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Abstract. We analytically evaluate the entanglement spectra of the superconductivity states in graphene,
primarily focusing on the s-wave and chiral d,2_,2 +1id.y superconductivity states. We demonstrate that the
topology of the entanglement Hamiltonian can differ from that of the subsystem Hamiltonian. In particular,
the topological properties of the entanglement Hamiltonian of the chiral d,2_,2 + id., superconductivity
state obtained by tracing out one spin direction clearly differ from those of the time-reversal invariant
Hamiltonian of noninteracting fermions on the honeycomb lattice.

1 Introduction

In graphene, the sixfold symmetry of the honeycomb
lattice favors the degenerate d;2_,2- and d,,-wave super-
conductivity states. Recent theoretical studies have shown
that a s-wave superconductivity state [1] and a chi-
ral dy2_,» & id;, superconducting state emerges from
electron—electron interactions in graphene doped to the
vicinity of the van-Hove singularity point [2-7], and in
lower doped bilayer graphene [8-10] (for a recent review,
see Ref. [11]). Below the superconducting transition tem-
perature T¢, this degeneracy yields the time-reversal
symmetry-breaking d,2_,2 * id,, state [11,12]. In the
past two years, considerable experimental progress has
been made regarding the observation of superconduc-
tivity in graphene. Evidence of superconductivity has
been experimentally observed on Ca-intercalated bilayer
graphene and graphene laminates at 4 [13] and 6.4K
[14], respectively. Furthermore, additional experimental
progress has been made regarding evidence of super-
conductivity in Li-decorated monolayer graphene with a
transition temperature of approximately 5.9 K [15].

The discovery of topological phases, which possess
topological order and cannot be classified by a broken
symmetry, has revealed the urgent need for a tool for char-
acterization of these phases. It has been proven that the
entanglement entropy obtained from the reduced density
matrix can be an indicator of the topology in a system
[16-18]. Further, Haldane and Li [19] have suggested that
the entanglement spectrum of a system (the full set of
eigenvalues of the reduced density matrix) contains more
information about that system than the entanglement
entropy, a single number. They have reported a remark-
able relationship between the excitation spectrum and the
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edges separating the subsystems, considering the entan-
glement spectrum of the fractional quantum Hall system
obtained using a spatial cut. It has been suggested that
the entanglement spectrum constitutes a tower of states,
which can be regarded as a fingerprint of the topological
order [20-36] (for recent reviews, see Refs. [37,38]). The
relationship between the entanglement, which can be cal-
culated from the ground state, and the edge states, which
are excited states of the Hamiltonian in a sample with
boundaries, has been explored in this context. However,
this relationship is not valid in general, as shown in refer-
ences [39-41], in which the various entanglement spectra
fail to describe the topological phase transitions.

The relationship between the entanglement spectrum
obtained by tracing out one subsystem and the energy
spectrum of the remaining subsystem is attracting con-
siderable research attention. Particular focus has been
placed on various spin ladder systems [42-50] and on
bilayer systems [51-53], where a proportionality between
the entanglement and subsystem Hamiltonians is realized
by the strong coupling limit. However, this relationship is
not valid in general, as indicated in reference [54], in which
spin ladders of clearly nonidentical legs are studied, and
in the case of graphene bilayers in the presence of trigonal
warping [55].

In a two-dimensional topological superconductor with
broken time-reversal symmetry, the topology can be char-
acterized by a Chern number, which is an integral of the
Berry curvature over the Brillouin zone. The entanglement
Chern number C, i.e., the Chern number of the entan-
glement Hamiltonian obtained from the eigenvectors of
that Hamiltonian, has been suggested to be a topological
invariant of the entanglement Hamiltonian [55-57]. Note
that some investigation of the relationship between the
energetic and entanglement Hamiltonian topologies has
already been performed [55].
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In this paper, we present a fully analytical study of
the entanglement spectrum of the fermionic ground state
on a graphene honeycomb lattice, in the presence of
superconductivity instability and as obtained by tracing
out a single spin direction. We investigate the relation-
ship between the entanglement and energy spectra of the
remaining noninteracting part, placing a special focus on
the correlation between their topologies. We show that the
entanglement Hamiltonian obtained by tracing out one
of the subsystems and the Hamiltonian of the remain-
ing subsystem can have completely different topologies.
This difference is due to the fact that the entangle-
ment Hamiltonian is a ground-state property. That is,
the dg2_,2 + id;, superconductivity state breaks the
time-reversal symmetry of the superconductivity Hamil-
tonian; this behavior is reflected in the ground state of
the composite superconductivity Hamiltonian. Further,
the entanglement Hamiltonian is constructed from that
ground state. We also discuss the case of sublattices B is
traced out.

This paper is organized as follows: In Section 2, we
introduce the model Hamiltonian and discuss the differ-
ent superconductivity paired states that can arise on the
honeycomb lattice. Classification of the topological phases
of the superconductivity states on the honeycomb lattice
based on their different symmetries is also performed in
this section. The entanglement spectrum obtained from
the Bardeen-Cooper-Schrieffer ground state by tracing out
a single spin direction is analyzed in Section 3. Our pri-
mary interest in this section is to explore the relationship
between the geometrical and topological properties of the
entanglement Hamiltonian and the remaining noninter-
acting Hamiltonian. We close with a summary and an
overview of the future research outlook, which is presented
in Section 4. Some technical details on the analytical
derivation of the full eigenstates of the noninteracting
fermionic system on the honeycomb lattice in the presence
of superconductivity instabilities are presented, along with
correlation matrix calculations, in Appendices A and B.

2 Model Hamiltonian

The tight-binding Hamiltonian for free fermions on a
graphene honeycomb lattice with a single 2p, orbital per
carbon (C) atom is

Hy=-1t)

(ig) o=T

— Y (ol paio + 0] bi) (1)

(ajyabj,g + h.c.)

where ¢ is the hopping energy between the nearest-
neighbor C atoms, p is the chemical potential and a; .
(aia) and b; » (b;U) are the onsite annihilation (creation)
operators for electrons on sublattices A and B, respec-
tively, with spin ¢ =1, ]. Diagonalization of equation (1)
yields the energy spectrum +FE, with

Ey = £t|y(k)| — p, (2)
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where (k) = )5 exp (tk - §) and J is a nearest-neighbor
vector. In what follows, we use coordinates with

51 =a (0, \}g) , 3)

b2 = g (11, —;3) : (4)

where a = 1.42 A is the distance between neighboring C
atoms, such that the two inequivalent corners of the first
Brillouin zone can be expressed as

Ki:i@Z,o). (5)

The energy spectrum of the free fermions over the first
Brillouin zone is visualized in Figure 1.

In order to apply the mean-field approximation, we
define the superconductivity order parameter as a three-
component complex vector

Z = (A517 A527A53) ) (6)
where the components are defined by
As = (aitbiysy — aitbiyst) - (7)

We study the superconductivity pairing arising from the
nearest-neighbor attractive interaction

Hint = Z As (a;frb;r+6¢ - aLb;‘rMT) ) (8)
0,

with the limit of strong onsite interaction. The resulting
mean-field Hamiltonian can be expressed in momentum
space as

H]V[F = —tZ (’y(k)aiobkg + hC)
ko
— ILLZ (a;fcoakg + kao_bka'>
ko

— JZ (Ageik‘s (a,TeTbJLki — a,tlbtm) + h.c.) , (9
k.8

where J is the effective pairing potential arising from the
electron—electron interaction. The kinetic part of the pre-
vious Hamiltonian can be diagonalized by introducing the
following transformations

1 .
Ck,o = 7(ak,a —é ¢kbk,0)a

-5

dio = —=(ag,o + "%y ),

V2

where the phase ¢ is defined as ¢, = arg(vg). Note that

c;fc’a and d,t_a create an electron in the upper and lower

Bogoliubov bands, respectively.

(10)
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Thus, introducing the energy basis, the Hamiltonian
becomes

Hae = =ty [wl(df, o = f, ko)
k,o
— K Z(d;rc,adkﬁ + Clt:,ackag)

k,o
> (AJ (cos(k6 —ow)(d} dy — ety )
kE 6
+ isin(kd — on)(cpdy, —dl il ) +he) . (1)

The third line in this Hamiltonian is the intraband pairing,
containing an order parameter that is even in k-space and
corresponding to the spin-singlet pairing. The fourth line
is the interband pairing, containing an order parameter
that is odd in k-space and corresponding to the spin-triplet
pairing. We use the definitions

Cr=J)  Ascos(kd — ), (12)
[

and

Sk =J>  Assin(ké — ¢p). (13)
[

The corresponding span of the superconducting order
parameter is

A(1,1,1),
A= { AEQ,—l,)—l), (14)
A(Ov_lul),

where A is the self-consistent superconductivity order
parameter. In what follows, we use the redefinition JA =
A. The linearized self-consistence equations of the order
parameter are invariant with respect to the hexagonal
group Cg, [2], i.e., the symmetry group of the honey-
comb lattice. The first solution corresponds to the s-wave,

Z = A(1,1,1), belonging to the natural Al irreducible
representation of the Cg, group of the honeycomb lat-
tice. The Al irreducible representation is spanned by
the vector u; = (1,1,1). The final two solutions,A =
A(2,-1,-1) and = A(0,—1,1), belong to the two-
dimensional subspace of the S3 group [58], the span of
which is ug = (2, -1, —1) and u3 = (0, —1,1). The second
(corresponding to the dy2_,» wave) and third (correspond-
ing to the d,, wave) solutions belong to the E1 and E2
irreducible representations of the S3 group, respectively.
From the symmetry perspective, it is noteworthy that
every combination of the dg2_,> and d,, waves is possible.
However, it has been shown that the d,>_,» & id,,-wave
superconductivity state with an order parameter

1 1
o :l:2i7r
Zdzz,ygiz‘dmy = ﬁA 6¢ R (15)
et 73
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Fig. 1. Brillouin zone with density plot of |y(k)| — £ for: (a)
£ =10.2; (b) £ =0.8; and (c) & = 1. The edge of the first
Brillouin zone is marked by dashed blue lines.
is preferred in graphene below T for a superconductivity
coupling strength J that is not excessively large, and
for doping up to and in the vicinity of the van-Hove
singularity point [2].

The s-wave superconductivity order parameter is given
by A(k) = v(k), while the d,2_,2 + id,,-wave supercon-
ductivity order parameter is

Agaia(k)=cos (g) Ady o (k)Esin (g) Aq,,(k), (16)
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with

a

A, .(k)=24 (eiakw — e ke cos(23kiy)> , (17)

a3

Ag,, (k) = —2iAsin <2ky> e ik, (18)

Introducing the spinor

SOL = (GITWpra;LybLua—m,b—kma—m,b—m) , (19)

the Hamiltonian of equation (9) can be expressed as

Hyr = %Z@LMMPM (20)
k
where
((k) 0 0 —A(k)
0 (k) A(k) 0
Mk* 0 Z*(_k) _C*(_k) 0 ’ (21)
~A&'(-k) 0 0 —C(-k)
with
cw=( gty T e
2w = aly ) (29

The resultant Hamiltonian indicates that the spin-
singlet superconductivity state without spin-orbit cou-
pling is invariant under the spin SU(2) rotation. Hence,
we obtain the condition

[Jis M(k)] =0, J; = ( o e ) (i =w,y,2). (24)

1
As aresult of the spin SU(2) rotation, it is sufficient to use
the spinor vl = (a;rcT7 wa a_ky,b_f) in order to express

the Hamiltonian of the superconductivity state on the
honeycomb lattice in the form

Hyr = ZQ/,ih(kz)Wk, (25)
k
where
i (k) ) A? k) _Ao(k)
k=1 —A*(M—k) wo otk | (20
N B

When the superconductivity order parameter is pure real
the Hamiltonian h(k) satisfies

Th(k)T™' = h(—k), (27)

Eur. Phys. J. B (2017) 90: 239

where T' = K mimics time-reversal symmetry. The con-
dition given in equation (27) can satisfy a real supercon-
ductivity order parameter only. The dg2_y2 + id,,-wave
superconductivity order parameter given by equation (16)
breaks the time-reversal symmetry. It appertains to the
Cl-class in the Altland-Zirnbauer classification of topolog-
ical insulators and superconductors [59-61]. Furthermore,
it is possible to classify two-dimensional C-class supercon-
ductors using the Chern number C'. Note that the nontriv-
ial topology of the dg2_,2 + id,,-wave superconductivity
state is denoted by the Chern number C' = 2.

3 Entanglement spectra

A method for analytically calculating the entanglement
spectrum of a free-fermion system is given in references
[52,62,63]. Here, we generalize this method to super-
conductivity systems, using an approach similar to that
described in references [64,65].

The entanglement Hamiltonian can be constructed as a
single-particle operator in a quadratic matrix [52,62,63],
as it is completely determined by any correlation matrix
of operators acting on the remaining part after the sub-
system has been traced out. Our system consists of two
subsystems, A and B. The reduced density matrix for
subsystem A, defined as pa = trgp, can be formulated
as in the free fermion case, such that py = %e’He"t,
using the entanglement spectrum Hg,y and the partition
function Z = tr (e~ *en). Furthermore, the average (O)
of a local operator in subsystem A can be calculated as
(0) = tr(paOa).

By tracing out a single spin direction, e.g., the negative
spin |, from the ground state on the honeycomb lattice in
the presence of the s-wave and chiral d + id-wave super-
conductivity, the correlation matrix can be formulated

as
C(k) = <

For more technical details of the analytical calculations of
the correlation matrix, we refer the reader to Appendix B.
Here, one can show that the eigenvalues of the correlation
matrix 7; are related to the entanglement spectrum &,

such that
11—
& =In ( ’”) :
Ul

3.1 s-wave scenario

(afpart)  (afsbrr) > (28)

(brart)  (babir)

(29)

The s-wave superconductivity order parameter corre-
sponds to the bond-independent superconductivity state;
thus, Sk is identically zero.

We analytically obtain the entanglement levels (Eq.

(29))

(30)

&(k) = —2arcsinh (tlv<k>|+u>

|Ck|
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and
tlv(k)| —
&2(k) = 2arcsinh (h()M> . (31)
|Ch|
The entanglement Hamiltonian has the form
How =3 (G1eh pens +&fl fur ), (32)

k

where ey, 1 and fi, 4 are Bogoliubov transformations given
in Appendix B by equations (B.1) and (B.2). The entan-
glement levels for different values of u, with ¢ = 2.5eV,
and A = 3eV are shown in Figure 2.

The undoped graphene is a gapless semi-metal and is
not a superconductor at low temperatures. However, when
the system is at half-filling (with x = 0), the entanglement
levels are

&1,2(k) = £2arcsinh (2) , (33)

being constant over the entire Brillouin zone. In the strong
coupling regime, when A > ¢, one finds

t
6172(]6) ~ iQZ

(34)
The canonical entanglement Hamiltonian at half-filling is
independent of the inverse temperature [53] § = kg/A,
such that

Hean = Z ki (€L7+6k7+ + fl:,+fk,+) ; (35)

i-1 E

where kg is a constant. In general, there is no propor-
tionality between the entanglement Hamiltonian and the
energy Hamiltonian of free fermions, because the coupling
between subsystems Cj is k-dependent in the Brillouin
zone. When Cy, = 0, at the Dirac points, the entanglement
levels are not entangled. However, at finite doping, the
maximally entangled states, when the entanglement levels
are zero, correspond to the zero-energy state of the nonin-
teracting fermions. To provide a superior visualization, a
thick black line is used to connect the zero-energy states in
Figure 1 and the maximally entangled states in Figure 2.

3.2 Chiral d-wave scenario

To enable analytical calculations, we diagonalize the
Hamiltonian (26)

Hyp = Z EO&(OL7+O’<:7+ + OT_k,_O—k,—)
k

+>  Espf Pt + P _pok-)
k

(36)

by the Bogoliubov quasiparticles og t,0_g —,pk,+ and
P_k,— given in Appendix A with equations (A.30) and
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Fig. 2. Contour plot of entanglement level & (k) of s-wave
superconductivity state on honeycomb lattice plotted for % =3
and: (a) £ =0.2; (b) £ =0.8; and (c) £ = 1. The thin blue
dashed and thick black lines represent the first Brillouin zone

and connect the zero energy states, respectively.

(A.31). The energies of the Bogoliubov quasiparticles are
+F, and +£E3, where

Ba= /PR (R)2 412+ (|Sk2+(Chl2) +2vuFo,  (37)
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and

By = 2R + 12 + (1Sk2 + |Cl2) — 2vuF v (38)
with

u= (p? +[Sk[?) [y (k)% (39)

and

v = (Re(Ci)Tm(Sk) — Re(Sx)Im(Ck))*.  (40)
When the superconductivity order parameters Ag are
pure real, i.e., when no time-reversal symmetry breaking
occurs, v vanishes.

From analytical calculations, one obtains the correlation
matrix at T'=0

Cii(k
e = Gl

where

011 = <a;chakT>

1 1 o
=t (e1+m
2 4 H2+|Sk|2(1 )

I

V2 + | Sk[?
1 m
x— 1+ , 42
Eﬁ( \/tzv(k)|2+m2> )

1 m
X—|1-
£, < VAR T m2>
1
+Z (62 —|—m)

Ca = <bL¢ka>

1 1 n
—F+—————(e1 —m)
PO/ AR

1+ m
- BRI + e

L (e —m)

Vi? + |Sk[?

1 m
“Es (1 - VPRh(RIE+ m2) .

‘ -

+

N

Cz = (af, bt

Lo ((Eo_e2\_, (L _1L
4 E, Eg E, Eg
ty(k)|
2y (k)[* +m?

(44)
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with
€12 = V2 + |Sk2 £ VP (k)[2 +m2, (45)
while
o Re(Cg) - Im(Sg) — Im(Cp) 'Re(sk)7 (46)
V2 +[Sk?
and

" — Re(Cr)Re(Sk) + Im(C)Im(Sk) . (47)

Thus, the entanglement spectrum obtained from the
eigenvalues of the correlation matrix given in equation
(29) cousists of entanglement levels £; and & where:

&1,2 = —2arctanh

X(C11 + Co — 12/ (Crr = Ca)? + 41C1P). (48)

As the d-wave spin-singlet superconductivity order
parameter involves both Cy and Sk, there is no rela-
tionship between states with the zero-value states of the
entanglement spectrum and the zero-energy states of the
free fermions. At the van-Hove singularity point, i.e., when
u = t, both the entanglement spectrum and the energy
spectrum of the free fermions are zero at the M point. The
results of our analytical calculations of the entanglement
spectrum of the d2_,2 + id,,-wave superconductivity on
the honeycomb lattice are presented in Figure 3.

As we have discussed above, the dy2_,2- and d,,-wave
superconductivity order parameters preserve the time-
reversal symmetry (Eq. (27)). Based on the time-reversal
symmetry and provided Wy are the eigenstates of the
Hamiltonian given in equation (26), we can state that

e =04, (49)
where the ¥* . are also eigenstates of the Hamiltonian of
equation (26). This yields

& =D (50)
Hence, the real d-wave superconductivity order parameter
preserves the time-reversal symmetry in the correlation
matrix, which is constructed from the & as C(k) =

(@L@k). The entanglement Hamiltonian satisfies:

TeHent (k)T = Hent(—k), (51)
with TE =K.

When the dg2_y2 + idzy-wave superconductivity order
parameter is considered, Ci and Sp are complex func-
tions. Then, the m and n terms are non-zero. Hence,
the average occupancy number at site A, Ci;(k), and
the average occupancy number at site B, Coo(k), are
not equal and the off-diagonal element of the correla-
tion matrix Cia(k) is complex. Because Si is an odd
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Fig. 3. Contour plot of the entanglement level & (k) of
dy2_y2 + idyy-wave superconductivity state on the honeycomb
lattice plotted for Z =3 and (a) £ =0.2, (b) £ = 0.8 and (c)
£ = 1. The dashed blue line delineates the first Brillouin zone,
while the thick black line shows maximally entangled states.

function in the momentum space, while Cy is a even
function, it can be shown that elements of the correla-
tion matrix Ci1(k), Caa(k), and Ci2(k) are constrained
as Cn(—k) = CQQ(k) and CE(—’C) = Clg(k) Therefore,
it follows that the complex d>_,» + id,y-wave super-
conductivity order parameter breaks the time-reversal
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symmetry in the entanglement Hamiltonian. The topol-
ogy of the entanglement Hamiltonian in two-dimension
with broken time-reversal symmetry is characterized by
the entanglement Chern number.

For further analysis of the topological properties of the
entanglement Hamiltonian, we require not only its eigen-
values, but also its eigenstates. The eigenstates of the
correlation matrix are identical to the eigenstates of the
entanglement Hamiltonian and can be expressed as

Gt = 04 (K)agt + - (K)bks,
Tkt = 04 (—k)ary — 6~ (—k)bir,
where explicit expressions for §, (k) and §_ (k) are given in

Appendix B by equation (B.17). Using these eigenstates,
we can calculate the Berry curvature

04, 0A,
F(k) = oy ok, (54)
and the Berry connection
Alk) = ilr(R) S 1r(R)) (55)
ir(k) 55 Ir (k)

which vanish everywhere outside the Dirac points where
quantized “monopole” sources of the d-function type exist.

Through numerical integrations of the Berry curvature
along the Brillouin zone, we find that the entanglement
Chern number is C' = 1, in the case of the chiral dg>_,2 +
idgy-wave superconductivity state. In the presence of
SU(2) rotation and broken time-reversal symmetry, as in
the case of an energetic Hamiltonian, the Chern number
C can have even values only. For the entanglement Hamil-
tonian, it is possible to obtain an odd value for the Chern
number, as it is not invariant to the SU(2) rotation. As
a result, the topology of the entanglement Hamiltonian,
which is obtained by tracing out the spin-down subsys-
tem of the ground state of the chiral d,>_,» + id,,-wave
superconductivity state on the honeycomb lattice, clearly
differs from the topology of the energetic Hamiltonian of
free fermions without the superconductivity instabilities.

3.3 Tracing out B sublattices

3.3.1 s-wave scenario

We will now consider the ground state of interacting
fermions on the honeycomb lattice in the presence of the
s-wave superconductivity instability. Upon tracing out B
sublattices the entanglement levels:

ERk)E — 1 + A (k)P
E.F; ) ,  (56)

&4 = +2arctanh (

where o =/ (t}y(k)| — u)° + A2}y (K)[2 and

By = \/(th(k)| + 1) + A2|y(k)2. When system is at
half-filling the subsystems are maximally entangled. The
entanglement levels are plotted at Figure 4.
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Fig. 4. Contour plot of entanglement level & (k) of s-wave
superconductivity state on honeycomb lattice plotted for % =3
and £ = 0.8. The first Brillouin zone is border by the dashed
blue line, while the thick line connects maximally entangled
states.

3.3.2 Chiral d-wave scenario

Upon tracing out B sublattices, the entanglement spec-
trum of d-wave superconductivity state on the honeycomb
lattice is completely determined by the correlation matrix:

C3(k)
Ciys (k) ) )

Cy1(k)

(k) (57)

O(k) = (

where C11, C33 and Ci3 are given in Appendix B. The
eigenvalues 71 o of the correlation matrix

1
771’225 QCH +033+:|:\/(011 - 033)2 + 4|013|2) . (58)

are related to the entanglement levels ;2 = In (117; )
o

At finite doping the entanglement levels never vanish.
Here, space inversion symmetry of the entanglement
spectrum is broken and the entanglement levels satisfy
£+ (—k) = =&+ (k). The entanglement level & (k) is visu-
alized in Figure 5. The broken time-reversal symmetry in
the entanglement Hamiltonian leads to the entanglement
Chern number C = 1.

4 Conclusion and outlook

We analytically evaluated the entanglement spectra of
the superconductivity states on the graphene honey-
comb lattice, primarily focusing on the s-wave and chiral
dy2_y2 + idy,y superconductivity states. When one spin
direction was traced out, exact correspondence between
the maximally entangled states of the s-wave superconduc-
tor and the zero energies of the noninteracting fermionic
honeycomb lattice at finite doping was observed. The
relationship between the topologies of the entanglement
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Fig. 5. Contour plot of entanglement level £2(k) of d2_,2 +
idsy superconductivity state on honeycomb lattice plotted for
% =3 and £ = 0.8. The thin blue dashed and thick black lines
represent the first Brillouin zone and connect the zero energy
states, respectively.

and subsystem Hamiltonians was found to depend on
the coupling between the subsystems. Further, the chiral
dy2_y2 + 1dg, superconductivity order parameter breaks
the time-reversal symmetry in the entanglement Hamil-
tonian. The topological properties of the entanglement
Hamiltonian, characterized by the topological nontrivial
entanglement Chern number C = 1, clearly differ from
those of the time-reversal invariant Hamiltonian of the
noninteracting fermions on the honeycomb lattice. The
investigations presented herein are based on closed ana-
lytical expressions for the full eigensystems of the s- and
d-wave superconductivity states on the honeycomb lat-
tice over the entire Brillouin zone. The method used to
examine these eigensystems may constitute a useful tool
for new studies of superconductivity in graphene. Future
work may investigate the relationship between the topolo-
gies of the entanglement and subsystem Hamiltonians
through the topological phase transition; for example, in
the coexistence region between antiferromagnetism and
dg2_y2 + idy, superconducting correlations in graphene
[66] and graphene bilayers [8].

The authors kindly acknowledge Milica V. Milovanovié. This
work was supported by Deutsche Forschungsgemeinschaft via
GRK1570.

Appendix A: Derivation of the eigensystem

In this appendix we present analytical diagonalization
of the Hamiltonian of the chiral d + id-wave supercon-
ductivity state on the honeycomb lattice. Complexity
of the order parameter makes the analytical approach
more difficult. The starting point of our analysis is
the Bardeen-Cooper-Schrieffer mean-field Hamiltonian in
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tlv(k())l —p | (2” %k —igk
_ ~thyk)—p S —~Ci
=1 g —isy  —~th(k)+p 0 &4
iSk - 0 th(k)]+n
tlv(k(%l —p | (2)| g _%Sk
! —tiy(k)| —n 15k
h=1 ~ise - —th(k)+p 0 (4.9)
iS; 0 0 t (k)| +
momentum space H 1 is diagonalized by
HMF(’C) = —tz (v(k:)a};gbka + hC) €+ = 'L.Oé*_Ck'T + a—i-dJLkJ, (A8
k . fr+ = —ia diy + 0‘+Cik-¢ (A.9)
— 1Y (e ano + b, brr )
k with
=T (Ase™ (af bl gy — al by ) +hc) s (A)
k75 1 M
ap = 5 1 + ﬁ
where we define the superconductivity order parameter V12 [ Skl
S
a_ = b . (A.10)

A(k) = Ase™?, (A.2)
3

as a combination of the dg2_,» and dg,-wave super-
conductivity state Agria(k) = cos () Agz_,2(k) £
sin (%) Aq,, (k) which minimalizes a free energy.

We apply the transformations

Ck,oc = (ak,a - ei'qskblc,cr);

(ak,a + eiwkbk,a)a (A?’)

dk,o’ =

=Sl

such that in

see equation (A.4) above
diagonalize the kinetic part of the Hamiltonian. Cp =
JY s Ascos(kd — ¢) and Sp = J ) 5 Assin(kd — o)
are complex functions.
Here it is useful to split this Hamiltonian as H; = Hi +
H f where

see equation (A.5) above

and

(A7)

OOO@

0
e
0
0

o OO
3

\/2 pw + [ Sel? (M+ VI + |5k\2)

This leads to

e1 m —l 0
m e 0 l
H2 == U2H1U2T = _l* 02 —e; m (All)
0 I* m —ey
with
o Re(Cg) - Im(Sg) — Im(Cg) - Re(Sg) (A.12)
and
= af_C}; + (a*_)zCk (A.13)

and +e; and *ey are eigenenergies of the Hamiltonian H 1
given by

er = tly(k)| + Vp? + [ Sk[? (A.14)
and
ex = —t|y(k)| + v/ p? + |Sk|?. (A.15)
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We can now split this Hamiltonian as Hy = Hé + Hé/
where

eem 0 O
’ m eg O 0
H2=100-¢ m |’
00 m —es
0 0-10
" 0 001
H, = 0 00 (A.16)
000
Proceeding now with the transformations
I+ = Byert + B frt (A.17)
hi+ = oB—ekt+ — B+ frr (A.18)

where o = sign(m) and

5, — 1(& (k)| ) 10

2\ VPP

we diagonalize first part of the Hamiltonian H, and we
get

€1 0 0 -1
0 €2 —1 0
0 —* —€9 0

—[* 0 0 —€1

Hs = UsHyUl = (A.20)

where +¢; and +ey are eigenenergies of the Hamiltonian
H,

= /112 +|Sk|2 + /2|y (k)| + m2 (A.21)

and

— V2 HSeP — VERRE+ . (A22)

Finally, this Hamiltonian is brought to the diagonalized
form with transformations

O+ = 'Y(+)gk+ - ’y( )gk_ (A.23)
prer =7 by — 0 (A.24)
with
W _ 1<1 61) W _ L
— a1+ 2, 2 A.25
T 2 E.) 2 (Eo + 1) (4.25)
and
@ _ (1 ( €2 > @) _ !
5 1+ 2], A s (A26
+ 2 Eg 2E3 (Eg + €2) ( )
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and

= BRI+ +SH+ Chl2+ 2V T (A20)

and

By = 2 Iy(k) P12+ Skl +]ChP—2v/uFu (A.28)

where

u= (u?+|Sk|*) |7 (K)*
v = (ReCrImS), — ReSkImCy ) . (A.29)

Bogoliubov transformations opy and pg4 in the basis
gty byt

1
Ok+ = _E (04+’Y(—) i 7+ ) (B+ —oB-) akr

L
_ﬁe%( ’Y()-i-la ,er )(ﬁ +0B_) by
(1

+%(a+7+ + i )(5 +oB-)al Kl

1 .
—l—ﬁew‘“ (04+75r) io 7(1)) (By — B b "y (A30)

1
P =5 (oz+’y(_)+za 7§ )(,3 +0B-) aky

1 .
+\ﬁel¢’“ <0¢+7(_) i A )(ﬁ+ —oB-) bkt

1
+\ﬁ (04+75r2)—i04—7(_2)) (B+ —oB-)al kel
_%eidm <0‘+'Y—(|r)+m L )(6 +0B_)al g, (A31)

Appendix B: Correlation martix

B.1 s-wave scenario

The Hamiltonian equation (26) for s-wave superconduc-
tivity state in graphene can be diagonalized by using
Bogoluibov transformations

1 .
Cht = a+7(ak¢ — "% by 1)

2
1 2
+a,%(a_k — e bl ) (B.1)
1
Jr+ = 5—5(%,? + e by 1)
1
—By—=(aly +e ot k ¢) (B.2)
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. _ 1y tly(k)|—p
where a4 \/2 ( + Vth®) =2+ Cel? )

Ck
= V2B (Batth(B)-m)
tly(k)|+p

=,/i(1 d
o \/2< RV M
b = C

V2Es (Eg+t|y(k)|+1)
Bogoliubov quasi-particles

with E, and Ej3 are energies of

Eo =/ (th (k)] — 1)* + |G (B.3)

and

By =/ (th(k)] + ) + 2. (B.4)

The e (f) sections are determined by equations (B.1)
and (B.2), respectively. These sections are decoupled in
Bogoliubov description and we are allowed than to obtain
their contributions to the ground state separative. We can
demand egy|G) = 0 and e}, |G) = 0 where |G) is the
ground state. The e section contributes to the ground state
as:

[T (astk) —a-(R)clely, ) 10)

kelIBZ

(B.5)

where |0) is the vacuum state. Similar, the contribution of
the f section to the ground state:

I (5

kclIBZ

+ Bek)dydt ) 10)  (BO)

the ground state |G) is determined by conditions:

fe+|G) = 0 and f,i_\G) = 0. This leads to the complete
ground state vector:

[T (onk) - actR)clcly,)

kclBZ

1 (5@

qe€IBZ

+Br(@dyd ) l0). (BT)

Similar findings are obtained for the ground state of the
p-wave superconductivity state in graphene [67].

This ground state leads to the correlation matrix when
spin | is traced out:

C(k)

K +\5+| ) se

( 3 (lo— —n (18417 -
2¢" (1847 =la—I?)

ja_?)
L (ja- P+18, ) > - (BS)

[N~}
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B.2 Chiral d-wave scenario

Using
o = = g (o (1) i) 52 =y
— % (a+ (7(_2)) JriOé—Vf)) (By +0B-) pre,+
+%(a+7f) )(5++05 )Pl
+ % (Oé+%(r1) - iOé—V(_l)) (By —oB- ) O_k,— (B.9)

we can calculate the mean occupancy at cite A:

(1) |2

1 1
(afgan) = (ami>> + o !

2

V(0 —ar (vO))) (84 — 08
( 2(y)2 + la— PP — iy (a +®
o= (+2)7)) (B +06-)?.

-t 7

(B.10)

After basic algebra we find that the correlation matrix
obtained by tracing out spin | at 7' = 0 reads

Ci1(k)

Cuk
Clk) = ( 12 (k) sz&ﬁ%) (B-11)
with
On(k) = 5 (03 () + o PR - ayn )

1( (7(_1)) )) (Bs — op_)?

2
x ( —a’ (%3)) )) (By +0B-)"
_1 + 1#(61 +m)
3 P I
><L (1 e )
Eo E (k) 1 m?
+1#(62+m)
TV
1 m
x—ﬁ (1 + ENTE +m2> , (B.12)
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. 1
(a2 (2 + la PO + oy

ayY —a* (v(_l)) )) (B4 +0p-)”

?+ ia+7§r2)

Coo(k) =

N | =

X

O +la-Ph

D —at (4)7) (8 05y

I

VA

X L 1+ mn
Ea 2y (k)|* +m?

_|_

+ NN = TN

A~

/N
Q
%

X
>
2

N | =

w2 (1= m : (B.13)
8 2|y (k)[> +m?
and
Lo
Cra(k) = 5e7 % (a2 (5)? = a- P2 — ias )
(1)) ) (1) 2
< (a4 (a0) (1)) (62 - 82)
|
—3e7 4 (a2 — - PR — iy
X (a(,l)'y(f)—i—( (1)) ( @ ) )) (B - 8%)
_ L (L2
1 BE. B
—in (1 - 1)) thy(k) (B.14)
Eoa  Ep 2y (K)[* +m?
where n = Re(Cr)Re(S)+m(Cr)Im(Sk) - Here  one should

Vi2+ [Sk|?

notice that C11(—k) = Caa(k) and Cia(k) = (C12(—k))".
Eigenvectors of the correlation matrix

Grt = 0+ (k)ags + I_(k)bgy (B.15)

Tkt = 04 (—k)arr — 0 (—k)bky (B.16)

where:
1 Cy —C
5+(k): 5 (1+ 11 222 )
\/(Cll — C2)” +4[C1o?
2012 (B.17)

\/\/011—022 + 4|C12 2w

with w = (C11 — Cog + \/(Cu — C22)” + 4| C12]?).
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Finally, we find that the correlation matrix obtained by
tracing out one sublattice, B for example

_{ Cui(k) Cis(k)
cw=( e e ) @1
with
1
Cll(k) = 3 (Oé%r( Sr )2 + ‘Off‘gl’y(j)lz - ia+7$)
% (an® —ar (1)) (8 —05)?
1
3 (0202 +la-Ph P — oy
X (a_’Y(_2) —a* (7(_2)) )) (B4 +0B-)?
- 1 + 1#(61 +m)
2 L 5P
><L 1-—- o
Ea ly(k)[? +m?
1 a (e2 +m)
N
E( VERRP - m? |2+m2>’ B
1
Cia(k) = 5 (02 ()2 o Pl — int
X (CLW(,I) —a’ ( W ) )) (B +0oB- )
+; (a+(7(2)) +la- PP — dasn?
X (a 7(_2) al (’Y(_Q)) )) (B+ *Uﬂ—)Q
_ L 1#(61 —m)
2 12+ 5P
><L 1+ i
Ea ly(k)[? +m?
,1#(6 —m)
I/ RN AR
8 2y (k) +m?
and

Cis(k) = % (a (7 ,y_ 7(2)7(_2)) (ai)Q (,y_(:)
x

(D) =P () (82 - 82)
_1/1 ) ok
4\ Ea V2 + 52
thk)l o (B.21)

PLERIE + m?
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