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The aim of this work is to study the entanglement harvesting between two graphene layers inside a
planar microcavity. Applying time-dependent perturbation theory it is shown that nonclassical correlations
between electrons in different layers are obtained through the exchange of virtual photons. Considering
different initial states of the electrons and the vacuum state of the electromagnetic field, the negativity
measure that quantifies the entanglement is computed through the photon propagator for time scales
smaller than the light-crossing time of the double layer. The results are compared with those obtained for
hydrogenic probes and pointlike Unruh-DeWitt detectors, showing that for different initial states, entangled
X states and more general entangled reduced matrices are obtained, which enlarge the classification of

bipartite quantum states.
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I. INTRODUCTION

The vacuum state of a free quantum field contains
correlations of different observables in separate regions
of spacetime, even when those regions are spacelike
separated [1-3]. This nonclassical behavior of the vacuum
state of the field is a vital concept in phenomena such as
quantum collect calling [4], the black hole information loss
problem [5,6], and quantum energy teleportation [7-9].
These correlations are, in principle, physically accessible
because they can be obtained from the field vacuum via
quantum particle detectors that couple to it locally [10].
This allows to observe an entanglement of the particle
detectors that are operated by observers, even if they remain
spacelike separated during their whole existence [2]. The
phenomenon of extraction of nonclassical correlations from
the quantum vacuum has become known as entanglement
harvesting, which was introduced in Ref. [1]. Entanglement
harvesting from scalar fields has been widely studied [3]
and applied in entanglement farming [11], metrology [12],
and in cosmology, where it has been shown that entangle-
ment harvesting is very sensitive to the geometry of the
underlying spacetime [13,14] or even its topology [15].
In general, the detector-field interaction is modeled
using the Unruh-DeWitt model [16], which consists of a
linear coupling of a pointlike two-level quantum system
and a massless (or not) scalar quantum field, where a
spatial smearing function is included in order to allow the
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two-level system to have a finite extension in space.1
Experimental implementations of the Unruh-DeWitt model
have been developed in atomic systems and superconduct-
ing circuits [17-19], where in the former an alkali atom as a
first quantized system can serve as a detector for the second
quantized electromagnetic field.

Nevertheless, and despite its great success, the Unruh-
DeWitt model cannot capture the complete interaction
between atoms and the electromagnetic field vacuum.
The electromagnetic field is a vector field and carries
angular momentum, but this implies that any study based
on the Unruh-DeWitt model will not capture the anisotro-
pies and orientation dependence of the entanglement
harvesting and will not predict any effect related to the
exchange of the angular momentum of the atoms with the
quantum field. In Ref. [20], a dipole coupling between
the electromagnetic field and hydrogenoid atoms was
studied exhaustively. In turn, particle detector models are
ubiquitous as models for experimental setups in quantum
optics [21]. The most usual light-matter interaction
models—the Jaynes-Cummings model and its variants—
are almost identical to the Unruh-DeWitt model [21],
where the rotating wave approximation is applied, and
the terms proportional to 6" a" and the Hermitian conjugate
are removed from the Hamiltonian. The reason behind this
approximation is that the neglected terms yield bounded
oscillations when integrated in time for the detector-field

n turn, a time-window function is included in the interaction
to allows the interaction to occur in a finite time.
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resonance. These bounded oscillations can be neglected
in the detector-field dynamics compared to the close-to-
resonance rotating wave terms. Removing these terms
implies that microcausality is not guaranteed and that
the Hamiltonian is no longer linear in the field [22].

On the other hand, graphene—a monolayer of carbon
atoms—has garnered considerable interest because it is
attractive for various electronic and magnetic applications
[23-25]. Besides its novel high-speed electronics properties
[26], graphene is of great interest from the point of view of
fundamental physics as well. The low-energy electron
excitations in graphene are massless Dirac fermions with
a linear energy spectrum [27,28]. This makes graphene a
condensed-matter playground to study various relativistic
quantum phenomena, such as Klein tunneling and the
Casimir effect [29,30]. Up to now, most graphene-related
studies focused on its unusual transport properties, but
quantum effects arising from interactions with a quantized
electromagnetic field have been neglected.

Recently, quantum electromagnetic field effects have
been studied with the purpose of opening a band gap in the
spectrum by illuminating graphene with circularly polar-
ized light [31]. In this case, the gap appears due to the
formation of composite electron-photon states which are
similar to polaritons in ionic crystals and quantum micro-
cavities [32,33]. It should be noted that within the frame-
work of QED, the excitonic effects can be observed even if
real photons are absent and electrons interact only with
vacuum fluctuations of the electromagnetic field by emit-
ting and reabsorbing virtual photons [34]. From this,
it would be natural to expect that the photon-induced
splitting of the valence and conductivity bands in graphene
[31] will arise due to the vacuum fluctuations even in the
absence of external field pumping. These effects can be
observed by decreasing the effective volume where elec-
tron-photon interactions take place, which can be accom-
plished by embedding an electron system inside a planar
microcavity [33].

When the electromagnetic field is coupled to graphene in
the long-wavelength approximation, the minimal coupling
P — P — ¢A must be applied to the Hamiltonian, which
naturally introduces the Unruh-DeWitt interaction between
the detector (in this case, the sublattice basis) and the
quantum field. This allows to study the entanglement
harvesting between two graphene sheets inside a planar
microcavity and, in particular, to study the photon-induced
splitting of the valence and conduction bands at small
times. From the conceptual viewpoint, this is a generali-
zation of entanglement harvesting to extended or surface
systems and not pointlike systems, such as atomic probes or
two-level systems. It should be stressed that separated
electron systems (such as double-layer graphene) remain
strongly coupled by electron-electron interactions even
when they cannot exchange particles, provided that the
layer separation d is comparable to a characteristic distance

[ between charge carriers within layers [35]. One of the
consequences of this remote coupling is a phenomenon
called Coulomb drag, in which an electric current passing
through one of the layers causes frictional charge flow in
the other layer and reveals many unpredicted features in
double-layer graphene, such as a larger Coulomb drag
when both layers are neutral [36]. Although this phenome-
non is considerable for double-layer graphene in a cavity,
when entanglement harvesting—due to the vacuum fluc-
tuations of the electromagnetic field cavity being studied—
time scales much smaller than the light-crossing time
between the layers are considered and the Coulomb drag
can be neglected, or (from the point of view of quantum
field theory) we can consider the Coulomb interaction
between the layers in the spacetime region where causality
is violated.

Thus, in this work we study entanglement harvesting
between two graphene sheets inside a cavity, where the
monopole detector is given by the natural interaction of the
electrons in graphene with the electromagnetic field. In
particular, the raising and lowering operators that act as the
detector are obtained through the Pauli matrices, which act
on the sublattice basis. When the initial states of electrons
are written as eigenstates of the free Hamiltonian, the effect
of the interaction is not trivial because these eigenstates are
written as superpositions of the sublattice basis. In turn,
when the initial states of the electrons are given in a defined
sublattice basis, the entanglement harvesting obtained is
identical to that obtained in Ref. [10], with the main
difference coming from the smearing of the detectors,
which in this work are represented by the graphene sheets.

This paper is organized as follows. In Sec. II we
introduce the formalism to compute the time-dependent
perturbation theory. In Sec. III, we present our results and
discussions for different initial states of electrons in both
graphene sheets, and make a comparison with the Unruh-
DeWitt detector. In Sec. IV we present our conclusions.
In Appendices A and B we present a detailed calculation
of the photon propagator and the second-order contribution
to the reduced quantum operator in time-dependent per-
turbation theory.

II. THE MODEL

The Hamiltonian of the double-layer graphene coupled
to the electromagnetic field of the cavity reads (see Fig. 1)

H = Z(Urf’ipi —evpoiA;) + Hp, (1)
i=12

where i runs over the two electrons, each in different
graphene layers,2 which can be in either the valence
or conduction band, A; is the potential vector acting on

The index i should not be confused with the index notation of
a vector.
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FIG. 1. The device setup of double-layer graphene inside a
planar microcavity.

each electron, and H is the Hamiltonian of the electro-

magnetic field Hp = Y, q,zhwn.q,ﬂzqﬂnqb where , =

cy/q* + (34)? and anql(a;qﬂ) are the creation and annihi-
lation operators of the cavity field that obeys the usual
commutation relations [anqi,al,qw} = 801 0qq ! [311].
The quantum electromagnetic field can be written in terms

of the creation and annihilation operators for each mode q
with frequency w,  and polarization 4 as [37]

. (#nd;\ /. .
Ai(r’ s t) = Z = Sln( I l) (eqlanqledq'r—wnqt)
A=tm,qV N4
bty g, o

where é,; are the polarization directions orthogonal to the
in-plane wave vector of the field q, L is the distance
between the two mirrors of the planar cavity, S is the area

of the graphene sample y = , /%, and n is the mode index

in the z direction. By considering one layer of graphene
placed at z = d, and the second one at z = d,, the potential
vectors A; are given by Eq. (2) with the replacements
z=d, and z = d,, respectively. By considering H, =
> i—12Vpo;P; (the unperturbed Hamiltonian), a set of
eigenstates can be obtained in terms of the sublattice basis,

eik,-~r )
k,-,s,- = — Ai +Sel€i Bi s 3
L \/ﬁﬂ ) |B;)) (3)

kyy .
where 6; = arctan(;) is the angle of the wave vector with

respect the x axis, and s = +1 for the conduction and
valence bands.’ The elementary electromagnetic field
excitations from the vacuum can be characterized by the
wave vector ¢ and the helicity, which can be constructed
through the polarization vectors ¢, and é, by redefining

é, = \/ii(éx +iéy) and é_ = %(éx —iéy). In order to

*In the low-wavelength approximation, the wave vector can be
approximated at one of the two inequivalent symmetry points of
the Brillouin zone—the K or K’ valleys. For the sake of simplicity
we will consider one valley.

express the dot product 6;A; we have to consider a two-
dimensional space orthogonal to the z direction. By using
the circular polarization basis, the dot product reads”

ciA; = (o2, +o\'e))(Afe, +Are ) = \/iza(j}Agl’,
A=+
(4)

where 2 = 41 for both helicities, o\ =1 (al” + 2ia\),
and where

. nd,
(i) § :7sm(ﬂLl) i(Qr=ongt) | ot —i(@T-my,t)
A — - = 7 q n.q q n.q .
) - \/m <a"q/1€ + Apqa€ )

(5)

In order to compute the coupling between the valence
and conduction bands with the circular polarized photons,
the following relations must be taken into account:
o, k,A) =0, o,k B)=1k,A), o_k,A)=|k,B),
o_|k.B)=0, 0, |k,+)=1e"(|k,+)+|k,—)), o_|k,+) =
L (K, +) = [k, =), o [k,=) ==Le™ (k. +) + [k,=)),
and o_|k,—) =1e(|k,+) —|k,—)) (see Ref. [31]).
From these relations we can see that this model is similar
to those used in entanglement harvesting from two detec-
tors [20], where o, are the detector’s energy raising and
lowering operators. In this work, this two-level system is
the sublattice basis, which implies that one photon with a
definitive helicity is absorbed whenever a delocalized
electron jumps from the A sublattice to the B sublattice,
or a photon is emitted when an electron jumps from the B
sublattice to the A sublattice. But the stationary states in
graphene are given by the eigenvectors of the Hamiltonian
which can be written as superpositions in the sublattice
basis [see Eq. (3)]. This implies that the entanglement
harvesting of the two graphene layers is more subtle
because the absorbtion and emission of virtual photons
imply a superposition of valence and conduction bands
with definite incoming and outgoing momenta. In turn, the
system under study is a generalization of pointlike systems,
where the monopole detectors raise and lower the two
discrete energy levels. In the case of double-layer graphene,
the detector is given by the interaction A, where A is now
evaluated in each graphene layer. The entanglement har-
vesting on surfaces implies at least two energy bands, and
the possible transitions are ruled by the energy conservation
given by the momentum of the electrons in both graphene
sheets. In the literature, entanglement harvesting is inves-
tigated using a pointlike approximation for the detector
model, which has no extension and interacts with the
field only at the spacetime point where it is placed. This

*We are assuming that the virtual photons interacting with the
graphene layers propagate normally with respect to these layers.
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assumption, which can be considered an approximation
for real detectors with finite size, results in ultraviolet
divergences. Several regularization schemes yield different
transition probabilities [38]. In the case of double-layer
graphene, this problem is not present due to the natural
spatial smearing of the interaction between the electro-
magnetic field and graphene sheets.

In order to compute the entanglement of electrons we
can work perturbatively to second order in the interacting
Hamiltonian H;,, = v23 /1=i‘7<_l,>1A511)> where the interaction
picture time evolution operator U for the full system is

U=U9+uy® 4+y@ ..., (6)

where U0 =1, UV =—i [* drH, (), UP =— [ _dl x
Him(t’)ffoodt”Him(t”), and Hiy (1) = e HotHRY (1) x
e(FotHr)t  Then, given an initial density matrix p, the
final density matrix ps is hence given by

pr="UpyU"
=[T+UND+U? - po[I+UD +UP +...]. (7)

If we write p;r = pg +p(Tl) +p(Tz) + ..., then

1 K
py) = UWpy + poUMT,
2
PP = UWpoUT 4+ UGy + poUR), (8)
In order to rearrange the notation, we can write p<Ti’j ) =

U p,UYT, and therefore the time-evolved density matrix
can be written as a sum of terms of the form p =

po +pH0 4 pOl) 4 p20) 4 p02) 4 (L1 4 ... Because

Try(UPpy) = —(evp)? >
ij=12:00

where

A (e, 11,10, 1) = (QolAY (1)AD (12)192) = 66>
nq

we are going to analyze entanglement and correlation
harvesting of both graphene layers from the vacuum
fluctuations of the quantum electromagnetic field, we
can consider that the initial state of the electron-electron
quantum field system is

Po = 1920)(Q| ® g 9)

where |Qg) = |Qf)+>, Q(()_)> is the vacuum state of the
electromagnetic field with circular polarization + and pg
is the initial density matrix of the electron-electron system,
where without loss of generality we can consider that
both electrons are in the conduction band with momenta k
and k,, respectively, or both electrons are in the sublattice
basis A with momenta k; and k,, respectively. We are
interested in the partial state of the electrons in the graphene
sheet after the interaction with the quantum field, which is
given by

p(t) = Try(UpoU"). (10)

This means that the nondiagonal terms in the field produced
by time evolution will not be relevant for our purposes. In
particular, any contribution for which the parities of i and j
are different will give a zero contribution to the electrons in
graphene final states as long as the initial state of the field is
diagonal in the Fock basis, which is the case for the vacuum
or any incoherent superposition of Fock states such as a
thermal state. Then, the unique term to be computed is p<T2 )
and the trace over the field basis must be carried out. The
Tra(U%py) = =L [t [' dtidtyTra[Hin(t))Hin(t2)p0]
contribution in Eq. (8) can be written as

!
t t .. . .
/dzl'l/dzl'z/ / df1df2A51,)1jr)(r1711,1'27fz)GS;(tl)U(_jjf(fz)PG’ (11)

2 . .
sin idl sin ”nd.l el (A T1—on gty) p=i(q 2=y 4 t2) (12)
W, L L

nq

is the photon propagator, where we have used that Aﬁi) (r,1) = e%HOF’Ay)e‘%HOFt and where 62(1‘) = e%HOS’aY;e‘%HOS’ . The

photon propagator can be computed exactly (see Appendix A) and the result reads Al )(At,

o Ar|) = 6,y F;;(|x[), where

y? sin (%) sin (an,) sinh (#)
Fi/'(|x|) - . (aldi—d—ilx))\ . (a(di+di—ilx)\ . _[(#(di—d;+ilx])\ . _[(z(di+d;+ilx])\ "’ (13)
16ﬂ|x|s1n<+> sm( s )sm( 7 )sm( i )
|
where |x| = \/c?Ar? — |Ar|?, with At = t; — 1, and Ar =  introduce a mode cutoff. Nevertheless, this cutoff would

r; — r,. In the last equation, the infinite sum of modes has
been carried out, although it is known that realistic cavities are
not good cavities for the whole frequency spectrum; thus, an
improved version of the model introduced in this work should

imply that the usual light-matter interaction violates causality.
Then, although the model is ideal and does not represent real
cavities, it is consistent with causality. In a similar way, the
other two contributions to p at second order read
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Tr(/,(pOU(z) ) EUF /dzl'l/dzl'z/ / dtldtzA,{,l' rl,tl,rz,tz)p(;a(; (tl) ) (l ) (14)
i,j=12:4.4

and

Try (U pUDY) = 2( ey / / dndt, A" (v, 10y 1)) (1 )poo) (1), (15)
i,j=12:4.4"7"

Collecting all of the terms, the reduced state reads

p=Tryp(t)) = —(evp)? / / dtldfz M 1‘1,11,1'2,t2)
i,j=1,2:4

x [60)(t1)6%) ()G + o) (0)oY) (1) = 20%) (1)pga ") ()], (16)

In Fig. 2 the photon propagator in the cavity is shown as a
function of |x| ford; /L = 0.4 and d,/L = 0.6. As it can be
seen, the propagator does not vanish outside the light cone,
which implies the emergence of correlations between the
two graphene sheets at 7 < ¢/|d, — d;|. This implies the
generation of a correlated state from an uncorrelated one
only by local interactions because the field vacuum is an
entangled state between spacelike separated regions. In turn,
the nonzero probability of an electron in the graphene sheet
to get excited outside the light cone is independent of the
remaining electron in the other graphene sheet, and thus no
information is carried over a spacelike distance. The main
difference between the result obtained for p in double-layer
|

I
graphene and the pointlike detectors is the spatial integration
over the constrained space in which the electrons can move.
When real detectors are modeled, a smeared function must
be introduced in the interaction which introduces the spatial
integration (see Ref. [39]). Both electrons are delocalized in
each graphene sheet and can become entangled by merely
letting them interact with the field vacuum state. The system
becomes entangled because they swap entanglement from
the vacuum rather than by interacting through the exchange
of real field quanta.

Finally, the matrix elements (K/. s}, k5. s5|Tr,(U®py)|
ki, 51, Ky, s,) read (see Appendix B)

t t
<k/175/1’k/2’s/2|,0(’)|k1’sl’kz,S2>:—(BWF)25(k1—k/1+kz—k/z) Z //dtldtz}-ij(kl_klz’A[)
ij=12:

x (51,551 (a)(11)0Y) (1)p6 = 20%) (1)paol (1) + poo) (11)0) (1) )12, (17)

1.x107

8.x1078

6.x1078

At

4.x107°

2.x107°

0 2.x107° 4.x107° 6.x10° 8.x107° 1.x107
Ar

FIG. 2. Photon cavity propagator as a function of space and
time.

|
where [see Eq. (B7)]

Fii(ky — Ky Ar)
/dzAre k- >‘ArF,.j( At2—|Ar|2) (18)

and |s|,$5) = |s;) ® |s,) is an arbitrary basis, e.g., the
sublattice basis (in which case s; = A, B) or the valence-
conduction band basis (in which case s; = =). The Dirac delta
5(ky — kj + k, — k) implies momentum conservation and
k; (k}) is the initial (final) momentum of both electrons.

ITI. RESULTS AND DISCUSSIONS

In order to obtain the critical parameters in which
the reduced quantum state is entangled, we can expand
Try(p(t)) in small values of ¢ in Eq. (16),
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(K, 51K, 85 p(1)| Ky, s1. Ko, 80) =

XZfU

ij=1.2:

where we have used that a(_if = a/(li)

—(evpt)25(ky — k| +ky—k})

@, (i)

~k4,0) x (51,541 (0100 =20 060l +pgo o Isi52). (19)

. Considering as initial state p; = |A, A)(A, A| where both electrons in each graphene

sheet have nonzero amplitude in the A sublattice basis, the normalized reduced quantum state can be written in the basis

|A,A), |A,B), |B,A), and |B, B) as

1= 2(evp)*P[F 11 + Fal 0 2(evp)* 2 F ),
0 2(67} )2t2f22 —2(61) )2t2F12 0
p(t) = g 2.2 F2 2 4 (20)
0 2(evp)* t*F,  2(evp)*t*Fyy 0
2(81)17)21‘2?12 0 0

where F;; is a function of k, —k) and momentum
conservation is understood. This density matrix has the
form of the so-called X state [40] and is positive at leading
order in O((yevy)?) and all the perturbative corrections of
p to the final density matrix are traceless. Therefore, the
trace of the final state of p is always preserved, independent
of up to which order O(n) in the coupling constant the
corrections are taken into account.

The X states are those in which several matrix elements
are zero (p1p = P13 = Pas = p34 = 0) [41]. In turn, many
well-known and useful families of states have an X form,
including the Bell states, Werner states [42], and isotropic
states [41]. Recently, it was shown numerically that all two-
qubit mixed states are equivalent to X states by a single
entanglement-preserving unitary transformation, so con-
currence and other entanglement measures of such an X

state are equal to those of the original general state [43]. In
|

|
general, a density matrix is said to be inseparable or
entangled if it cannot be expressed as a convex sum of
local density matrices [42]. In the present case of a 2 x 2
system, a necessary and sufficient condition for insepa-
rability is that the negativity be positive, where the
negativity A is defined as the lowest eigenvalue of the
partial transpose of p [44-46]. The negativity is an
entanglement monotone that for two-qubit settings only
vanishes for separable states and is defined as

N = 3 e @1

acgolp"?]

where «; are the eigenvalues of the partial transpose of
p'> = (I ® T)p with respect to the second system. This
partial transpose reads

1 - 2(€1JFZ)2[.7:11 + .7:22] 0 0 —2<€1}Fl)2.7:12
2 2
prz _ (I ® T)p _ O 2(€UFt) f22 2(€UFI) le 0 ’ (22)
0 2(€Upt)2f12 2(€UFI)2F11 0
—2(€Upt)2f12 0 0 0
and the eigenvalues are
1
;=5- vt (Fry + Fp) +5 \/46 Pop[(Fi + F)? +4F 5] — 4220 (F1y + Fa) +1
1
@ == it (Fry + Fa) ——\/4€ POp[(Fi + Fo)? +4F 5] — 4220 (F 1y + Fa) +1
a3 =e th2<.7-"“ +Fpn+ \/ (Fii — Fn)? +4F12)
a=e Upf2<7:11+]:22 \/(F11—722)2+4F%2>- (23)

The first two eigenvalues cannot be negative because this would imply that 16e*#*v%.F2, < 0. The only eigenvalue that
can be negative is a;. We shall therefore use the negativity as a measure of entanglement. The following expression is

obtained for the negativity:
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N = 62”%1‘2(\/(}—11 — Fp)? +4F, - Fu —fzz)-
(24)

The last equation is the sum of a local term F | + F»,
that depends on the properties of just one of the graphene

sheets and a nonlocal term \/(F|, — Fy,)* + 4F2, that
depends on the properties of both graphene sheets. This
implies a direct competition between nonlocal, entangling
exchange and local noise, which implies that in order to
have entanglement between the graphene sheets the non-
local term must overcome the single-graphene sheet noise
excitations, as it occurs with atoms [2]. For the set of values
of d|/L, d,/L and Ak = |k, — K}| in which \V is positive,
the double-layer graphene becomes entangled for times
smaller than the light-crossing time ¢ < @. In order to
obtain analytical results in the case where Ak = 0, instead
of computing the sum over n as done in Appendix A, we
can compute the integral over Ar. Then, F;; can be written

with the sum over n,

72 S sin("2) sin (")

e ,
= VNS

which for the case where Ak = O reads

(25)

L [e-ilditdp)f _q L3AK? —i(d—do)E
Fij(k) = ;ln{ HE — odiE } 10 Lisle (4=)E)

+ Liz(e1=®)) — Liz(e~/lditd)t)

 Liy(efldh )] + O(AKY), (26)

1 L _ K (L\3 4
k2+MNE_7 E) +0<k )III
2

where we have expanded

Figs. 3 and 4 the function F;; and the negativity are shown
as functions of the dimensionless parameters d;/L and
d,/L for Ak = 0. As expected, the negativity is larger

Fi(Ak=0)

0.6
- 0.4
’ Ioz
. ",
0.2 0.4 0.6 0.8 1
dy

0
T

FIG. 3. The function F/; as a function of the relative distance of
both graphene sheets with respect to the cavity.

Negativity

FIG. 4. The negativity measure as a function of each graphene
layer’s relative distance with respect the cavity.

when the layer separation is smaller at lowest order in 7. An
electron in one graphene layer has a nonzero probability of
getting excited outside the light cone, but this probability is
completely independent of the electron in the other gra-
phene layer, so no information is being carried over a
spacelike distance.

In turn, by numerically computing the integral in Eq. (18)
for At = 0 and Ak # O for different sets of values of d; /L and
d,/L, the negativity estimator shows a critical value of
AkL ~ 3.2 where the negativity changes sign (see Fig. 5).
By considering L = 500 nm as a normal microcavity, the
induced gap is e; ~6 x 10715 eV which is smaller than
typical induced gaps in normal semiconductors [47].
Following the same procedure, we can consider that the initial
quantum state for the two electrons in each graphene sheet is
given by eigenstates of the Hamiltonian which can be written
as a superposition of the sublattice basis. This implies that the
detector (which acts on the sublattice basis) will mix the
eigenstates of the Hamiltonian. For simplicity, we can write
the initial state as pg = |+, +)(+, +| (see Fig. 6), and thus

(3 loals) = 5 [5e7(1+2) + e (1= 2)], (27)

N
.
3.x107% .
%
2x10°% % R
L 3'L 3
1.x107% \-- 804, %206
L L
045 %e
3 3 3 5 g Akl o $2045, 22055
d d,
~1.x10"% A T‘=0.48 s T=0'52
‘
—2.x10°% .,
*
_3.x10-54 a0
.
FIG. 5. The negativity as a function of the momentum transfer

for different relative distances d,/L and d,/L.
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©) U)) (i)

where the basis |s) is |£). After a lengthy calculation, (s l,sz|( _/10 v — 200605 + peo, 6/1 )|s1, s,) can be written as

(s 1’52|< ,1‘7( /%/’ 25(-31/’(;051)

+/’ng ‘7,1 )|S1,52> =anFn +anFy+apFi, (28)

where a;; = —515/25152€i<91_6/1)<1 +5181), azn = =061, 01y e@=%)(1 + s,55) and
ap = —e' (51s 1015, + 015615, sysy) — @70 (5,, 015, + 01y, B15,5257)
+e l+62)(5ls’]513’2 +815,01505155) + ) (6,610 + 5152015 014,) (29)

where 6; (€)) is the initial (final) angle of the wave vector k; (k;) that appears in the phase in Eq. (3). The normalized reduced

quantum operator reads [see Eq. (8) in Ref. [15]]

1 + (eUFt)z[A — D2 — D]] _(eth)2B+ —(eUFt)ZB_ (evpt)zc
. (evpt)*B, (evpt)?[D, — A (evpt)’E 0 (30)
(evpt)?B_ (evpt)’E (evpt)*[D; — A] 0 ’
(evpt)*C 0 (evpt)’A
where
A — it +0)) [szlz(_ei<9l+9’l) — ¢l(Ot0) | piO 0, 1010) | 1) _ oi03+0) (F || +}-22)}’
B. = %flze—i(9;+0;)(:F 1+ ei<6/]+9]))(:t1 + ei<9/2+92)),
C = %f12<e—i(9;+9’2) + ei(6'|+02))’
D; = —F e 00,
1 A
E = —5.7:]2(@1(9]_67) + 81(92 91)) (31)

From Eq. (30), the reduced operator is no longer an X
state due to the matrix elements B.; nevertheless, for
specific choices of initial and final angles of the wave
vectors, different kinds of entangled matrices can be
obtained. For B, = 0, the angles must obey &, + 6; =0
and 0, +6, =0 or ¢, + 0, =z and ¢, + 0, = . In the
first case, A does not depend on F, and the matrix is
identical to Eq. (20), but in the second case, e’ i(01+6,) 4

e!0t0s) _ pl01+0,+01462) _ 1 does not vanish and Fi,
appears in the diagonal elements. In turn, when
0, +6, =0, +6,—n E=0 and the density matrix can

FIG. 6. Initial and final angles of both conduction electrons in
each graphene sheet.

|

no longer be related to all pure and mixed states by an
entanglement-preserving unitary transformation such that
the transformed state has the same entanglement as the
input state, a property which is supported by strong
numerical evidence [48]. The correlated angles at which
the electrons in both layers scatter is related to the broken
symmetry in double-layer graphene shown in Ref. [36].
The matrix-element dependence of p with the initial and
final angles implies that the nonlocal correlations are
sensitive to the relative orientation of the electrons.

An operational two-party entanglement-harvesting pro-
tocol to detect this nonlocal correlation in double-layer
graphene involves applying an external voltage on both
layers, which can vary the carrier concentration in the
material [49]. It is well known that graphene’s density of
states at the neutral point vanishes, which implies that there
are no states to occupy and hence there are no carriers
which could contribute to the electronic transport. An usual
procedure to change the charge concentration is to use
graphene as the second parallel plate of a capacitor, where
the first plate is SiO, and a back-gate voltage is applied
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perpendicular to the graphene sheet which creates an
electrostatic potential drop between the sample and the
gate electrode and shifts the Fermi level [50]. The distance
between graphene layers should be an order of magnitude
larger than the capacitor in order to not change the
boundary conditions for the electromagnetic field used
in the calculations [51]. By switching the back-gate voltage
on and off in one graphene layer in the interval [0, 7] and
performing the same procedure in the second layer in the
interval [T, Th| (where T, — T, = T and the initial time at
which the second back-gate voltage is turned on obeys
T, < @) and by measuring the current in each graphene
layer [52], it is possible to detect nonlocal correlation
even if both electrons do not exchange real photons.5 An
improvement to the setup is to introduce a dielectric in
the whole cavity that changes the refractive index and
the velocity of light in order to decrease the time
intervals at which the back-gate voltages are switched
on and off [51].

Summing up, we have presented a new physical effect of
vacuum fluctuations which is associated with quantum
nonlocality in double-layer graphene, which allows to
study relativistic quantum effects in the laboratory. It
should be stressed that this effect stands in contrast to
other vacuum phenomena, such as the Lamb shift or the
Casimir effect [54], which to some extent can be emulated
by classical stochastic local noise.

IV. CONCLUSIONS

In this work we have performed a detailed study of the
phenomenon of entanglement harvesting from the vacuum
state of the electromagnetic field in double-layer graphene
for different initial states for the electrons. By considering
that each graphene sheet interacts with the vacuum electro-
magnetic field state and by partially tracing the degrees of
freedom of this field, the reduced quantum state of the
electrons in different layers gets entangled for times smaller
than the time of flight of light between the sheets. By
using time-dependent perturbation theory up to second
order, the negativity measure of entanglement has been
computed. We have exhaustively analyzed the case in
which both electrons are in one of the pseudospin states,
showing that for time scales smaller than the light-crossing
time between both layers, both electrons are correlated due
to the tails of the virtual photon propagator. In turn, we have
shown that when both electrons are in the conduction
band, the reduced density matrix reduces to an X state
for ¢, +60, =0 and 6,+60,=0 or 0, +6, =z and
0, + 6, = x, and for general angles the bipartite quantum

The two voltages are switched on for the same amount of time
but with a time delay between them, which implies that the
worldsheet of the second graphene layer lies outside the light
cone of the worldsheet of the first graphene layer (see Fig. 1 of
Ref. [53]).

state becomes highly entangled with broken electron-hole
symmetry.
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APPENDIX A: PHOTON PROPAGATOR
In order to compute the photon propagator of Eq. (12),

QITAY (ry, 1))AY (12, 1,)|Q)

= nnd; and;
=8, Y y*sin <—’> sin( J)
2 rsin( 7 L

dzq eiq(rl_lﬁ)eiwn‘q(tZ_tl)
x / ! ,
(27) Wy q

(A1)

we can apply the Schwinger time representation procedure
by introducing a new variable of integration g,

2eido(t2—t1)

£i®nq(t2—t1) B /°° dq (A2)

Wy q -0 2—71'lq(2) - q2 - (rlL_ﬂ)z '

The ¢, integration can be computed using the residue
theorem, and the contour contains the g, real line and the
semicircle of radius R, where R — oo and where the
contour encloses the pole located at gy =w,q =

\/ @+ (%)2 Then, we can apply the Wick rotation to
the Euclidean space by defining g, = ipy and q = p; thus,

d’qdqy = id’p and ¢5-q-q=-pj—p*=-p’ and
Eq. (A1) becomes

d’q [~dq, 2eia(ri—r2) p—igo(t;—t3)

/ (27)? /_oo 27 a5 —q* — ("5)?
d’p  2eir*
= | === A3
| i+ "

where x = (At,—Ar). The last integral can be

computed by considering spherical coordinates d’p =
p*dpsin6,df,dp, and by writing p-x = p|x|cosb,,
where 6, is the angle between the momentum p and

the vector x, |x| =+/c*Ar? —|Ar|?, and Ar =r; —r,.

Computing the integrals over ¢, and ¢,, we obtain
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5/ 2 d; o pdp si
AU (Ar, Ar) ” Z ( >sin<”" f)/ pdpsin(plx)) (A4)
— L o p A+
Finally, the integral over p reads
pdp sm(p|x|) 1 —lﬂ\/x —ie 1 2y [ —x“+ie
/ e = () ————e +O(—x) ——— e TV (A5)
o pr(%E)? 4z (x> — ie)? Ar(—x* + ie)?

where we have used Eq. (27) of Ref. [55], and the sum over n reads

nrd;\ . (nnd; gl
9 (Jx) = MZHE}H( ) (l/} i

S y? sin(%%) sm(ﬂd ) smh(”‘xl)
167|x| i (ﬂ(d,»—;li—ilxl)> sin( (d,+2dL ifx|) ) Sm( (d; ;i;z\x\)) sin (n(d,-+2d£+i|x\)> '

which is the desired result for the photon propagator in the planar microcavity.

AP () = -

(A6)

APPENDIX B: SECOND ORDER CONTRIBUTION TO THE REDUCED QUANTUM OPERATOR

In order to obtain Eq. (16) we must compute the matrix elements of the reduced density matrix
p(t) = Try(UPpy + UDpUWDT 4+ p,UPT), that is, (ki,s;, K. shlp(1)[ky,s1.Ka. 55), where ki, s; are the labels for
the wave vector and s = =1 is the band index. It should be noted that these matrix elements do not depend on the photon
quantum states due to the partial trace over these degrees of freedom. For simplicity, we will compute the matrix elements of
the first term of p(7), that is, (K. s}, kb, s5|Try(UPpo)|ky. 51, ka, 57). We can write Tr,(U®)p,) as

Try(UPpy) = —(evp)? Z /r /[dndtz xTr, |:ei(HO+HF)t1Gg%Agi)e—i(Ho-&-H,.)tle (HO-&-Hﬁ)tza(_f/%,Ay)e—i(Ho—O—H,.-)tsz}’
i,j=1,2;4,1

(B1)
o o . ) k0 (0 0 ()
with py = |Q)(Q|ps, where pg is the initial density operator of the two-electron system, pg = |k , s, . Ky ', 55")

(k;o), s(lo), k;o), s(zo) |, where kgo) and sg())

equation can be written as

are the initial wave vectors and valence/conduction (or sublattice) indices. The last

Try(UPpg) = —(evs Y //M%MAWIWM (1069 ()06 (B2)
i,j=1,2;:,2

where agi(tl) = eiHOtla(_i/)le‘iHO’I,6(_12,(@) = e"HOtZO'(_G,e“'HO’Z,Asli)(tl) = e[HF’IA;i) —iHrt andA (tz) = e’HF“A( J) g=iHt,

We then apply (K}, s}, k5, s5| and |Ky, s, K, s,) in the coordinate representation,
t [t . ) o o
<k/175/1’k/z’s/2|Tr¢(U<2)P0)|klaSlyk2’32> = —(evp)? Z /d2r1/d2r2/ / dt,dtye™ 171 eke T2 o=k 1 p=iky T2
ij=12:42 0 Jo
< QA (x1, di, 1)AY (13, dj, 1)[Q) (51, 510" (1)) ()pglsi, 52). (B3)

), where |x| = \/Ar> — |Ar]?.

In Appendix A it was shown that (Q|TA/(1 (ry, tl)A( ) (ry. 1,)|Q) = /(1[’])(|x|) =8 Fii(
Then,

<k/1’s1’k/2’s2|Trt/1 Po K. s1. Kz, 50)

— —(evs)? u///%m/fwm%ethkzrwummJWJm )(t)palsyss).  (B4)
i,j=1,2;4
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By performing the change of variables Ar = ry — rp, we have

t t . / ’ : /
<k’1, 5/1’ k/zv S/2|Tr¢(U(2)p0)|k1, s, Ky, s2> _ —(eUF)2 Z /O A dt,dt, / d2r1 / d2rzel(k1—k1+k2—k2)'l'1e—l(kz—kz)Ar
ij=12:4

x Fyy (a2 = |arP) (51, s3lo) (1)) ()pgls 1 ). (BS)

Integrating over ry, we have

<k/17 S/p k’zy s’2|Tr¢(U(2)p0)|k1, s1.ky. 87)

t t . .
= —(evp)o(ky —Kf + Ky —Kp) S / / dtydi(s). 55108 (0)09) (0)pglst. 520 Fi (ks — KY). (B6)

ij=12:

where F;;(k, — K}) is the Fourier transform of F;;(\/Af* — |Ar|?),

]-"l.j(k2 — k/z?At) = /dzAre_i(kz_k;)’ArFij( /AR — |Ar|2>. (B7)

An identical procedure can be applied to (kj, s7, kb, 55|77, (U poUNT) Ky, 51, ka, 55) and (K, 51, K. 55Ty (poUPT)
|k, 51, Ky, 5,), and the results are shown in Egs. (14) and (15).
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