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We examine the fermionic entanglement in the ground state of the fermionic Lipkin model and its relation with
bipartite entanglement. It is first shown that the one-body entanglement entropy, which quantifies the minimum
distance to a fermionic Gaussian state, behaves similarly to the mean-field order parameter and is essentially
proportional to the total bipartite entanglement between the upper and lower modes, a quantity meaningful
only in the fermionic realization of the model. We also analyze the entanglement of the reduced state of four
single-particle modes (two up-down pairs), showing that its fermionic concurrence is strongly peaked at the
phase transition and behaves differently from the corresponding up-down entanglement. We finally show that
the first measures and the up-down reduced entanglement can be correctly described through a basic mean-field
approach supplemented with symmetry restoration, whereas the concurrence requires at least the inclusion of
random-phase-approximation—type correlations for a proper prediction. Fermionic separability is also discussed.
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I. INTRODUCTION

Quantum correlations have attracted much attention ever
since the theory of quantum mechanics was introduced [1,2].
In particular, quantum entanglement has become a central
concept in present-day physics, due to its role as a resource
in quantum information science [3-7] and the deep insight
it provides in many-body physics [8—13] and fundamental
problems [14—-16]. Nonetheless, the definition of quantum
entanglement relies heavily on the tensor product structure of
the Hilbert space and the subsequent notion of locality [17].
When considering systems of indistinguishable particles, the
standard definition cannot be directly applied, thus preventing
a straightforward extension of well-known measures.

In the last years, there has been a great interest in gen-
eralizing the notion of entanglement to fermionic systems
[18-39]. Two different approaches have been taken: mode
entanglement [24-28], where the subsystems are described as
a collection of single-particle (sp) modes (with the fermion
number of each subsystem not necessarily fixed) and en-
tanglement depends on the chosen basis for the whole sp
space; and particle entanglement [18-23,29-35], where en-
tanglement is basis independent and defined beyond antisym-
metrization, i.e., as a vanishing quantity in the case of a Slater
determinant (SD). In the case of two fermions, a Schmidt-like
decomposition of a general pure state in terms of SD’s can be
performed [18], and this entanglement can be associated with
that of two distinguishable fermions, in the sense of occupying
orthogonal subspaces [18-21].

In [32] an entropic measure of mode entanglement was
introduced, which, after minimization over all sp bases, be-
comes a measure of fermionic entanglement, in the sense of
vanishing iff the state is a SD. The ensuing quantity is based
upon the one-body density matrix and represents essentially
a minimum distance to a fermionic Gaussian state [35]. It
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can be extended to states with no fixed fermion number (but
fixed number parity) through the quasiparticle density matrix,
vanishing iff the state is a quasiparticle vacuum [32]. These
measures can also be applied to mixed states through convex
roof extension. In a sp space of dimension 4 (first nontrivial
case) they can be evaluated by means of a fermionic concur-
rence [18,32], analogous to the standard concurrence [40],
vanishing iff the state is a convex combination of fermionic
Gaussian states.

The aim of this work is to examine these measures in the
well-known Lipkin model, considering the original fermionic
version [41-43]. This model can be exactly solved through its
mapping onto a spin system and has been extensively used
as a benchmark for testing many-body approximations and
studying quantum phase transitions and dynamics [41-50].
It has also been employed for analyzing entanglement in its
spin realization [51-59]. Its simulation with circuit QED was
considered in [60].

We first analyze the one-body entanglement entropy in
the exact ground state (GS) for a finite size. We show that
this quantity exhibits a close correlation with the mean-field
(MF) order parameter, becoming significant in the symmetry
breaking MF phase and saturating for strong couplings. We
also show that it is approximately proportional to the bipar-
tite mode entanglement entropy between all up and down
fermionic modes, a quantity physically accessible only in the
fermionic realization of the model. We then analyze the en-
tanglement of the reduced state of four fermionic modes (two
up-down pairs). Its fermionic concurrence, which measures
the deviation of the reduced state from a mixture of SD’s, is
explicitly evaluated. It is shown to correspond to the spin-pair
concurrence, exhibiting a peak at the MF GS transition and
being strongly affected by the coupling anisotropy. In contrast,
the up-down mode entanglement of the reduced state, which
can be measured through the pertinent negativity, behaves
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similarly to previous global measures. The analytic descrip-
tions of these quantities through different approximations,
including standard and symmetry-restored MF approaches as
well as RPA (random-phase approximation)-based schemes,
are also provided. The isotropic limit and the fermionic GS
separability are as well discussed.

The formalism is briefly reviewed in Sec. II, while the
model and its fermionic entanglement are analyzed in Sec. II1.
Conclusions are finally provided in Sec. I'V.

II. FORMALISM

We consider an n-dimensional single-particle (sp) Hilbert
space H spanned by the fermionic operators ¢;, i=1,...,n,
satisfying {ci, CT} =4ij,
{ci,cj} = {cl . C; } =0. Given a pure fermionic state
W) (assumed to have a definite number of fermions:
Y icicil¥) = N|W)), the elements of the one-body density
matrix are P,,P = (c;ci) = (\Illcjc,<|\ll). In [32] we defined the
one-body entanglement entropy as

the anticommutation relations

E(1W)) = Trh(p™)
==Y filog, fi + (1 = fi)log,(1 = fi), (1)
k

where h(f) = —flog, f — (1 — f)log,(1 — f) and fi =
(a}:ak) denote the eigenvalues of p*P [ay = ), Uyic;, with U
unitary satisfying (a;ak) = (U,oUT)kl = fid1]. Equation (1)
is proportional to the minimum, over all sp bases of H, of
the average entanglement entropy between a single fermionic
mode and its orthogonal complement [32]:

E(1W)) =Min > h((c]c). @

This quantity is a measure of fermionic entanglement, in the
sense that it vanishes iff | W) is a Slater determinant (SD), i.e.,
iff (p?)? = p* (f; = O or 1V k), and remains invariant under
one-body unitary transformatlons W) — exp[—icTOc]| W)
(with ¢'Oc = >.;Oijcjc; a Hermitian one-body opera-
tor), which just leads to a unitary transformation of p°P
(psp N einpspeiO).

As shown in [35], Eq. (1) can also be interpreted as the
minimum relative entropy (in the grand canonical ensemble)
between p = |W)(W| and any fermionic Gaussian state p’:

E(|¥)) =1V/I)i,nS(/0||p’). 3)

Here S(p||p’) = Tr p(log, p — log, p’) is the quantum rela-
tive entropy [61,62] satisfying S(p||p’) = 0, with S(p||p’) =
0iff p’ = p, and p’ is the exponent of a one-body operator:

o = exp[—Xio — CTAC], @

with Ao = In Tr exp[—c"Ac] = Y, In(1 + e*) and Ay the
eigenvalues of the matrix A. Therefore, Eq. (1) repre-
sents a measure of the distance between p and its clos-
est fermionic Gaussian state, thus vanishing whenever |W)
is a SD. The formalism can be extended to pure states
|W) with no fixed fermlon number but fixed number parity
Py =exp[—in ) ;] Te:1132,35].

In the case of a two-fermion state, which can be always
written by means of the fermlonlc Schmidt decomposition
[1820]as [W) =) ;2| /A c |0 Y, withig >0, A =1

and n, the Slater rank (k, k denote orthogonal sp states), it is
easily seen that fi = fy = Ar and E(JW)) =23, h(A) > 0
iff ny > 1,1i.e.,iff |W) isnot a SD. The state can then be viewed
as an entangled state of two fermions occupying orthogonal
subspaces, spanned by the sp states k and k respectively, with
%E (J¥)) a measure of the associated bipartite entanglement.
Let us consider now a subset of sp states spanning
a subspace H, of the sp space H, with Hp its or-
thogonal complement (H4 ® Hp = H). A general state
can be written as |V¥) = Zlm Cuvlpv), where |uv) =

[]_[ieA(clT)”f’”][]_[jeB(c;)”.(/m]|0) are SDs and n” =0, 1 the
occupation number of the sp state i in configuration v. The
reduced state of H, can be obtained by taking the partial
trace, pa = ZM,M/(CCT)W’W)(H/L such that (W|04|WV) =
Try paOy4 for any observable Oy4 built with fermion operators
acting just on Hy. Its entropy S(pa) = —Trpa log, pa mea-
sures the bipartite mode entanglement between this set and its
orthogonal complement. For instance, if 74 contains just one

sp level i,
(cjey 0
=" , 5
PA ( 0 (cicT)> (5

in the basis {cj|0), [0)}, with (cici) =1- (c ci),and S(p4a) =
h((c:fc,-)) is the mode entanglement entropy between i and all
remaining sp states, used in (2).

The convex-roof extension of the one-body entropy (1) for
a mixed state ps (with [p4, > cleil = 0)is

E(Iy2)), (6)

ieA Ci

Elon) 2 e da \%§?¢§ [=pa
where g, > 0, )", ¢o = 1 and minimization is over all de-
compositions of p4 as convex combinations of pure states
|1ﬁ£) (with definite particle number) [20,32]. This quantity,
analogous to the bipartite entanglement of formation [63],
is a measure of fermionic entanglement for mixed states in
the sense of vanishing iff p4 is a convex mixture of SD’s,
rernaining invariant under one-body transformations p4 —

—ic'0c ;) ¢i€'0¢ Moreover, if |W) is a SD, E(ps) = 0 for any
subspace Ha since, due to the validity of Wick’s theorem, pa
will be a Gaussian state [35].

In order to have E (p4) > 0, a subspace H4 of dimension >4
is required, since any pure state with fixed particle number
in a subspace of lower dimension is always a SD [18,32].
And for H, of dimension 4, E(p4) > 0 ensures finite biparitte
entanglement of p, for any bipartition of H, into subspaces
of finite dimension (Hs = Ha, @ Ha,) [33,35]. Moreover,
in this case, an analytic evaluation of (6) for any state p4
having fixed number parity Py becomes feasible through
the fermionic concurrence C(p4) [18,20,32], like in a two-
qubit system [40]. The result is E(p4) = 2[h(fy) + h(f-)] =

4h(fy) [32], with fo = (1 £ /1 — C2(pa))/2 and
C(pa) = Max[2Amax — Tr R(p4), 0], (7

where Ay 1s the largest eigenvalue of R(ps) = p/l PApP 11/ 2

and py = T p;T. We will consider in what follows states
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pa with even number parity Py = +1. In this case a
four-dimensional #, leads to an eight-dimensional Fock
space with Py = +1 and the operator T is represented, in the
basis {|0> c*c;|0) clehl0), clehl0), —cicicicll0y, ciciloy,
—c2c4|0) czc3|0)} by the matrix

0 14

T = <ﬂ4 O)’ (8
with 1, the 4x4 identity. For instance, any pure two-
fermion state in such H,4 can be written as |{4) = (ozaIa; +
Basal)l0) [4,32], with |e|?> +[B|*> = 1, in which case, for
o4 = |¥a)(¥al, Eq. (7) leads to C(ps) = 2|aB| and hence
to fy = |a|?, f- = |B|?, which are the (twofold degenerate)
eigenvalues of p*P.

II1. LIPKIN MODEL

The original fermionic Lipkin model [41-43] describes a
system of fermions in 22 sp states |p£), p =1, ..., Q, with
energies &,+ = ¢ /2, fully connected through uniform two-
body couplings. The Hamiltonian is

1
H = 58 Z(C;+C[,+ — C;_C[,_) -W Z c;rH_c;_cq_,_cpf
P.q

——V Z(cerchrcq,cp_ + 01,7 qfchrcer), )]
p.q

where the V coupling creates (and destroys) particle-hole
pairs over the unperturbed GS,

o) = (H cp_>|o (10)

while the W coupling is a hopping term for these pairs.
As is well known [41—44], this Hamiltonian can be mapped
into a spin system through the operators

Sy = S,kiSy =Y chicpr.
P

1 ,
¥
S:=3 ;@,Hcp+ —ch_cpo), (11)

which satisfy exact SU(2) commutation relationships:
[St,S-1=12S,, [S;,S+] = £S+. The Hamiltonian (9) can
then be rewritten as
w
H=eS.— 2 (5,5 458, =N) - (S2 +5%) (12

1+ x

= &S, — Vi(S7 + x57) + Vi 7 —Z=N, (13)
where Vi =W +V, x ==, and N =Y _, c},cp is

the fermion number operator. In what follows we w1ll consider
the half-filled case of N = Q fermions, where the total spin
S can reach the maximum value ©2/2. We will set, without
loss of generality, |x| < 1 (i.e., V, < Vi) and focus on the
attractive case V, > 0. These two conditions imply W > 0,
V > 0. It is also convenient to scale the coupling strength as

Ve=u/(Q = 1), (14)

such that (H)/<2 stays finite and €2 independent for large 2
at fixed vy, x. And at the mean-field level (see Sec. III B) the
GS transition to the symmetry-breaking phase will take place
exactly at v, = e V Q.

The Hamiltonian H obviously commutes with the total
spin §% = S + 87 + S2. In the half-filled attractive case the
minimum energy is reached for maximum spin S = €2/2, i.e.,
for the completely symmetric multiplet. The exact GS |W)
can then be obtained by diagonalizing the equivalent spin
Hamiltonian (13) within the S = €2/2 subspace, of dimension
Q + 1, which contains the unperturbed GS (10) and where
there is always just one fermion per site p (note that [H, n,] =
0, withn, = > _, ¢! c,, the number of fermions at site p).

p==x"pp
It will then have the form

Q
=Y CkIK), (15)
P

where K denotes the number of fermions in the upper
level and |K) = |S = Q/2, S. = K — ©/2) o SK|Wp) are the
eigenstates of S, for maximum total spin § = /2. All coeffi-
cients Cx will be real and of the same signif V > 0.
Moreover, H also commutes with the S, parity P,:

[H,P.] =0, P =explin(S;+/2)], (16)

which for N = Q is equivalent to the parity of the number
of fermions in the upper level: P, = exp [iz ) » c; Cp+]. This
implies that in any nondegenerate GS the sum in (15) will
run over either even or odd values of K, according to the GS
parity P, = 1. This symmetry will have a deep influence in
fermionic entanglement measures.

In the isotropic case x = 1 (V = 0), the Hamiltonian (13)
also commutes with §,, implying that the sum in (15) reduces
to a single term. The exact eigenenergies for N = Q and x =
1 become, using Eq. (13),

E—Kg)VS(Sl Kg>2g 17
SK—8< B _x|: +)—< 3 —2:|, (17)

with § < /2 and £ — S < K < § +5. It is then verified
that for V, > 0, the GS is obtained for maximum spin S, with
K starting at O for V, = 0 and ending up at [€2/2] for large V,.
Thus, the x = 1 GS undergoes [2/2] transitions K — K + 1
as V, increases from 0, at the couplings,

vk & k—o. |21 as
T Q- 1-2K 2

with v? = V?/(Q — 1) = ¢ coinciding with the MF critical
value. For fixed x € (0,1) (0 <V < W) and finite €2, these
transitions will evolve into [€2/2] S,-parity transitions. On the
other hand, for x € [—1,0] (V > W) the exact GS will have
even parity P, = +1 V V, > 0, owing to the dominant role of
the V coupling.

A. Exact GS entanglement
1. One body entropy

We start with the evaluation of the one-body entanglement
entropy (1). Due to conservation of the single site fermion
number 7, the elements of the one-body density matrix p*P
in a state of the form (15) satisfy (cT 1 Cav) = Opg (cpucpv) And
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due to translational invariance over the states p, they form 2
identical blocks,

o [lehicps) (e cpi) <f+ 0)
Sp — p p = , 19
Py <<c,i+c,,_> o) \oop)

where (c;icﬂ) = (54)/2 = 0 owing to P, conservation and

fe=(G£(8)/Q), ie., fr = (K)/Q=1—f_ with (K) =
>k CI%K . The one-body entropy E = E(|V)) then becomes

E = Q[h(f+) + h(f-)] = —2Q(f; log, f+ + f-log, f-).
(20)

It is determined just by (S.), vanishing only if [(S,)| = /2.
This shows that any state (15) with definite parity P, is not
a SD unless Cx = §go or dgq. This includes in particular the
states |K) (GS’s for x = 1), where f; = K/Q = k and

Ex = —2Q[klog, k + (1 —k)log,(1 — k)] (21)

is positive for 1 < K < Q — 1, reflecting the fact that they
are collective excitations generated by S, and are hence not
SD’s. Equation (20) is 2€2 times the single spin entanglement
entropy in the spin picture (i.e., the entanglement of spin i
with the rest of the system), where the block (19) represents
the reduced single spin-density matrix.

The behavior of the one-body entropy (20) as a function of
vy /€ is shown in Fig. 1 for Q = 50 and different anisotropies
X, together with other entanglement measures discussed be-
low. It becomes significant for v, > ¢, i.e., in the strongly
coupled regime where the MF GS exhibits S, -parity breaking
(see Sec. IIIB), increasing monotonously with increasing
strength v, /e and saturating for v,/e — oo. Moreover, it is
almost independent of y, except for the steps visible in the
x = 1 case which reflect the S, transitions K — K + 1 (the
steps due to the P, transitions at x = 0.5 are already very
small at the size shown and are not appreciable). An analytic
description of E for large €2 is provided in Sec. III B.

2. Up-down entanglement entropy

The fermionic version of the model enables us to consider
a bipartition where Alice has access to the 2 lower single
fermion levels and Bob to the 2 upper levels, which has no
physical counterpart in a pure spin realization. It is only in the
fermionic case where this partition becomes meaningful and
the ensuing up-down mode entanglement can be considered
as a physical resource. Let us also remark that due to the
definite S, parity of the GS, each side will contain fermionic
states with definite number parity [Py, = P, (£P,) for Q
even (odd)], entailing that arbitrary linear combinations of
the involved local states will not break the number parity
superselection rule [26,64].

In order to compute this entanglement exactly, we first note
that each state |K) can be explicitly written as an equally
weighted sum of () orthogonal SD’s with K fermions up and
Q — K fermions down at different sites,

1 .
IK) = —— Z(]‘[(c,‘,+cp_)"w>|wo>, (22)
(K) ¢ P

1.0f 1 T " ,_-—-—'_

0.8}
o 0.6
m L}ﬁ
0.4} I —— E/2Q
I E*/Q
0.2} I Qcr2
0.0 -
0 1 2 3 4 5
Vyl€
1.0 .X=O-5 e
0.8}
E/2Q
o 0.6} E*/Q
i QC/2
0.4}
0.2}
0.0 .
0 1 2 3 4 5
Vyl€
1.0} X=—1
0.8} |
E/2Q
o 0.6} E*/Q
v QC/2
Wi ﬁ
0.4}
0.2}
0.0 .
0 1 2 3 4 5
Vyl€

FIG. 1. The intensive one-body entropy E/(2L2), Eq. (20), to-
gether with the intensive up-down entanglement entropy E+~/Q and
the scaled fermionic concurrence Q2C/2, in the GS of Hamiltonian
(9)-(13) as a function of the relative coupling strength v, /e, for
three different anisotropies x and 2 = 50 fermions. All labels are
dimensionless.

where nyy = 0,1, npe = K,anda =1,..., (2) Since all
terms in the previous sum involve different orthogonal states
at each side, Eq. (22) constitutes the Schmidt decomposition
[5] for the up-down partition. Then, the up-down entangle-
ment entropy of the states |K) is

Ef =1lo @ 23
k =108 x) (23)

Using Eq. (22), the ensuing up-down entanglement entropy
determined by the exact GS (15) is

Q
Et — Zc,% |:10g2 (K> — log, c,%], (24)
K
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where the first sum in (24) represents the average entangle-
ment stemming from the states |K) while the second is that
emerging from the distribution over these states.

While E*~ does not require in principle a correlated GS (it
can be nonzero in a SD, see Sec. III B), it is here essentially
half the one-body entropy (20) for sufficiently large Q2: In
the states |K), an expansion of (23) for large 2 and K, with
k = K/ finite, leads to

Ef™ ~—Qlklog, k+(1—k)log,(1—k)]—log, v/27 Qk(1—k)
= Ex/2 + O(log, Q). (25)

A similar relation E*¥~ ~ E/2 holds for large Q2 in a typical
definite parity GS (15) (see Sec. IIIB). This result indi-
cates a close correlation between the fermionic entanglement
measured by E(]W)) and the bipartite up-down mode en-
tanglement in the exact definite parity GS. This enables an
approximate estimation of the latter, which can be considered
as a quantum resource, through an easily accessible one-body
average ({S.)). The behavior of E*~ with v, /¢ is also depicted
in Fig. 1, where the approximate proportionality is verified.

3. Fermionic concurrence and reduced up-down entanglement

We now examine the fermionic and up-down entanglement
in the reduced state p,, of four single fermion states p.,
g+, p # g, which is a mixed state for 2 > 2 and is here
the first nontrivial case for both measures. We first note that
since n, = 1, the reduced state p, of a single pair of modes
p+ (represented in principle by a 4x4 matrix in the basis
{10), ¢}, 10), ¢;_10), ¢} c}_]0)) contains here just a diagonal
2x2 nonzero block p), identical with Eq. (19) in the restricted

basis {c},0), c},_|0)}:
(cp-cps) ) _ (f+ 0)
(cp+c;+c;_cp_) 0 f)

(26)

(c;+cp+cp,c;7)
Pp =

(c;+cp_)

This state has obviously no fermionic entanglement, in the
sense that it is just a mixture of elementary single fermion
states (pp = ) ,_. fvczvl().)(0|c,,?). Besides, it hgs no up-
down mode entanglement either, since P, conservation implies
(c;icij) = 0 and prevents coherence between both single

fermion states (i.e., terms occ; 10){0]c,—). Thus, if Alice and
Bob have access just to a single p state (p— for Alice, p+ for
Bob) the joint state p, contains just classical correlations (it is
equivalent to a two-qubit state f_|01)(01| 4+ f1|10) (10|, with
01) = c/,_|0), [10) = c/,, |0)).

The situation changes when they have access to two differ-
ent states p # g (p—, g— for Alice, p+, g+ for Bob). Since
the number #n, of fermions per site p is 1, the support of p,,
(in principle a 16x 16 matrix) will just involve the four two-
fermion states {c},c},|0),c},cf_10),c}_cf,10), ¢l _cf_10)}
(see Fig. 2). In this restricted basis it will be given by

(Nprng+) 0 0 (Sp—S¢-)
o = 0 (Rpyng—)  (Sp—Sq+) 0
P 0 (Spisg—)  (mp_ngy) 0 ’
(S p+-Sq+) 0 0 (np—ng_)

27)

p qgq b q

00 00
0 OO0

 JOIOL _
00 00

FIG. 2. The possible occupancies of four sp states py, g+ in
the GS of the Hamiltonian (9). The reduced state (27) contains
coherences between the two upper states and, separately, between
the two lower states, which lead to a nonzero fermionic concurrence
and up-down entanglement.

where n,+ = c;ic,,i and 5,4+ = c;ic,,qg. In the GS (15), its
elements are independent of p, g and can be exactly evaluated
in terms of global averages:

SZ
pesss) = gt (8)
Q*/4 - (s2)
(SptSqx) = Q- (npangs), (29)
1 (S () -4
<npinqi>—<zi 5 +—Q(Q—l)>' (30)

The fermionic entanglement of this mixed state, which
indicates its deviation from a statistical mixture of SD’s, can
be measured through the fermionic concurrence (7), which
becomes

C = 2Max[[{sp+54+)| — {np+ng-),

[{spt+8g-)1 — \/(”p+nq+><np—nq—>7 0]. (€2

This concurrence is equivalent to that of a two-qubit system,
coinciding with that of a spin pair in the spin realization
[51,53,55] (i.e., with that measuring bipartite mode entan-
glement between pt and g+ states). It can be regarded as
“parallel” (“antiparallel””) when the first (second) term in (31)
is positive, and scales as Q1 [51,55].

As seen in Fig. 1, the behavior of C differs from that of
previous entanglement measures. It is peaked at v, ~ ¢, i.e.,
at the onset of the symmetry-breaking MF phase, and it is
strongly affected by the anisotropy. For x = 1 the GS’s are
the states |K) and the concurrence is then only of antiparallel
type, as (S2) = 0, and is given by

2 1

T Q. o o
1+ /1 - w5

Ck s ISK<Q-1, (32)

vanishing for K =0, Q2 and satisfying Cx = Cq_g. It is
sharply peaked at K =1 (and K = Q2 — 1), with C; =2/Q
(the maximum attainable value in this model [55]), drop-
ping significantly already for K =2 (G,/Cy ~2 — /2~
0.586 for large 2) and reaching its minimum at K = /2
(Cqp = ﬁ). An explicit comparison between the concur-
rence Cx and the entanglement entropies Ex and E,Jg s
shown in Fig. 3.
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1.0F
0.8}

o 0.6

- 1

L
0.4} r'J L ace 1.

I_r E2Q 1

0.2} L E*/Q 1
| S |

0.0 0.2 0.4 0.6 0.8 1.0
K/Q

FIG. 3. Fermionic entanglement measures in the states |K) =
IS=2,M =K — £) for Q = 50 fermions. Here E is the one-body
entanglement entropy (21), E*~ the up-down entanglement entropy

(23) and C the concurrence (32).

The concurrence remains peaked at v, ~ & for other
anisotropies, but the sharpness of the peak decreases as x
decreases, as seen in Fig. 1. In addition, for x € (0, 1) (central
panel) it vanishes at the separability point,

ve = ¢/4/X (33)

(see the Appendix) where it changes from antiparallel to
parallel [65,66]. This point corresponds to the first GS S,-
parity transition, where it becomes twofold degenerate and
the GS subspace is spanned by two nonorthogonal SDs
(see Sec. III B). For x < 0 GS separability no longer occurs
and C is positive and parallel V v, > 0.

The finite fermionic concurrence of the reduced state p,,
warrants nonzero bipartite entanglement for any bipartition of
the four-dimensional sp space [35]. In particular, p,, will lead
to a finite up-down mode entanglement, which can be quanti-
fied through the pertinent negativity [39,67,68]. This partition
involves four distinct states at each side: |0), cj,_cZ_lO),

c;_|0), and c;_|0) for Alice and similar states at the upper
level for Bob (Fig. 2), leading to a two-qudit system with
d = 4. P, symmetry implies that just states with the same local
fermion number parity are connected in p,,, entailing that
partial transposition will not mix local states with different
number parity and standard formulas can be applied [39]. The
ensuing negativity is just minus the sum of the two negative

eigenvalues of the partial transposed matrix:
NFT = [spaSga )l + [spsg-)1- (34)

As seen in Fig. 4 (bottom panel), the behavior of this quantity
resembles that of the global entropies E and E*~, increasing
monotonously for increasing v, /e. While still weakly depen-
dent on x for x < 1, it is reduced by half for x — 1: In the
states |K) the first term in (34) vanishes and Eq. (29) leads to
(k= K/Q)

Q
N~ = ——k(1 - k), 35
K= gk =k (35)
approaching § 5 for v,/e — oo. However, for x < 1 both
terms in (34) contribute and the ensuing negativity as a func-

E/2Q

Vyl€
1.0 [
0.8f / -~ Exact x=0.5
4
0.6} / <—— PMF x=05

Vyl€

FIG. 4. Top: Comparison between the exact one-body entan-
glement entropy and the value obtained from the mean-field ap-
proximation through basic S.-parity projection (PMF), Eq. (42),
for x = 0.5 and 2 = 50 fermions. The MF order parameter A =
2|(sx)Imf = sin B is also depicted. The inset depicts the exact result
for different values of x, showing the weak dependence on the
anisotropy. Bottom: The exact up-down negativity in the reduced
state p,¢, Eq. (34), for x = 0.5and x = 1, Eq. (35), together with the
mean-field results obtained through basic S, parity (x = 0.5) and S,
(x = 1) projections, Eqs. (46) and (47), which are almost coincident
with the exact ones.

tion of v, /¢ becomes essentially twice the value for x = 1, as
verified in Fig. 4 (see Sec. 111 B).

Previous considerations hold of course for Q > 2. We
remark that in the trivial 2 =2 case, p,, becomes pure
(opg = W){(¥]) and all previous quantities become equiv-

alent: C=2N*1t"=2/f(1 = fy), and E=4E"~ =4h(f}),
with f, = |B|*> fora P, = +1 GS,

W) = alK = 0) + BIK =2) = (ac)_c_ + Bcpycy,)l0)

(o> + 181> =1),and f, = 1/2 fora P, = —1 GS,

Lootof aot of
¥-) = 1K =1) = —5(picy- Fpcy)lO),

where all previous quantities are maximum.

B. Approximate description

We now discuss the evaluation of previous measures
through approximate methods, with the aim of identifying
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their main sources and obtaining an analytic description, exact
in the thermodynamic limit 2 — oo.

1. Mean-field approach

We start with the basic mean-field (MF) approach, where
the GS is approximated by a SD, here of the form

[Wnt) = e~ S|Wg) = [ [ ¢'}10), (36)
p

wherF: S = (Sy, Sy, S2), .c/;i :.e_"‘?"'sc;ie""”‘s are rotated
fermion operators, and »n is a unit vector. Both 8 and n are to
be obtained from the minimization of the mean energy, which
by means of Wick’s theorem becomes

(Win | H Wyt = QLe(sy) — ve((s0)? + x(s)D1, (37)

where s, = §,/Q. For |x| < 1, the minimum will be always
obtained for (s) lying in the x, z plane (n-S§ = S,), which
leads to (s) = —%(sin 0,0, cosf) and

al

4 i
¢y =COS=cC

.0 .
> pr T sin = ¢ 38)

5 “rF
Minimization of (37) with respect to 6 yields

1, vy < €
e/vy, Uy >e¢’

cosf = { 39)
i.e., to a normal phase with 8 = 0 for v, < ¢ and to an S,-
parity breaking phase with 6] € (0, w/2) (and hence A =
2|(sy)| = sinf > 0) for v, > . In the latter the sign of 6
remains arbitrary, leading to a twofold degeneracy of the MF
GS (for x = 1, this degeneracy becomes continuous, as the
orientation of (s) in the xy plane becomes arbitrary). Note that
6 is independent of x (for x| < 1).

Any SD implies a zero one-body entropy and fermionic
concurrence. In particular, the one-body density matrix p;ff )
determined by (36) consists of 2 identical blocks,

sin 6
1+cosf)’

PP(0) = ((c[:,+cp+> (c;_cp+>> _ 1(1 —cosf
(40)

(cppcp-) (c;_c_) 2 sin 0

whose eigenvalues are obviously 1 and 0. Nonetheless, it is
possible to extract an effective MF one-body entanglement en-
tropy by considering just the diagonal terms in (40), since the
exact off-diagonal terms vanish due to the S,-parity symmetry.
This can be justified through a basic S,-parity restoration (see
the next subsection), which leads to the one-body density
[p5(0) + p.h.(—6)]/2, composed of diagonal blocks,

I 1(1—cos® 0
Z[pP sp_py] = =
S0} @) + P 9)]—2( 0 1+COSQ>. (1)
The ensuing one-body entanglement entropy becomes
1+vcos6 1 +vcos6
En = —2Q E > log, 7 , 42)

v=%

with cosf given by (39), and is positive for 6 € (0, )
(vy > &), saturating for v, /e — oo (E — 2RQ).

As seen in the top panel of Fig. 4, Eqs. (39)—(42) provide an
excellent estimation of the exact one-body entropy E Vv, > ¢

if @ is not too small, becoming exact for 2 — oco. As
previously mentioned and as verified in the inset, the exact
E exhibits only a very weak dependence on the anisotropy
x. And for x — 1 and large 2, the exact Eq. (18) implies
(s.) = K/Q — 1 = —1e/v, plus terms O(Q"), which is the
MF result (s,) = —% cos 0, with Eq. (21) becoming identical
to (42) [k = %(1 — &/vy)]. Thus, in this model the MF ap-
proach is able to provide, through basic S;-parity projection
(extraction of diagonal terms), the exact result of the intensive
one-body entropy E /(2L2) for large 2.

Besides, the up-down entanglement entropy directly de-
termined by the MF state (36) is nonzero: This state can be
written in the form (15) with coefficients

Q 6 0
Cx(0) = (K) cos? K 2 sinX > (43)

forn - § = §,. Equation (24) then leads to

1+vcosf 14+vcosf 1
T ——
E i = Vzg y 7 log, 7 = 2Emf, (44)

which is in agreement with the exact trend for large 2 and
provides a good approximation in this limit. The result (44)
is also apparent as the up or down occupations at each site
p in the MF state (36) are independent from those at other
sites. Hence, the MF result (44) is that of 2 independent two-
qubit systems in a pure entangled state c’;_ |0) = cos %|01) +
sin §]10), where [01) = ¢}_|0), [10) = c},|0), which is the
single p reduced state at the MF level.

Notice, however, that the up-down entanglement of a single
p subsystem is a MF effect arising from S,-parity breaking.
As we have seen in (26), the single p reduced state derived
from the exact GS is mixed and just classically correlated,
instead of pure and entangled. Thus, in contrast with MF, in
the exact GS E*~ emerges from two-body correlations and,
accordingly, is not strictly extensive [see also Eq. (53) in next
section].

On the other hand, the fermionic four-state concurrence
(31) lies strictly beyond the basic MF approach. Without
S.-parity projection, the state (36) obviously leads to a pure
reduced state ppg(0) = |vpq) (Vpg| With [1,) = ¢/ 10) a
SD, implying C = 0. But even after a basic parity projection,
which leads to

1
Ppq = E[ppq(e) + ;Opq(—e)]

(1—cosf)?® 0 0 sin” @
_1 0 s%nz 6 s%nz 0 0 s
4 0 sin“6 sin“ 0 0
sin’ 6 0 0 (1+4cosh)?

we still obtain C = 0 V 0 [according to Eq. (31)], since this
state is a convex combination of Gaussian states.

Equation (45) does lead, however, to a correct estimation
of the up-down negativity (34) for x < 1,

(x <D, (46)

which provides an excellent description for large €2, as seen
in the bottom panel of Fig. 4. Notice that (46) is smaller than

= 12
mf = 7 sin" 0
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the result derived directly from the unprojected MF reduced
state pp,,(0) (i.e., from the pure state |v/,,)), which leads
to /\/;;(9) = |sin@|(1 + %l sin#]), since the latter includes
terms connecting states with different P. which are removed
by the basic projection.

Equation (46) fails only in the isotropic limit y — 1,
where an S, projection would be required. The main effect of
such a projection is just to cancel the term (s,15,4) = }T sin® 6
in (45), leaving (s,4s,—) essentially unaltered. This leads to
half the value (46):

NfT=1sin’0 (x =1, 47)
which is in excellent agreement with the exact result, as
also seen in Fig. 4. In fact, for large 2 Eq. (18) implies
k= %(l — vy/¢e) and the exact result (35) becomes identical
with Eq. (47).

We finally remark that for x € (0, 1), both MF states
| W (£60)) become exact GS’s for any finite 2 at the separa-
bility point (33) (see the Appendix). However, the exact limit
at this point of the one-body entropy is still given by Eq. (42)
for large €2, and is hence nonzero, since the exact GS side
limits have definite P, (see the next section).

2. S.-parity projected mean field

A more rigorous extraction of fermionic entanglement
measures at the MF level can be achieved by considering the
exact S,-parity restored states,

_ (Wit (0)) £ [Wine(—0))
NET

where |Wp¢(6)) denotes the state (36) (for n-S§ = S§,) and
|Wing (0)) = P2 |Wine (0)). If the overlap (Wi (—0)[Wme(0)) =
cos®? @ and other terms of similar order are neglected (they are
very small for not too small Q2 and 6), the one-body density
p*P and the reduced state p,, derived from the states (48) are
precisely given by Egs. (41) and (45).

Nonetheless, it is also possible to derive the exact projected
expressions. The contractions derived from the states (48)
are (¢}, cq)+ = 8pg8un [ for u, v ==, where f are the

P .
prOJected average occupations,

+ 1—vcosO<1:|:vcosQIO>

| W)

(48)

= 49
£y 2 1 +cos®é “49)

satisfying ff + f% = 1. Hence, these states lead to a diagonal
one-body density matrix with €2 identical blocks,

+
oy = <fS fof> O

Since the difference between f* and the unprojected average
occupations =22%% of Eq. (41) is O(cos?~!9), the exact
one-body entropy determined by the states (48),

Ex = =2Q(f log, fi + £ log, f), (51)

is very close to the diagonal MF result (42) if €2 and 6 are not
too small.

The up-down entanglement determined by the states (48)
can also be exactly evaluated: The ensuing normalized coeffi-

cients in the expansion (15) are just

CE0) = HE(_I)KC 9 52
“O =\ TZeome « ©Y

with Cg(6) the MF coefficients (43), and lead to

1+ vcosé 2
Er~"=-Q *log,———— | —log, —————.
+ <;f” %2 2 ) 82 1 & cos® 6

(53)

Even if terms O(cos®6) are neglected, a reduction
~—log, 2 = —1 is now obtained in comparison with (44) due
to S.-parity projection, which implies a spread over just half
the total number of states. This lowering explains the small
difference with half the one-body entropy observed in the
exact results of Fig. 1 for x < 1. In particular, the up-down en-
tanglement is maximum for 6 = 7 /2 (v,/e¢ — ©0), in which
case (53) yields Ef~ = Q — 1, while (44) leads to ET~ = Q.
An alternative interpretation of this reduction is that while
in the nonprojected MF, Alice (lower levels) and Bob (upper
levels) share €2 independent maximally entangled qubit pairs,
in the projected state the last pair is not independent as its state
becomes determined by the parity constraint, thus lowering
E*~ in one unit. On the other hand, full S, projection is
required for obtaining an accurate evaluation at y = 1, which
would lead to the exact result (23).

The exact reduced four-mode state p,, derived from the
states (48) has the form (27) with elements (v = &)

< ) sin?6 (14 cos® 29
SpuS =
prRgvis 4 \U1£cos?0
sin?6 [ 1 F cos® 26
(SpuSg—v)+ = 2 1+ cos? 0 = (Npulg—v)+,

( \ 1 ( ) cosf (1 + cos? 20 (54)
NpyNgy = I v v .
) SpvSqvie F 2 1 +cos® 6

In contrast with (45), this state leads to a small but finite
fermionic concurrence,

cos 29

CiL(0) = '20—,
+(6) = sin 1 +cos®d

(535
which is parallel (antiparallel) for positive (negative) S, parity.
Nevertheless, it is very small unless €2 and 6 are sufficiently
small. In a projected after variation treatment, & = 0 for v, <
¢ and (55) implies an appreciable concurrence just in a very
narrow interval after the phase transition at v, = ¢, where 9 is
still small but nonzero.

For v, < ¢, it is possible to improve the previous result
by projecting before variation, i.e., by determining 6 (and P,)
through the minimization of (W*|H|W*). In this case  will
be nonzero V v, > 0 and (55) will lead to a finite apprecia-
ble concurrence in the normal region (0 < v, < ¢), where
0 remains small. As seen in Fig. 5, the ensuing results are
accurate for small v, /e < 1, although for v, > ¢, 6 increases
and the concurrence (55) becomes again vanishingly small for
appreciable €2, as p,, becomes essentially a convex mixture of
Gaussian states.
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FIG. 5. Comparison between exact results for the fermionic con-
currence for x =0 and y = 0.5 with = 50, and those obtained
with an S,-parity projected (before variation) mean-field approach
(PMFV).

On the other hand, the up-down negativity determined by
the elements (54),

N I7 _ sin? 6 ’

2(1 £ cos26)
is very close to the previous result (46) derived from (45) for
appreciable 2 and 6, thus providing a correct description for
x < 1.

A final comment is that the projected states (48) constitute
the exact GS side limits at the separability point (33) V Q. As
we have seen, these states lead to a finite one-body entropy £
(and also finite up-down entropy E*~ and negativity /T 7),
which does not vanish for large €2, in contrast with the
associated fermionic concurrence (55). Thus, for not too small
2 this point will be clearly visible only in the concurrence, as
verified in Fig. 1 (see also the Appendix).

(56)

3. Mean-field plus random-phase approximation

In order to obtain a reliable analytic description of the
concurrence for large €2, it is necessary to employ at least
a random-phase approximation (RPA) [44], equivalent
to a first-order Holstein-Primakoff bosonization of the
Hamiltonian around the MF solution (see [44] and also
[51,53,54] and [55,57]). It can be implemented in a simple
way by mapping approximately the collective spin operators
to boson operators. For 0 < v, <& (and |x| < 1) this
mapping takes the form

S, — Qb 5. JQb, S.—>bb—)2,
where the condition [b, b'] = 1 is imposed. It is valid when
(S;) is close to —€2/2, i.e., in the normal MF phase v, < ¢,
where the vacuum |0) of b corresponds to the unperturbed

GS |¥p). This leads to an approximate quadratic boson
Hamiltonian:

H—Ey— Hy = (¢ — w)b'b— %(bT2 5

oy - WA

_ 57
) (57)
where Eg = (Vo|H|Wy), w =W, v=VE, and b' = ab —
Bb' is the final normal boson operator, with (%)= S_Q‘iﬁ

(W, 0 1=a>—=p*=1)and

h= Ve —wr = e ). ()

the normal boson energy, where v, = xv,. The GS |W¥) is
then approximated by the vacuum |0') = o exp[%b*z]m) of
V', which leads to (b*) = aff = T (b'b) = % and hence to
(S,)? ~ ?—;, (S,) ~ % — /2. With these values, we can
estimate the concurrence through Eq. (31), which for large Q2
leads to the asymptotic expression

=2/ —vy)
- Q—1

This value corresponds to a parallel-like concurrence (normal
phase) [53,55].

For v, > ¢, the bosonization should be done around the
parity breaking MF state |W,,¢) of Eq. (36), which will corre-
spond to the initial boson vacuum, and applied to the rotated
operators S, , S’. This leads to

C , O<v, <es. 59)

H—E,— Hy= (¢ —w)b'b— %(bTz +b7)

8/ _ w/ _ A'/
2 b

where E) = (Wi |H |Wie), cos@ = e/vy, & =ecosf, w' =

[v,(3cos* 6 —2) + vyl/2, v = (v, cos? 6 — vy)/2, and

A= [sin 0]/ v (vy — vy). (61)

The final expression for the asymptotic concurrence is

1-2" /(v —vy)
Cn #, g <vy <&/ X
v > e/ X

1—(ve—vy)/¥
Q-1
where the upper (lower) formula corresponds to the parallel
(antiparallel) concurrence, with the transition between both
taking place at precisely the separability point (33) [55,66].
At this point v' = 0 and A" = v, — v,, implying a zero RPA
concurrence, in agreement with the exact result for large €.
Moreover, at this point ¢ — w’ = A’ and b’ = b, so that the
bosonic vacuum remains unaltered, i.e., it is the MF GS.
Thus, separability is directly and exactly detected in RPA. For
—vy < vy, <0 (@.e., =1 < x < 0) the concurrence is parallel
and just the upper row in (62) should be applied (V v, > ¢).
Expressions (59)—(62) yield an excellent description of the
fermionic concurrence for all —1 < x < 1 and both v, < ¢
and v, > ¢ for appreciable €2, as verified in Fig. 6.

We finally mention that it is possible to further improve this
approach for finite systems by considering the fermionic state
corresponding to the bosonic vacuum |0'). For v, < ¢, such
state has the form

|Wrpa) o exp [¥S7]1Wo), (63)

=y - (60)

(62)

where S, =) c; Cp—. The parameter y can be taken from

RPA (y = %) or determined variationally. It is then seen
explicitly that (63) has definite S, parity and is not a SD,
containing genuine fermionic correlations.

For v, > & we may just replace | W) — |W(0)) and S} — S,
in (63), with |¥(0)) the MF state (36), leading to a state
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FIG. 6. Comparison between exact and RPA results for the
fermionic concurrence at two different anisotropies and €2 = 50
fermions. Results from both the analytic expressions (59) and (62)
(ARPA), valid for large €2, and the finite €2 results derived from the
states (63)—(64) (PRPA), are depicted.

|Wgrpa (0)). Moreover, in this case we may also consider S,-
parity restoration, which leads to a projected RPA state,

W) o [Wrpa (8)) £ [Wrpa(—0)). (64)

Results obtained in this way are very accurate for all v, and
sizes, as verified in Fig. 6, but nevertheless approach the
values (62) for large Q2. And for x = 1, S, projection should
be instead implemented, which in this model will directly lead
to the exact GS’s |K).

IV. CONCLUSIONS

We have analyzed the fermionic entanglement in the exact
GS of the Lipkin model and its relation with bipartite entan-
glement. A global measure of fermionic entanglement such as
the one-body entropy, which measures the minimum relative
entropy to a fermionic Gaussian state (thus vanishing iff the
GS is a Slater determinant) and which can be accessed through
one-body measurements, correlates essentially with the mean-
field order parameter associated with parity breaking, increas-
ing monotonously with the coupling strength and saturating
for strong couplings. It is also approximately proportional to
the total bipartite entanglement entropy between the upper

and lower modes, a quantity which has no physical analog
in a pure spin realization of the model. Both entropies scale
with the size 2 of the system, are weakly dependent on the
anisotropy and can be correctly (and analytically) described
by an S,-parity breaking mean-field approach with basic sym-
metry restoration. This symmetry plays an important role in
the previous proportionality and ensures a fixed number parity
in the entangled up or down modes, enabling us to consider the
total up-down entanglement as a standard quantum resource.

We have also analyzed the fermionic entanglement of the
reduced state p,,, of two up-down pairs (first nontrivial case)
through the fermionic concurrence. As opposed to previous
global measures, this concurrence, which measures the devi-
ation of p,, from a convex mixture of Gaussian states (i.e.,
from a statistical mixture of Slater determinants) presents
a dominant peak at the phase transition, whose sharpness
increases for y — 1 (where the maximum corresponds to
the narrow interval where the |K = 1) eigenstate is the GS).
While this concurrence can be directly associated with a
bipartite mode entanglement (i.e., to an effective p — g spin
1/2 pair), it differs from the up-down mode entanglement of
Ppg» Which can be measured through the pertinent negativity
and behaves similarly to previous global measures. The mean-
field approach can correctly predict this negativity through
basic symmetry restoration, but it cannot yield a nonvanishing
concurrence for strong couplings even after full S,-parity
projection. Only by considering RPA (collective-boson type)
correlations on top of the mean field it is possible to capture
its proper behavior. The present study then provides a detailed
analysis of the fermionic entanglement in a strongly interact-
ing system and its potential for quantum information through
its relation with relevant bipartite entanglement measures.
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APPENDIX: FERMIONIC SEPARABILITY

The exact definite S,-parity GS (15) of the Lipkin model
is entangled, i.e., it is not a SD, if |S;| < €2/2. However,
at the parity transitions arising for increasing v,/e at fixed
x € (0, 1), the GS becomes twofold degenerate and exact
GS’s with no definite P, become feasible [66]. In particular,
at the first transition [Eq. (33)] an S,-parity breaking SD of
the form (36) (the MF GS) becomes an exact GS for any 2
(fermionic separability).

This result can be easily seen by writing the Hamiltonian
of Eq. (13) in terms of the rotated quasispin operators S/, =

» C’Zic;x, S; = ! Z,,(c’;'7 +Cpp — c/;_c;,_),. determined by
the primed fermion operators (38). We obtain, dropping the
constant term V,(1 + x)N/4,

H = ecosS, — V(8> cos? 0 + 8.*sin’ 0 + x5,%)
+sin O[S, + V, cos O(S.S. + S.SL)]. (A1)
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The MF stationary condition (39) cancels the single fermion
excitation terms oS, , present in the second line of (A1), when
applied to the MF state (36) (for n-S = S,). And the two-
fermion excitation terms ocSq_2 in the first line of (A1) also
vanish iff the condition

cosf = ./x (A2)

is satisfied, in which case the MF state (36)—(38) becomes an
exact eigenstate, obviously for both signs of 6. Since for 6 > 0
its coefficients Ck (6), Eq. (43), are all positive, such state can-
not be orthogonal to the GS (15) (where Cx > 0V k) and must
then be a GS. Equation (A2) then leads, together with (39), to
the factorizing point (33). This separability is equivalent to
that occurring in the spin representation [65,66,69,70], where
it corresponds to a factorized (i.e., product) GS.

The side limits of the exact GS at this transition do have,
however, a definite parity and are then given by the S,-parity
projected MF states (48) [66], with 8 determined by (A2).
These states are both entangled for 8 € (0, ), i.e., x <1
(for x - 1,6 — 0 and |¥*) — |¥,) = |K = 0), whereas
|W~) — |K = 1)). Therefore, at the side-limits of the separa-
bility point, the exact one-body entropy approaches the values
given by Eq. (51), i.e., essentially the diagonal MF result (42)
for not too small § and 2, which are nonzero and the same for
both parities [the same occurs with the side limits of E+~ and
N*=, Egs. (53) and (56)]. In contrast, the exact side limits
(55) of the four-level fermionic concurrence become very
small for not too small 6 and €2, as p,, is essentially a convex
mixture of Gaussian states. Consequently, the existence of
separability at an S,-parity transition is clearly reflected in the
vanishing value of the fermionic concurrence, but not in the
behavior of E (nor E*~ or N't7), as seen in Fig. 1.

[1] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777
(1935).

[2] E. Schrodinger, Proc. Cambridge Philos. Soc. 31, 555 (1935);
32, 446 (1936).

[3] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and
W. K. Wootters, Phys. Rev. Lett. 70, 1895 (1993).

[4] B. Schumacher, Phys. Rev. A 51, 2738 (1995); C. H. Bennett,
H. J. Bernstein, S. Popescu, and B. Schumacher, ibid. 53, 2046
(1996).

[5] M. A. Nielsen and I. L. Chuang, Quantum Computa-
tion and Quantum Information (Cambridge University Press,
Cambridge, UK, 2000).

[6] R.Jozsa and N. Linden, Proc. R. Soc. London, Ser. A 459, 2011
(2003).

[7] G. Vidal, Phys. Rev. Lett. 91, 147902 (2003).

[8] T. J. Osborne and M. A. Nielsen, Phys. Rev. A 66, 032110
(2002).

[9] G. Vidal, J. L. Latorre, E. Rico, and A. Kitaev, Phys. Rev. Lett.
90, 227902 (2003).

[10] L. Amico, R. Fazio, A. Osterloh, and V. Vedral, Rev. Mod. Phys.
80, 517 (2008).

[11] E. Verstraete, J. 1. Cirac, and V. Murg, Adv. Phys. 57, 143
(2008).

[12] J. Eisert, M. Cramer, and M. B. Plenio, Rev. Mod. Phys. 82,277
(2010).

[13] G. De Chiara and A. Sanpera, Rep. Prog. Phys. 81, 074002
(2018).

[14] S. Popescu, A. J. Short, and A. Winter, Nat. Phys. 2, 754 (2006).

[15] E. Verlinde and H. Verlinde, J. High Energy Phys. 10 (2013)
107.

[16] V. Giovannetti, S. Lloyd, and L. Maccone, Phys. Rev. D 92,
045033 (2015).

[17] R. Verch and R. F. Werner, Rev. Math. Phys. 17, 545 (2005).

[18] J. Schliemann, J. I. Cirac, M. Ku$, M. Lewenstein, and D. Loss,
Phys. Rev. A 64, 022303 (2001).

[19] J. Schliemann, D. Loss, and A. H. MacDonald, Phys. Rev. B 63,
085311 (2001).

[20] K. Eckert, J. Schliemann, D. BruB, and M. Lewenstein,
Ann. Phys. 299, 88 (2002).

[21] H. M. Wiseman and J. A. Vaccaro, Phys. Rev. Lett. 91, 097902
(2003).

[22] G. C. Ghirardi and L. Marinatto, Phys. Rev. A 70, 012109
(2004).

[23] C. V. Kraus, M. M. Wolf, J. I. Cirac, and G. Giedke, Phys. Rev.
A'79, 012306 (2009).

[24] P. Zanardi, Phys. Rev. A 65, 042101 (2002).

[25] Y. Shi, Phys. Rev. A 67, 024301 (2003).

[26] N. Friis, A. R. Lee, and D. E. Bruschi, Phys. Rev. A 87, 022338
(2013).

[27] F. Benatti, R. Floreanini, and U. Marzolino, Phys. Rev. A 89,
032326 (2014).

[28] X. M. Puspus, K. H. Villegas, and F. N. C. Paraan, Phys. Rev. B
90, 155123 (2014).

[29] F. Iemini and R. O. Vianna, Phys. Rev. A 87, 022327 (2013); F.
Iemini, T. Debarba, and R. O. Vianna, ibid. 89, 032324 (2014).

[30] M. Oszmaniec and M. Kus, Phys. Rev. A 88, 052328 (2013); M.
Oszmaniec, J. Gutt, and M. Kus, ibid. 90, 020302(R) (2014).

[31] G. Sérosi and P. Lévay, J. Phys. A: Math. Theor. 47, 115304
(2014).

[32] N. Gigena and R. Rossignoli, Phys. Rev. A 92, 042326
(2015).

[33] N. Gigena and R. Rossignoli, Phys. Rev. A 95, 062320 (2017);
94, 042315 (2016).

[34] A. P. Majtey, P. A. Bouvrie, A. Valdés-Herndndez, and A. R.
Plastino, Phys. Rev. A 93, 032335 (2016); A. R. Plastino, D.
Manzano, and J. S. Dehesa, Europhys. Lett. 86, 20005 (2009).

[35] M. Di Tullio, N. Gigena, and R. Rossignoli, Phys. Rev. A 97,
062109 (2018).

[36] D. Dasenbrook, J. Bowles, J. B. Brask, P. P. Hofer, C. Flindt,
and N. Brunner, New J. Phys. 18, 043036 (2016).

[37] G. G. Amosov and S. N. Filippov, Quantum Inf. Proc. 16, 2
(2017).

[38] T. Debarba, R. O. Vianna, and F. Iemini, Phys. Rev. A 95,
022325 (2017); L. S. Souza, T. Debarba, D. L. Braga Ferreira,
F. Iemini, and R. O. Vianna, ibid. 98, 052135 (2018).

[39] H. Shapourian and S. Ryu, Phys. Rev. A 99, 022310 (2019).

[40] S. Hill and W. K. Wootters, Phys. Rev. Lett. 78, 5022 (1997);
80, 2245 (1998).

062104-11


https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100019137
https://doi.org/10.1017/S0305004100019137
https://doi.org/10.1017/S0305004100019137
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevA.51.2738
https://doi.org/10.1103/PhysRevA.51.2738
https://doi.org/10.1103/PhysRevA.51.2738
https://doi.org/10.1103/PhysRevA.51.2738
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1098/rspa.2002.1097
https://doi.org/10.1098/rspa.2002.1097
https://doi.org/10.1098/rspa.2002.1097
https://doi.org/10.1098/rspa.2002.1097
https://doi.org/10.1103/PhysRevLett.91.147902
https://doi.org/10.1103/PhysRevLett.91.147902
https://doi.org/10.1103/PhysRevLett.91.147902
https://doi.org/10.1103/PhysRevLett.91.147902
https://doi.org/10.1103/PhysRevA.66.032110
https://doi.org/10.1103/PhysRevA.66.032110
https://doi.org/10.1103/PhysRevA.66.032110
https://doi.org/10.1103/PhysRevA.66.032110
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1080/14789940801912366
https://doi.org/10.1080/14789940801912366
https://doi.org/10.1080/14789940801912366
https://doi.org/10.1080/14789940801912366
https://doi.org/10.1103/RevModPhys.82.277
https://doi.org/10.1103/RevModPhys.82.277
https://doi.org/10.1103/RevModPhys.82.277
https://doi.org/10.1103/RevModPhys.82.277
https://doi.org/10.1088/1361-6633/aabf61
https://doi.org/10.1088/1361-6633/aabf61
https://doi.org/10.1088/1361-6633/aabf61
https://doi.org/10.1088/1361-6633/aabf61
https://doi.org/10.1038/nphys444
https://doi.org/10.1038/nphys444
https://doi.org/10.1038/nphys444
https://doi.org/10.1038/nphys444
https://doi.org/10.1007/JHEP10(2013)107
https://doi.org/10.1007/JHEP10(2013)107
https://doi.org/10.1007/JHEP10(2013)107
https://doi.org/10.1007/JHEP10(2013)107
https://doi.org/10.1103/PhysRevD.92.045033
https://doi.org/10.1103/PhysRevD.92.045033
https://doi.org/10.1103/PhysRevD.92.045033
https://doi.org/10.1103/PhysRevD.92.045033
https://doi.org/10.1142/S0129055X05002364
https://doi.org/10.1142/S0129055X05002364
https://doi.org/10.1142/S0129055X05002364
https://doi.org/10.1142/S0129055X05002364
https://doi.org/10.1103/PhysRevA.64.022303
https://doi.org/10.1103/PhysRevA.64.022303
https://doi.org/10.1103/PhysRevA.64.022303
https://doi.org/10.1103/PhysRevA.64.022303
https://doi.org/10.1103/PhysRevB.63.085311
https://doi.org/10.1103/PhysRevB.63.085311
https://doi.org/10.1103/PhysRevB.63.085311
https://doi.org/10.1103/PhysRevB.63.085311
https://doi.org/10.1006/aphy.2002.6268
https://doi.org/10.1006/aphy.2002.6268
https://doi.org/10.1006/aphy.2002.6268
https://doi.org/10.1006/aphy.2002.6268
https://doi.org/10.1103/PhysRevLett.91.097902
https://doi.org/10.1103/PhysRevLett.91.097902
https://doi.org/10.1103/PhysRevLett.91.097902
https://doi.org/10.1103/PhysRevLett.91.097902
https://doi.org/10.1103/PhysRevA.70.012109
https://doi.org/10.1103/PhysRevA.70.012109
https://doi.org/10.1103/PhysRevA.70.012109
https://doi.org/10.1103/PhysRevA.70.012109
https://doi.org/10.1103/PhysRevA.79.012306
https://doi.org/10.1103/PhysRevA.79.012306
https://doi.org/10.1103/PhysRevA.79.012306
https://doi.org/10.1103/PhysRevA.79.012306
https://doi.org/10.1103/PhysRevA.65.042101
https://doi.org/10.1103/PhysRevA.65.042101
https://doi.org/10.1103/PhysRevA.65.042101
https://doi.org/10.1103/PhysRevA.65.042101
https://doi.org/10.1103/PhysRevA.67.024301
https://doi.org/10.1103/PhysRevA.67.024301
https://doi.org/10.1103/PhysRevA.67.024301
https://doi.org/10.1103/PhysRevA.67.024301
https://doi.org/10.1103/PhysRevA.87.022338
https://doi.org/10.1103/PhysRevA.87.022338
https://doi.org/10.1103/PhysRevA.87.022338
https://doi.org/10.1103/PhysRevA.87.022338
https://doi.org/10.1103/PhysRevA.89.032326
https://doi.org/10.1103/PhysRevA.89.032326
https://doi.org/10.1103/PhysRevA.89.032326
https://doi.org/10.1103/PhysRevA.89.032326
https://doi.org/10.1103/PhysRevB.90.155123
https://doi.org/10.1103/PhysRevB.90.155123
https://doi.org/10.1103/PhysRevB.90.155123
https://doi.org/10.1103/PhysRevB.90.155123
https://doi.org/10.1103/PhysRevA.87.022327
https://doi.org/10.1103/PhysRevA.87.022327
https://doi.org/10.1103/PhysRevA.87.022327
https://doi.org/10.1103/PhysRevA.87.022327
https://doi.org/10.1103/PhysRevA.89.032324
https://doi.org/10.1103/PhysRevA.89.032324
https://doi.org/10.1103/PhysRevA.89.032324
https://doi.org/10.1103/PhysRevA.89.032324
https://doi.org/10.1103/PhysRevA.88.052328
https://doi.org/10.1103/PhysRevA.88.052328
https://doi.org/10.1103/PhysRevA.88.052328
https://doi.org/10.1103/PhysRevA.88.052328
https://doi.org/10.1103/PhysRevA.90.020302
https://doi.org/10.1103/PhysRevA.90.020302
https://doi.org/10.1103/PhysRevA.90.020302
https://doi.org/10.1103/PhysRevA.90.020302
https://doi.org/10.1088/1751-8113/47/11/115304
https://doi.org/10.1088/1751-8113/47/11/115304
https://doi.org/10.1088/1751-8113/47/11/115304
https://doi.org/10.1088/1751-8113/47/11/115304
https://doi.org/10.1103/PhysRevA.92.042326
https://doi.org/10.1103/PhysRevA.92.042326
https://doi.org/10.1103/PhysRevA.92.042326
https://doi.org/10.1103/PhysRevA.92.042326
https://doi.org/10.1103/PhysRevA.95.062320
https://doi.org/10.1103/PhysRevA.95.062320
https://doi.org/10.1103/PhysRevA.95.062320
https://doi.org/10.1103/PhysRevA.95.062320
https://doi.org/10.1103/PhysRevA.94.042315
https://doi.org/10.1103/PhysRevA.94.042315
https://doi.org/10.1103/PhysRevA.94.042315
https://doi.org/10.1103/PhysRevA.93.032335
https://doi.org/10.1103/PhysRevA.93.032335
https://doi.org/10.1103/PhysRevA.93.032335
https://doi.org/10.1103/PhysRevA.93.032335
https://doi.org/10.1209/0295-5075/86/20005
https://doi.org/10.1209/0295-5075/86/20005
https://doi.org/10.1209/0295-5075/86/20005
https://doi.org/10.1209/0295-5075/86/20005
https://doi.org/10.1103/PhysRevA.97.062109
https://doi.org/10.1103/PhysRevA.97.062109
https://doi.org/10.1103/PhysRevA.97.062109
https://doi.org/10.1103/PhysRevA.97.062109
https://doi.org/10.1088/1367-2630/18/4/043036
https://doi.org/10.1088/1367-2630/18/4/043036
https://doi.org/10.1088/1367-2630/18/4/043036
https://doi.org/10.1088/1367-2630/18/4/043036
https://doi.org/10.1007/s11128-016-1467-9
https://doi.org/10.1007/s11128-016-1467-9
https://doi.org/10.1007/s11128-016-1467-9
https://doi.org/10.1007/s11128-016-1467-9
https://doi.org/10.1103/PhysRevA.95.022325
https://doi.org/10.1103/PhysRevA.95.022325
https://doi.org/10.1103/PhysRevA.95.022325
https://doi.org/10.1103/PhysRevA.95.022325
https://doi.org/10.1103/PhysRevA.98.052135
https://doi.org/10.1103/PhysRevA.98.052135
https://doi.org/10.1103/PhysRevA.98.052135
https://doi.org/10.1103/PhysRevA.98.052135
https://doi.org/10.1103/PhysRevA.99.022310
https://doi.org/10.1103/PhysRevA.99.022310
https://doi.org/10.1103/PhysRevA.99.022310
https://doi.org/10.1103/PhysRevA.99.022310
https://doi.org/10.1103/PhysRevLett.78.5022
https://doi.org/10.1103/PhysRevLett.78.5022
https://doi.org/10.1103/PhysRevLett.78.5022
https://doi.org/10.1103/PhysRevLett.78.5022
https://doi.org/10.1103/PhysRevLett.80.2245
https://doi.org/10.1103/PhysRevLett.80.2245
https://doi.org/10.1103/PhysRevLett.80.2245

DI TULLIO, ROSSIGNOLI, CEREZO, AND GIGENA

PHYSICAL REVIEW A 100, 062104 (2019)

[41] H. Lipkin, N. Meshkov, and A. Glick, Nucl. Phys. 62, 188
(1965).

[42] N. Meshkov, A. Glick, and H. Lipkin, Nucl. Phys. 62, 199
(1965).

[43] A. Glick, H. Lipkin, and N. Meshkov, Nucl. Phys. 62, 211
(1965).

[44] P. Ring and P. Schuck, The Nuclear Many-Body Problem
(Springer, Berlin, 1980).

[45] R. Gilmore and D. H. Feng, Nucl. Phys. A 301, 189 (1978).

[46] R. Rossignoli and N. Canosa, Phys. Lett. B 394, 242
(1997).

[47] J. Vidal, G. Palacios, and C. Aslangul, Phys. Rev. A 70, 062304
(2004).

[48] O. Castafios, R. Lépez-Pefia, J. G. Hirsch, and E. Lépez-
Moreno, Phys. Rev. B 74, 104118 (2006).

[49] T. Caneva, R. Fazio, and G. E. Santoro, Phys. Rev. B 78, 104426
(2008).

[50] S. Campbell, G. De Chiara, M. Paternostro, G. M. Palma, and
R. Fazio, Phys. Rev. Lett. 114, 177206 (2015).

[51] J. Vidal, G. Palacios, and R. Mosseri, Phys. Rev. A 69, 022107
(2004); S. Dusuel and J. Vidal, Phys. Rev. Lett. 93, 237204
(2004).

[52] J. L. Latorre, R. Orts, E. Rico, and J. Vidal, Phys. Rev. A 71,
064101 (2005).

[53] S. Dusuel and J. Vidal, Phys. Rev. B 71, 224420 (2005).

[54] T. Barthel, S. Dusuel, and J. Vidal, Phys. Rev. Lett. 97, 220402
(2006); J. Vidal, S. Dusuel, and T. Barthel, J. Stat. Mech. (2007)
PO1015.

[55] J. M. Matera, R. Rossignoli, and N. Canosa, Phys. Rev. A 78,
012316 (2008); N. Canosa, J. M. Matera, and R. Rossignoli,
ibid. 76, 022310 (2007).

[56] H. Cui, Phys. Rev. A 77, 052105 (2008).

[57] J. M. Matera, R. Rossignoli, and N. Canosa, Phys. Rev. A 82,
052332 (2010).

[58] M. Filippone, S. Dusuel, and J. Vidal, Phys. Rev. A 83, 022327
(2011).

[59] J. Wilms, J. Vidal, F. Verstraete, and S. Dusuel, J. Stat. Mech.
(2012) P01023.

[60] J. Larson, Europhys. Lett. 90, 54001 (2010).

[61] A. Wehrl, Rev. Mod. Phys. 50, 221 (1978).

[62] V. Vedral, Rev. Mod. Phys. 74, 197 (2002).

[63] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K.
Wootters, Phys. Rev. A 54, 3824 (1996).

[64] N. Friis, New J. Phys. 18, 033014 (2016).

[65] T. Roscilde, P. Verrucchi, A. Fubini, S. Haas, and V. Tognetti,
Phys. Rev. Lett. 93, 167203 (2004); 94, 147208 (2004).

[66] R. Rossignoli, N. Canosa, and J. M. Matera, Phys. Rev. A 77,
052322 (2008); 80, 062325 (2009).

[67] G. Vidal and R. F. Werner, Phys. Rev. A 65, 032314 (2002).

[68] K. Zyczkowski, P. Horodecki, A. Sanpera, and M. Lewenstein,
Phys. Rev. A 58, 883 (1998); K. Zyczkowski, ibid. 60, 3496
(1999).

[69] L. Amico, F. Baroni, A. Fubini, D. Patane, V. Tognetti, and P.
Verrucchi, Phys. Rev. A 74, 022322 (2006).

[70] S. M. Giampaolo, G. Adesso, and F. [lluminati, Phys. Rev. Lett.
100, 197201 (2008); Phys. Rev. B 79, 224434 (2009).

062104-12


https://doi.org/10.1016/0029-5582(65)90862-X
https://doi.org/10.1016/0029-5582(65)90862-X
https://doi.org/10.1016/0029-5582(65)90862-X
https://doi.org/10.1016/0029-5582(65)90862-X
https://doi.org/10.1016/0029-5582(65)90863-1
https://doi.org/10.1016/0029-5582(65)90863-1
https://doi.org/10.1016/0029-5582(65)90863-1
https://doi.org/10.1016/0029-5582(65)90863-1
https://doi.org/10.1016/0029-5582(65)90864-3
https://doi.org/10.1016/0029-5582(65)90864-3
https://doi.org/10.1016/0029-5582(65)90864-3
https://doi.org/10.1016/0029-5582(65)90864-3
https://doi.org/10.1016/0375-9474(78)90260-9
https://doi.org/10.1016/0375-9474(78)90260-9
https://doi.org/10.1016/0375-9474(78)90260-9
https://doi.org/10.1016/0375-9474(78)90260-9
https://doi.org/10.1016/S0370-2693(97)00029-4
https://doi.org/10.1016/S0370-2693(97)00029-4
https://doi.org/10.1016/S0370-2693(97)00029-4
https://doi.org/10.1016/S0370-2693(97)00029-4
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevB.74.104118
https://doi.org/10.1103/PhysRevB.74.104118
https://doi.org/10.1103/PhysRevB.74.104118
https://doi.org/10.1103/PhysRevB.74.104118
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevLett.114.177206
https://doi.org/10.1103/PhysRevLett.114.177206
https://doi.org/10.1103/PhysRevLett.114.177206
https://doi.org/10.1103/PhysRevLett.114.177206
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1088/1742-5468/2007/01/P01015
https://doi.org/10.1088/1742-5468/2007/01/P01015
https://doi.org/10.1088/1742-5468/2007/01/P01015
https://doi.org/10.1103/PhysRevA.78.012316
https://doi.org/10.1103/PhysRevA.78.012316
https://doi.org/10.1103/PhysRevA.78.012316
https://doi.org/10.1103/PhysRevA.78.012316
https://doi.org/10.1103/PhysRevA.76.022310
https://doi.org/10.1103/PhysRevA.76.022310
https://doi.org/10.1103/PhysRevA.76.022310
https://doi.org/10.1103/PhysRevA.76.022310
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.82.052332
https://doi.org/10.1103/PhysRevA.82.052332
https://doi.org/10.1103/PhysRevA.82.052332
https://doi.org/10.1103/PhysRevA.82.052332
https://doi.org/10.1103/PhysRevA.83.022327
https://doi.org/10.1103/PhysRevA.83.022327
https://doi.org/10.1103/PhysRevA.83.022327
https://doi.org/10.1103/PhysRevA.83.022327
https://doi.org/10.1088/1742-5468/2012/01/P01023
https://doi.org/10.1088/1742-5468/2012/01/P01023
https://doi.org/10.1088/1742-5468/2012/01/P01023
https://doi.org/10.1209/0295-5075/90/54001
https://doi.org/10.1209/0295-5075/90/54001
https://doi.org/10.1209/0295-5075/90/54001
https://doi.org/10.1209/0295-5075/90/54001
https://doi.org/10.1103/RevModPhys.50.221
https://doi.org/10.1103/RevModPhys.50.221
https://doi.org/10.1103/RevModPhys.50.221
https://doi.org/10.1103/RevModPhys.50.221
https://doi.org/10.1103/RevModPhys.74.197
https://doi.org/10.1103/RevModPhys.74.197
https://doi.org/10.1103/RevModPhys.74.197
https://doi.org/10.1103/RevModPhys.74.197
https://doi.org/10.1103/PhysRevA.54.3824
https://doi.org/10.1103/PhysRevA.54.3824
https://doi.org/10.1103/PhysRevA.54.3824
https://doi.org/10.1103/PhysRevA.54.3824
https://doi.org/10.1088/1367-2630/18/3/033014
https://doi.org/10.1088/1367-2630/18/3/033014
https://doi.org/10.1088/1367-2630/18/3/033014
https://doi.org/10.1088/1367-2630/18/3/033014
https://doi.org/10.1103/PhysRevLett.93.167203
https://doi.org/10.1103/PhysRevLett.93.167203
https://doi.org/10.1103/PhysRevLett.93.167203
https://doi.org/10.1103/PhysRevLett.93.167203
https://doi.org/10.1103/PhysRevLett.94.147208
https://doi.org/10.1103/PhysRevLett.94.147208
https://doi.org/10.1103/PhysRevLett.94.147208
https://doi.org/10.1103/PhysRevA.77.052322
https://doi.org/10.1103/PhysRevA.77.052322
https://doi.org/10.1103/PhysRevA.77.052322
https://doi.org/10.1103/PhysRevA.77.052322
https://doi.org/10.1103/PhysRevA.80.062325
https://doi.org/10.1103/PhysRevA.80.062325
https://doi.org/10.1103/PhysRevA.80.062325
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.58.883
https://doi.org/10.1103/PhysRevA.58.883
https://doi.org/10.1103/PhysRevA.58.883
https://doi.org/10.1103/PhysRevA.58.883
https://doi.org/10.1103/PhysRevA.60.3496
https://doi.org/10.1103/PhysRevA.60.3496
https://doi.org/10.1103/PhysRevA.60.3496
https://doi.org/10.1103/PhysRevA.60.3496
https://doi.org/10.1103/PhysRevA.74.022322
https://doi.org/10.1103/PhysRevA.74.022322
https://doi.org/10.1103/PhysRevA.74.022322
https://doi.org/10.1103/PhysRevA.74.022322
https://doi.org/10.1103/PhysRevLett.100.197201
https://doi.org/10.1103/PhysRevLett.100.197201
https://doi.org/10.1103/PhysRevLett.100.197201
https://doi.org/10.1103/PhysRevLett.100.197201
https://doi.org/10.1103/PhysRevB.79.224434
https://doi.org/10.1103/PhysRevB.79.224434
https://doi.org/10.1103/PhysRevB.79.224434
https://doi.org/10.1103/PhysRevB.79.224434

