

The calculation of x;; and x;, only requires the knowledge
of the underlying Hamiltonian. We consider the general low-
energy Hamiltonian of graphene bilayers [32-34],

0 i
H = E H,, with H, = (IZ;C Ig(’) s 6)
k
k

where H,? = hvpo -k is the single-layer-graphene Dirac
Hamiltonian acting on states of Bloch momentum k. The
2 x 2 matrix U denotes the interlayer coupling, characterized
by the interlayer hopping matrix element ¢ ~ 0.33 eV.

We are interested in the generalized current-current re-
sponse given by the Kubo formula [31],

2
L €2gsg Jn — Jmn i
T = E VymVnin 7
Xee A hiw — (€ — €,) +in B @

n,m

where i, 7 = x, y denote the spatial direction, ¢, ¢’ = 1, 2 the
different layers, and n, m the set of quantum numbers; g, = 2
and g, = 2 are the spin and valley degeneracy, respectively.
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The charge of the electron is e, f; is the Fermi-Dirac distribu-
tion, and v, = (n|0|m) are the matrix elements of the general
velocity operator D, which in the local approximation (g = 0)
couples states with the same momentum, k.

The “magnetic” velocity can be defined by the counterflow
between the two layers and the magnetic moment is thus
proportional to this velocity and the area (distance) between
the two layers. For the external gauge field in the i direction,
the magnetic response is thus defined by x_ = xi} — x{5, but
we suppress the superindex in the following.

The magnetic susceptibility to an in-plane magnetic field
can be obtained from the magnetic response. If m and B,
are the moment and field, then writing m = x, By, one has
2x) = —a’x_. Note that the emergence of a magnetic mode
requires paramagnetism for which x becomes positive.

A. AA-stacked bilayer graphene

With U :t((l) ?), we describe AA-stacked graphene,

whose optical conductivity has been discussed in Ref. [35] and
its plasmonic properties in Ref. [36]. The eigenstates are the
bonding and antibonding states of single-layer graphene.
The eigenenergies are given by Ey, ., = nit + nhivpk
and the eigenvectors by ;""" = %(nl, nnpe, 1, nye®)’,
where ny, n, = & and ¢ denotes the angle that k forms with
the x axis. The velocity operator of layer £ is given by v, =
o ® 1,, where 1, performs a projection onto states of sublayer
£ and o are the Pauli matrices of the pseudospin variables.

The ‘“‘electric”/“magnetic” excitations couple to the

total/counterflow current ji = —eVy = —e(V] &= ¥,) and the
relevant matrix element is
" VR . .
vk,nl,nz;k,m],mz = (nlml + I)Z(mZel(pk + nye l<Pk) . (8)

This means that only transitions with n;m; = —1 yield a finite
contribution to the imaginary part of the magnetic response.
Interestingly, for hiw = 2t there is a perfect matching that
gives rise to a delta function and that is only present in the
“magnetic absorption” (see Fig. 5, Appendix A). The reso-

nant contribution of the magnetic response 2x_ = ({j* j*))
at T = O reads
2
m ™ () = — EE8Y s (he — 2
X w) = = = 2 )
X [2(u% +12)0( — |il) + 4| plf (| — )] .
9
The real part is given by the Kramers-Kronig relation
L[, , 20/
Rex_(w) = — do'Imy_(0')———— , (10)
7 Jo (0)? — »?

and the main contribution from the perfect nesting condition
is thus given by

Rexnested — _lezgfgv 2
- 7 8K (2t)? — (hw)?

x [20° + 10 — |ul) + 4|0l = 1)] -
(n

In Fig. 2, we show the real and imaginary parts of the
full magnetic response as discussed in Appendix A for u = 0

|
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FIG. 2. Magnetic response function for AA-stacked bilayer
graphene as a function of the frequency, for © = 0 and u = ¢. Top:
Imaginary part of the magnetic response, Imyx_, in units of oyt /A,
where oy = €2 /4/i is the universal conductivity of graphene. Bottom:
Real part of the magnetic response function, Rey_, in units of oyt / k.
The small circles are the results of the numerical computations, and
the solid lines are the formulas derived in Appendix A. The width of
the delta function has been tuned to match the numerical results for
which n = 0.1¢ was used.

and p =t. The delta function of the imaginary part of the
analytical solution (full line) is broadened by the same value
(n = 0.1t) as used in the numerical solution (small circles).
The singularity in the real part of the analytical solution,
however, is plotted for the clean system which is algebraic
for both chemical potentials at fiw = 2¢. For u = 0, there is a
logarithmic singularity at @ = 0 which is responsible for the
symmetry-broken ground state.
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FIG. 3. Same as Fig. 2, but for AB-stacked bilayer graphene.

B. AB-stacked bilayer graphene

With U = t(? 8), we describe AB-stacked graphene,
whose optical conductivity has been discussed in Ref. [37] and
its plasmonic properties in Ref. [38]. The eigenenergies are
now given by Ey 4, », = %(nlt + my&;) with ny, n, = £ and

& = +/(2hvgk)? + 12. The eigenvectors are
+.+£ t—§ i _ r—& \T
¥ = N(zrwpkk’ Fe'%, %, :F2hvpkk) ’
-+ — i —& i T
Ut = N(LFae™, —gnge ™ £1)

2hvrpk
where ¢ denotes the angle that k£ forms with the
x axis and N =20+ (2’&_—&)2))_%. The velocity
operator of layer ¢ is again given by V,=o®1,
and the matrix elements of the current counterflow
read v, . =ivpsin(@e), Y, = —UF cos(g),

vk_+_qk_._ = Vf fzos((pk), . Veh ke = ivF’sin(gok), ’ .and .O
otherwise. Again, there is a perfect nesting condition, this

0
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FIG. 4. Frequency of the magnetic plasmons (fiw,) for AA and
AB bilayer graphene as a function of the Fermi level. We set r =
0.33 eV. In both cases, we plot the difference between the plasmon
frequencies and the nesting frequency.

time at Ziw = ¢. This will also give rise to collective magnetic
excitations and the resonant contribution of the magnetic
response reads

2
nested € gs8v 2t .
= — S(hw —t
x=m (@) 32nh2[t2— (G T ot )}
X 2|l + )0 — u]) + 4lplté(u] — )] .

(12)

However, contrary to the AA-stacked bilayer, perfect nesting
also occurs in the optical absorption of AB-stacked graphene
and allows the existence of high-energy electronic or charged
plasmons with frequency w ~ t /i [38].

In Fig. 3, we show the real and imaginary parts of the
full magnetic response as discussed in Appendix A for u =0
and p =t. The delta function of the imaginary part of the
analytical solution (solid line) is broadened by the same value
(n = 0.1¢) as used in the numerical solution (small circles).
The singularity in the real part of the analytical solution,
however, is plotted for the clean system, and for p = 0 this
singularity is logarithmic, whereas for u = ¢ it is algebraic.

C. Numerical estimates

As discussed above, the transverse antisymmetric pho-
tonic propagator is given by d,_ = —(1 — e 7%)/2€yc?q’ ~
—a/2epc?, and plasmonic excitations obey 1 —d,_y_ =
0. Therefore, only a negative real response, Reyx_(w) <
0, allows for solutions. True dissipationless plasmons fur-
ther demand Imy_(w) = 0, and a finite value of Imy_(w)
yields damped plasmons with plasmon frequency ),
given by 1—d,_Reyx_(w,) =0, and inverse lifetime y =
Imx—(w,)/ 35 Rex—(@,) [39].
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FIG. 5. Band structure of AA-stacked (left) and AB-stacked (right) bilayer graphene, and allowed transitions of the current counterflow

operator. Bonding states (n; = —1) are depicted in red, and antibonding states (n; =

5 in AA-stacked and transitions 3 and 4 in AB-stacked graphene.

Setting the doping level to ;v = ¢, the real part of the mag-
netic current response near the nesting frequency reads

1609t 1
Rex 2 (w) = , 13
X = G — 4 (13
4dopt 1
Rex () = —2 (14)

wh (hw/t): -1

where o = ¢?/4h is the universal conductivity of graphene
[40].

With the fine-structure constant o = e*/4mweglic ~ 1/137,
hc=1973eVA,a=34 A, and t = 0.33 eV, we thus have
the following plasmonic resonances:

hoth = /1 — (x—2t V1—83x107%2t,  (15)
2at
hop? = \J1—a"mr = V1-83x10% . (16)

The plasmon frequencies are thus separated from the resonant
or nesting energy by 2.7 and 1.4 eV for AA- and AB-stacked
bilayers, respectively, which obviously calls for ultraclean

+1) in blue. Note the perfect nesting of transitions 4 and

samples. In Fig. 4, we show its dependence on the chemical
potential.

Since the broadening of the delta function is of the order
of the free-mean path, the pole is normally superposed by
the dissipative delta function in the imaginary part. So, even
though the predicted modes are not likely to be observed
in actual bilayer graphene samples, these excitations might
be observable in artificial systems such as cold atoms. For
example, if we set the separation between the layers to be
a = 100 nm, then we get 2t — fiw, = 0.8 meV (0.4 meV) for
AA (AB) bilayers, which should be observable.

IV. MAGNETIC INSTABILITY IN NEUTRAL AA-STACKED
BILAYER GRAPHENE

The antisymmetric response of AA-stacked bilayer
graphene at the neutrality point & = 0 is logarithmically di-
verging at = 0 [see Eq. (A11), Appendix A]. This hints at a
mode condensation or Condon instability as discussed in Refs.
[41,42]. The relevant equilibrium response function requires
the order of limit to be w — 0 and then g — 0, opposite
to the one calculated here. The difference between the two

_ =

- ) _—
T~

FIG. 6. Nested transitions that contribute to the resonance of the magnetic response in AA- and AB-stacked bilayer graphene, for © > ¢
and p < t. Note that at charge neutrality the weight of the resonance becomes zero for AB graphene, whereas it is always nonzero in the AA

bilayer.
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limit orders is a contact term related to the density of states, a
finite magnitude that cannot compete with the divergence [43].
Therefore, we can use our previous results for the ground-state
stability analysis.

Now we estimate the critical temperature. We start from
the RPA instability d;, _x_ = 1, which can be thought of
as a Stoner criterion. A proper analysis would require the
calculation of a finite-temperature response. On physical
grounds, the latter can be inferred from the replacement

hiw — kgT.For n = 0 and w — 0, we have x_ :tﬂ"—;zlné—’T

(see Appendix A). We thus obtain for the critical temperature

ks, = 21 exp (---——) , (17)

where 7y ~ 2.7 eV is the in-plane hopping amplitude and ay =
1.42 A the carbon-carbon distance.

The critical temperature is virtually zero, however, it may
increase after renormalization of the single-particle parame-
ters in twisted bilayer graphene, where the electron density
is concentrated in the regions of local AA stacking. In this
context, we mention that orbital ferromagnetism has recently
been observed for filling fraction n = 3/4 of the first conduc-
tion band of twisted bilayer graphene [44].

Our observation also links with a recent publication stating
that the divergent paramagnetic response in twisted bilayer
graphene can lead to a permanent in-plane magnetic moment
[45]. Note that this is not possible in one layer with a perpen-
dicular magnetic moment [42]. Also, note that this instability
is different from the one due to the short-ranged Hubbard
interaction [46—48]. Finally, due to perfect screening, this
mode cannot be enhanced by a superconducting cavity [41]
(see Appendix C).

J

V. CONCLUSIONS

In this work, we have discussed the magnetic response
of AA- and AB-stacked bilayer graphene. For both stacking
forms, we find a resonance due to perfect nesting which gives
rise to an algebraic divergence in the real part of the magnetic
instability. Within the RPA, this gives rise to an oscillating in-
plane magnetic moment that might be observable in ultraclean
samples. In AA-stacked samples, the ground state is further
given by a symmetry-broken state leading to in-plane orbital
ferromagnetism. By identifying in the electronic structure of
simple models the key features for appearance, as we do here,
we thus offer physical guidance for its search in other systems.

The magnetic excitations/instabilities are composed of
counterflow currents in each layer, giving rise to a magnetic
moment parallel to the planes, thus providing a clear intuition
of the magnetic nature, in contrast to the transverse excitations
in a single layer. Also, they do not depend on the external
dielectric environment including optical cavities which should
help to stabilize them, thus paving the way to novel plasmon-
ics that is not limited by charged impurities. Finally, these
excitations might play a role in magic angle twisted bilayer
samples, as their electronic properties are mostly determined
by confined AA-stacked regions.
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APPENDIX A: MAGNETIC RESPONSE IN AA- AND AB-STACKED BILAYER GRAPHENE

1. AA-stacked bilayer graphene

In Fig. 5, we represent and label the allowed transitions of the magnetic current operator for AA and AB bilayers. Inthe 7 = 0
limit, the Fermi distribution becomes the step function 6(u — €), and taking n — 0 in Eq. (7) allows for an easy evaluation of
the imaginary part of the response function. The nonresonant transitions yield the nonresonant or not nested part of the response

function:

ezgsgv A
24 (2m)?

ImXEOtneSted(a)) - _

+ 8(iw — (2t + 2hvpk))0 <k -

2

|| —¢
v

(mv7) f kdk{s(hw — Q- zrwpk»e(f ;vlm ~ k)

F

) + 80w — (=2t + 2prk))9<k _ lud +’)}. (A)
hl)p

The prefactor wv; comes from the angular integral of %(2 + 2 cos(2¢y)). Above, the first, second, and third terms are the
contributions of transitions 1, 2, and 3, respectively. Performing the integrals gives

202 | 21 — hw ho — 2t
Tmyrotnested (o) — _ € VF 0(hw — 2|01 — Fiw) + L2 g heo — 2| )0 (e — 21
M ) = — N 0 e — 20k — o)+ 6o — 21l o — 21)
2t + how
R g e — 2002t + Tiw) b A2
-+ Qhor 2 (ho |n)o (2t + w)} (A2)
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For the resonant transitions, the imaginary part becomes

5 o —
ImXEested(w) — _ne 8s8v A (7‘[1}%) / kdk{rS(ha) - 21)9 <k - (t + M))Q(I . N k)

24 (2m)? hvp hvg
m—t m+t

8(hw —2t)0 k — 0 —k). A3

B L Co=R] a3

The first and second terms are the contribution of transitions 4 and 5, respectively. Equivalently,

ezgsgv U12:
8 (2hvr)?

Im " () = — 8w — 20){4(u* + 110t — |ul) + 8|ulto (|| — 1)} (A4)

The total response is the sum of the nonresonant and the resonant parts:

8,8y
165>

{[hewb (iw — 2t) + 2t0 (2t — )0 (hw — 2| ) + [2(u> + )0t — i) + 4| ulO(p| — )18 (o — 20)}.
(AS)

Imy () =—

In terms of the dimensionless energy, x = hT“’ and the universal conductivity of graphene, oy = % [40], yields with g5z =

gv:2

2 2 4
Imy_(x) = —%(ﬂ{x[é(x —2)+ ;9(2 —x)}e(x —2|ul/t) + [2(’;—2 + 1)9(1 — ul/t) + #e(m/r - 1)}5@ — 2)} .
(A6)

For the real part we use the Kramers-Kronig relation

w/

2 o / /
Rex_(w) = ;P/ do'ITmy_(w )m, (A7)
0

where P denotes the Cauchy principal value.
The delta function can be integrated directly, which gives the contribution of the resonant transitions to the real part presented
in the text (see Fig. 6),
- eZg s8v 2t
8 (21)? — (hw)?

For the nonresonant transitions, we perform the integrals

Rexzested (w) —

(2022 + )0 = )+ 4rlpalo ] = )] (A8)

_ 2 00 /
Reyrotnested () — —¢ 8s8vp / dw’L[sz’O(ﬁa}’ 1)+ 20021 — ha)/)]
2

thz /i 0)/2 _ CL)2
5 00 2 (2t /hw)?
—eg, z
=58 hwp dy——— +1P o — 1D}, (A9)
8mh maxul/ho,2 /oy VS — 1 Qlul/ioyr 2 — 1

with y = @'/w and z = (w'/w)?. The first integral diverges in the Dirac cone approximation, so we proceed by separating the
divergent part y?/(y?> — 1) = 1 + 1/(y* — 1) and integrate up to a frequency cutoff A. With this scheme, the first term of the real
part gives

o 2 hi fiw — 2t,2

th/ dx—— = A —max(2t, 2|u]) — = log (‘ @ — max( "”)D, (A10)

max2|ul/ho,2 oy X7 — 1 2 he + max(2z, 2| )

and the second term can easily be integrated. The total real part of x_ is thus
—e%g8y fiw fiw — max(2¢, 2| i) 2% — (hw)?
Reyx_(w) = —=—{ — max(2¢, 2 ——1o +tlog| | =—————1)0( —
@)= (31, 2lpl) = 5o (‘hw+max(2t, 2m|)D g( QIu? — (o) ) (= lb
+ L[z(;ﬁ + 10 — |l + 4|0 (ul — )] (A11)
(2t)? — (hw)? '

We have removed the part proportional to A above, because the constant contribution of the response due to the diamagnetic
currents cancels exactly the cutoff dependent term, as required by gauge invariance.
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Again, with gy, g, = 2 and in terms of x = ht—‘“ and oy = 7, the real part reads

e

oot x —2max(1, |ul|/t) 1—(x/2)?
e = __h{ - maxdL /) ﬁlog( x -+ 2max(L /) ) Fale (‘m >9(1 B
8 2
+m[(1 + ’;‘2>9<1 i+ 22 ouii 1)“ (A12)

2. AB-stacked bilayer graphene

Similarly to AA-stacked graphene, the imaginary part of the magnetic response can be decomposed into a sum of nonresonant
and resonant transitions. The nonresonant or not nested part (excitations 1 and 2 in Fig. 5) reads

&g, A

Imxﬁotnested(w) - _ iAg” Gy (ﬂezvﬁ) / kdk{5(hw — &)0 (& — 2|u +1/2]) + 6(how — &)O (& — 2|l — t/2])}. (A13)
The prefactor has the same origin as in the AA-stacked case. In this case, 7v2 is the angular integral of vz cos’(¢;) or

V2 sin?(¢ ), depending on the transition. Performing the integral yields

2
ImXEOtneS[Cd(w)z—e ggsngZ{(ZE )2[0(7150 2l +1/2]) + 0(how — 2|0 — t/2])] Q(Ew—t)} (A14)
On the other hand, the nested transitions 3 and 4 in Fig. 5 contribute with
Imy " (w) = z,;gu V8 (hew — t)/kdk{G(Sk —QCu—=1)0Cu+1t—§&)+ 06 — (—=2u —1)0(=2u +1t — &)}.
(A15)

Keeping in mind that & = /12 + (2hvrk)?, the resonant part reads

2
I ) = — S (21l (] + 060G — |a]) + Hpleb (]~ 130 — 1), (A16)

Finally, the total imaginary part is the sum of both contributions, which yields

gsgv

Imy_(w) = {hwl(how —2|pn +1/2]) + 0 (how — 2| —t/2])]0 (hw —t)

+ R2Ipl(pl + 00 — |ul) + 4 plt0 (| — )]8(ho — 1)} (A7)

Using the dimensionless variable x = ht—“’ and the constant oy = we get with g, =g, =2

e

Imy_(x) = —%{ [e(x — 2wt 4+ 1/2]) + 6(x — 2|/t — 1/2|)]9(x 1
(A18)
2{ul (Il 4
+[7( +1)60 = 1ul/n + Haquli 15—
Again, we calculate the real part via the Kramers-Kronig relations. The delta function gives
Rex™(@) = — <88 [ 3111l 086 — |l + HultBpe] 1) | 5 (A19)
X BT ” HITTRH 2~ (o)

The nonresonant part can be calculated in a way similar to the AA-stacked case and gives

not nested ?g v ho
Reymtrested (g) — 2hA — (max(t,2|,u—t/2|)+max(t,2|,u—|—t/2|)) + 5 log

167 #?
hw (‘max(t,Zl,u—i—tﬂl)—th}

+ —1lo
2 max(t, 2|u +t/2|) + hw

max(f, 2|u —t/2]) — hw
max(t, 2|u —t/2|) + hw

(A20)
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After canceling the cutoff term by the diamagnetic contribution, the total real part of the response function then reads

max(t, 2|u —t/2]) — hw
max(z, 2|u —t/2|) + hw

ezgsgv hw
Rex_(w) = — Toni?] ~ (max(t, 2| —t/2|) + max(t, 2|pn +t/2])) + > log
T

ho (’max(t,2|M+t/2|)—hw

Uy
T3 8 | nax(t. 21 +1/2)) + o

> D + [2|M|(|M| + 00 — |nl) + 4 pulro (|l —I)}

_r
12 — (hw)? |°
(A21)

In dimensionless variables this yields

oot X max(1, 2|u/t — 1/2|) — x
Rex-(0) = =2 — ((max(1, 2lp/t = 1/2 L2/t +1/2D) + 51
ex-(x) nh{ max(l, 2|/t = 1/2[) + max(l, 2|/t +1/2)) ) + 5 Og(’max(1,2|,u/t—l/2|)+x
x max(l, 2{u/t +1/2]) —x 2{pl (Il 4l 1
+ = +|—(—+1)001 - )+ —=0 t—1)|——=¢.
2° (‘max(1,2|u/t+1/2|)+x r \ 1 (= lul/o+ ==6ul/t =1 |73
(A22)
APPENDIX B: PLASMONS IN INHOMOGENEOUS ENVIRONMENTS
The transverse photonic Green’s function when the bilayer lies between two dielectrics is given by [30]
" {cosh(q’ 2 ginh(q’ 1
D, = _ M1i2pog (q'a)+ % (g'a) - , (B1)
N 1 cosh(q'a) + ;%q’ sinh(q'a)

with N, = ¢’ (1129} + 111¢5) cosh(q'a) + (¢, 5 + 1p2q?) sinh(q'a), and g, = /g2 — €;jui(w/c)?. In between the two graphene
layers, we assume a vacuum with wave number ¢’ = /¢ — (w/c)?. Plasmons are the solutions of det(1 — xD;) = 0. The zero
eigenvalues of 1 — x Dy are the symmetric and antisymmetric plasmonic excitations. Let us calculate these. Expanding in powers
of the gja’s, the Green’s function becomes

! 7 2

141 2 hod (¢;a)(gha) pipa(g'a)® O\ 1+ L5+ G- 1

D( = ; 7 1 - ’ ;T ’ ’ e gra qa* | (BZ)
H1g,a + Uag a H1g,a + pagia  Higpa + Uagia 1 1+ 2+ =L

Hence, the eigenvalues (1") of the matrix

xu xi2\ (14 dha/ua + (g'a)*/2 1 (B3)
X12 X 1 1+ gha/p + (q'a)*/2
are related to the eigenvalues (A) of 1 — x D¢ by
/ ’ ! \2
A= 14 —tapamod <1 B (q,,a)(qza)/ 3 Millz(q a) / ))J. (B4)
H1qa + paqia H1gya + pogia  p1gya + pogia
Up to order (gja)?, these solutions read
, qa? 1(qa ha
)»=(X11+X12)+X11<q (DL 5
2 2\ 1 M2
(day 1(q\a qa X —xi(qa  ga ?
1 O+ x12) + X2 +l—+t=))+—F\——=]) (B5)
2 2\ 1 2 8 Hro M2
Therefore, the plasmonic resonances of the system are the zeros of the following eigenvalues:
_ 1 ! /
AT =1 + IJ«OCZ(XII X12) (1 _ _(@ + M) + O((q;a)2)>, (B6)
2 A\ m
2
a ' a —d.a 2_2/a2 'a ! a + 'a)2
A= 14— Mo / Gt a2+ (4 /m/ 95 /Mz? (2q'a) Py (4 /fﬂ)(CIz /Mz/) (q'a)
gya/wr + gra/ 2(q\a/ 1 + qya/n2) q'la/12 + gra/n>

B (2(61’&)2 + (qia/m)(q’za/uz)> L X=X
2 8

(qia/m — q’za/uz)2} + 0((gla)*). (B7)
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One thing to note is that this approximation breaks down if the dielectric media 1 and 2 are the same for ¢} = 0. In this case,
when approaching the slower light cone, gja and ga tend to 0 while g’a tends to a constant, and the terms with (¢'a)?/(¢}a/u1 +
g,a/uy) are no longer small and, in fact, become infinite. However, the divergence kicks off at very small values of ¢}a and we
can trust the formula for essentially the entire dynamic range of ¢, as we will see.

A simple calculation tells us that (¢'a)’/(2¢,a/mw1) ~ 1 when ga ~ wa/ci + u?/8((c/c1)* — 1’ (c1/¢)(wa/c)? or, equiva-
lently, gja ~ p1/2((c/ci )2 — 1)(a)a/c)2(where c1 is the speed of light in medium 1). Taking the frequency to be of the order of
the interlayer coupling, /i = 0.5 eV, we have wa/c ~ 1073, ga ~ wa/c; + 1072, and qia ~ 107%. On the other hand, setting
the momentum scale to, say, go = G/100 ~ 3 x 10 m~!, where G is the modulus of the reciprocal lattice vector of graphene
and the interlayer distance to a = 3.4 A, we have that our approximation is valid up to ¢} /qo ~ 107>, or q/qo ~ 107® to the
right of the light cone of the dielectric.

Setting ¢/ a, gha = 0 in Eq. (B1), the eigenvalues at the dielectric light cone are AT = 1+ 2poa(x11 + x12)/(¢'a)* and A~ =
1 — poa(xi1 — x12)/2. In conclusion, the symmetric eigenvalue remains bounded and we can trust Eq. (B6) even at ¢} = 0.

On the other hand, if the dielectric media are not the same, the quantity (§¢'a)*/(¢)a/u1) + (gba/12)) will not blow up, and
for refractive indices |n; — 1| > 10~ the approximation is good all the way up to ¢} = 0 (1 being the slower medium).

APPENDIX C: INFLUENCE OF AN OPTICAL CAVITY

Let us consider the bilayer placed inside an optical cavity, with boundaries at z = £L/2. In this setting, the Green’s function
or photonic propagator for the transverse fields of a source located at 7z’ takes the form

_ Mo sinh(q'(z= — L/2))sinh(q'(z~ + L/2))
q/

Diz.7
1z 2) sinh(¢'L)

(ChH

for —L/2 < z < L/2 and D;(z, 7’) = 0 otherwise [where z= = min(z, z’) and 7~ = max(z, z')]. If the bilayer is located at 7 =
+a/2, the Green’s function of the double-layer structure is

D, — Mo sinh((a — L)/2)sinh((a + L)/2) —sinh?((L — a)/2) )
‘T q' sinh(¢g’'L) —sinh?((L — a)/2) sinh((@ — L)/2)sinh((a + L)/2) )"
Transverse plasmons are obtained after the in-phase and out-of-phase (counterflow) combinations:
1+ Hoaxs cosh(a/2)sinh((L —a)/2) _o, (3)
q'a cosh(L/2)
- noax—_ sinh(a/2). sinh((L — a)/2) _o. (C4)
q'a sinh(L/2)

The form factors are increasing functions of L, so the light-matter coupling is larger when there is no cavity. Hence, the presence
of the cavity does not favor the presence of these elusive excitations, as pointed out in Ref. [41]. This is due to the “perfect”

screening of the magnetic excitations.
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