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Abstract The entanglement quantification and classification of multipartite quantum
states is an important research area in quantum information. In this paper, in terms
of the reduced density matrices corresponding to all possible partitions of the entire
system, a bounded entanglement measure is constructed for arbitrary-dimensional
multipartite quantum states. In particular, for three-qubit quantum systems, we prove
that our entanglement measure satisfies the relation of monogamy. Furthermore, we
present a necessary condition for characterizing maximally entangled states using our
entanglement measure.
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1 Introduction

Entanglement, as a significant feature of quantum mechanics, plays a vital role in
quantum information, such as quantum key distribution, quantum teleportation, quan-
tum dense coding, quantum secret sharing, quantum secure direct communication,
quantum simulation and quantum computation [1–14]. Mathematically, a pure state in
a quantum system is called entangled if it cannot be factorized into the direct product
of states on the subsystems; a mixed state is entangled if it cannot be written as a
convex mixture of direct products of local states.

Quantifying entanglement has attractedmuch attention in recent years. For bipartite
system, quantum entanglement measures have been given, such as the von Neumann
entropy of entanglement [15], the entanglement of formation [16], concurrence [17]
and the negativity [18]. In the case of multipartite states, given that there does not
exist a single measure that can successfully account for all possible entanglement
characteristics and applications, each measure usually performs better for a specific
purpose and is always needed to choose the one that better fits our needs [19–26].

One of themost important properties of entanglement is monogamy [27–37], which
quantifies the relation of entanglement between different parties inmultipartite setting.
Monogamy is also a fascinating characterization related tomany areas of physics, such
as quantum key distribution [38,39], the foundations of quantum mechanics [40,41],
statistical mechanics [40], condensed matter physics [42–44] and even black-hole
physics [45]. Let E be an entanglementmeasure for a tripartite systemHA⊗HB⊗HC.
If the entanglement of the particles A and BC satisfies the inequality

EA|BC � EAB + EAC,

we call the entanglement measure E satisfies the monogamous relation. In this paper,
we will propose an entanglement measure which itself has the monogamous relation.
Moreover, as an application, we use ourmeasure to establish the relation betweenmax-
imally entangled states and single-qubit reduced states. We give a necessary condition
for characterizing maximally entangled states.

We consider throughout this paper an n-partite systemH = Hd1 ⊗Hd2 ⊗· · ·⊗Hdn ,
where the dimension of a local space Hdi is di with i = 1, 2, · · · , n. A par-
tition A of the system H = Hd1 ⊗ Hd2 ⊗ · · · ⊗ Hdn is called a k-partition
(2 � k � n) if it contains k disjoint nonempty subsets A1,A2, . . . ,Ak such that{Hd1,Hd2 , . . . ,Hdn

} = A1
⋃

A2
⋃ · · ·⋃Ak . Denote by Ak = A1|A2| · · · |Ak the

k-partition of H. Every partition Ak = A1|A2| · · · |Ak corresponds to a family of
subsystems A1,A2, . . . ,Ak .

Let |ψ〉 ∈ H be a pure state. It is called k-separable if there is a k-partition Ak =
A1|A2| · · · |Ak of H such that

|ψ〉 = |ψ1〉A1
⊗ |ψ2〉A2

⊗ · · · ⊗ |ψk〉Ak
,

where |ψl〉Al
is a pure state in the subsystem Al (l = 1, 2, . . . , k). An n-partite mixed

state ρ is called k-separable if there exist k-separable pure states
∣
∣ψ j

〉
with respect to

different subsets of parties and p j > 0 with
∑

j p j = 1, such that
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ρ =
∑

j

p j
∣
∣ψ j

〉 〈
ψ j
∣
∣ .

An n-partite state is called genuinely entangled if it is not 2-separable. It is called fully
separable if and only if it is n-separable.

The coefficient matrices, which are constructed through arrangement of the coef-
ficients of pure states in lexicographical order, have been used as important tools in
the research into entanglement. The mathematical connection between entanglement
classification and the coefficient matrices was established in [46,47]. In this work,
the coefficient matrices of the pure state |ψ〉 are written as Ms1...sl (|ψ〉) (see Sect. 6),
where 1 � l � n and {s1, s2, . . . , sl} ∈ {1, 2, . . . , n}.

The following theorem was proved in [48].

Theorem Let |ψ〉, |φ〉 be any two pure states in the n-partite system H = Hd1 ⊗
Hd2 ⊗ · · · ⊗ Hdn . If there exist complex square matrices Ai (1 � i � n) such that

|ψ〉 = A1 ⊗ A2 ⊗ · · · ⊗ An|φ〉,

then, for any 1 � l < n,

M1···l(|ψ〉) = A1 ⊗ · · · ⊗ AlM1···l(|φ〉)(Al+1 ⊗ · · · ⊗ An)
T ,

where (Al+1 ⊗ · · · ⊗ An)
T is the transpose matrix of the matrix Al+1 ⊗ · · · ⊗ An.

A simple and effective application of the coefficient matrices is to concretely rep-
resent the reduced density matrix that provides a way to associate a density matrix
with each component system. For i ∈ {1, . . . , k}. Denote by ρAi

the reduced density
matrix of |ψ〉〈ψ | on subsystem Ai . Then ρAi

(1 � i � k) has a factorization in terms
of the corresponding coefficient matrix and its conjugate transpose [49],

ρAi
= MAi

M†
Ai

.

Naturally, for the reduced density matrices of two pure states, the following corollary
can be reached.

Corollary Let |ψ〉, |φ〉 be any two pure states in the n-partite system H = Hd1 ⊗
Hd2 ⊗ · · · ⊗ Hdn . If there exist unitary matrices Ui (1 � i � n) such that

|ψ〉 = U1 ⊗U2 ⊗ · · · ⊗Un|φ〉,

then their corresponding reduced density matrices ρ1···l(|ψ〉) and ρ1···l(|φ〉) (1 � l <

n) satisfy the relation that

ρ1···l(|ψ〉) = U1 ⊗ · · · ⊗Ulρ1···l(|φ〉) (U1 ⊗ · · · ⊗Ul)
† .

This paper is organized as follows. In Sect. 2, an entanglement monotone (denoted
by Ek) for n-qudit states is constructed. Furthermore, we transform our entanglement
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monotone to a three-qubit monogamous entanglement measure in Sect. 3. By our
entanglement measure, we give in Sect. 4 a necessary condition for characterizing
maximally entangled states. Section 5 contains a brief summary.

2 An entanglement monotone

Let |ψ〉 be an n-qudit pure state in the n-partite quantum system H = Hd1 ⊗ Hd2 ⊗
· · · ⊗ Hdn . For arbitrary but fixed k(2 � k � n), we define a map Ek as

Ek (|ψ〉) = min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr√ρAi

)2

k

⎤

⎥
⎦ , (1)

where the minimum min
Ak

is taken over all possible k-partitions Ak = A1| · · · |Ak of

the system H.

Theorem 1 The Ek (|ψ〉) defined in Eq. (1) is an entanglement monotone for any pure
state |ψ〉.

Proof We will prove that Ek does not increase, on average, under local operations and
classical communication (LOCC).

Because any protocol consists of a series of local positive operator valued measures
(POVMs) such that only one subsystem be operated and Ek keeps invariant under
permutations of the particles, it suffices to consider a general local POVM in only one
part of a partition. Without loss of generality, we may assume that the local POVM is
performed on the part A1.

We note that any local POVMcan be written as a sequence of two-outcome POVMs
in analogy to the method in Ref. [50]. Let F1 and F2 be two POVM elements oper-
ated in the part A1 such that F1 + F2 = 1A1

. Then there exist matrices Pj such

that Fj = P†
j Pj ( j = 1, 2). Choose a proper unitary matrix V and decompose

Pj = Uj D jV ( j = 1, 2). Here Uj ( j = 1, 2) are unitary matrices; D1 and D2
are both diagonal matrices with nonnegative real numbers μ1, μ2, . . . , μnA1

and
√
1 − μ2

1,

√
1 − μ2

2, . . . ,
√
1 − μ2

nA1
on their respective diagonals, where nA1

stands

for the dimension of the part A1.
Let MA1

(|ψ〉) be the coefficient matrix of |ψ〉 corresponding to the part A1, then
by the singular value decomposition MA1

(|ψ〉) = SΩT †, where S, T are unitary

matrices and Ω is a matrix with the diagonal entries
{
ω1, ω2, . . . , ωnA1

}
.

Because any local unitary operations do not cause a change of the entanglement,
some local unitary operation H preceding the POVM can be implemented in the initial
state |ψ〉. We select H = V †S† only for simplicity of proof.
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Hence, after local actions H and POVM, the initial state |ψ〉 is transformed into
new states

∣
∣η j
〉 =

(
Pj H ⊗ 1A1

)
|ψ〉

√
p j

=
(
Uj D j V V †S† ⊗ 1A1

)
|ψ〉

√
p j

, (2)

where j = 1, 2; A1 = A2 ⊗ · · · ⊗ Ak is the complement of A1; p j = 〈
θ j |θ j

〉
with

|θ j 〉 =
(
Uj D j S† ⊗ 1A1

)
|ψ〉; p1 + p2 = 1.

By the theorem in the introduction, the coefficient matrices of new states |η j 〉 ( j =
1, 2) are

MA1

(|η j 〉
) = 1√

p j
U j D j S

†MA1
(|ψ〉) = 1√

p j
U j D jΩT †. (3)

It follows that

tr
√

ρA1
(|η1〉) = tr

√
MA1

(|η1〉) MA1
(|η1〉)†

= tr

√
1

p1

(
U1D1ΩT †

) (
U1D1ΩT †

)†

= tr

√
1

p1
(D1Ω) (D1Ω)†

=
nA1∑

m=1

ωmμm√
p1

, (4)

and similarly that

tr
√

ρA1
(|η2〉) =

nA1∑

m=1

ωm
√
1 − μ2

m√
p2

. (5)

We denote by 〈Ek(|ψ〉)〉 the average entanglement after LOCC , then 〈Ek(|ψ〉)〉 =
p1Ek (|η1〉) + p2Ek (|η2〉).

Note that p1 + p2 = 1 and ρAi
(|ψ〉) = ρAi

(|η1〉) = ρAi
(|η2〉) , i = 2, 3, . . . , k,

it follows that

p1Ek (|η1〉) + p2Ek (|η2〉)

= p1

⎧
⎪⎨

⎪⎩
min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr
√

ρAi
(|η1〉)

)2

k

⎤

⎥
⎦

⎫
⎪⎬

⎪⎭
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2410 Q. Li et al.

+p2

⎧
⎪⎨

⎪⎩
min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr
√

ρAi
(|η2〉)

)2

k

⎤

⎥
⎦

⎫
⎪⎬

⎪⎭

� min
Ak

⎡

⎢
⎣
p1
∑k

i=1

(
tr
√

ρAi
(|η1〉)

)2

k
+

p2
∑k

i=1

(
tr
√

ρAi
(|η2〉)

)2

k

⎤

⎥
⎦

= min
Ak

⎡

⎢
⎢
⎢
⎣

(
∑nA1

m=1 ωmμm

)2

+
(
∑nA1

m=1 ωm
√
1 − μ2

m

)2

k

+
∑k

i=2

(
tr
√

ρAi
(|ψ〉)

)2

k

⎤

⎥
⎦ . (6)

Because

⎛

⎝

nA1∑

m=1

ωmμm

⎞

⎠

2

+
⎛

⎝

nA1∑

m=1

ωm

√
1 − μ2

m

⎞

⎠

2

=
nA1∑

m=1

ω2
mμ2

m +
∑

1�k,l�nA1
k �=l

ωkμkωlμl +
nA1∑

m=1

ω2
m

(
1 − μ2

m

)

+
∑

1�k,l�nA1
k �=l

ωk

√
1 − μ2

kωl

√
1 − μ2

l

=
nA1∑

m=1

ωm
2 +

∑

1�k,l�nA1
k �=l

ωkωl

(
μkμl +

√
1 − μ2

k ·
√
1 − μ2

l

)

�
nA1∑

m=1

ωm
2 +

∑

1�k,l�nA1
k �=l

ωkωl

√

μk
2 +

(√
1 − μ2

k

)2

·
√

μl
2 +

(√
1 − μ2

l

)2

=
nA1∑

m=1

ωm
2 +

∑

1�k,l�nA1
k �=l

ωkωl =
⎛

⎝

nA1∑

m=1

ωm

⎞

⎠

2

=
(
tr
√

ρA1
(|ψ〉)

)2
, (7)
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it is obtained that

〈Ek(|ψ〉)〉 � min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr
√

ρAi
(|ψ〉)

)2

k

⎤

⎥
⎦ = Ek(|ψ〉). (8)

So the average entanglement 〈Ek(|ψ〉)〉 does not increase after LOCC, and then
Ek(|ψ〉) is an entanglement monotone.

This completes the proof of Theorem 1. �	

We now turn to consider the mixed states. For an n-qudit mixed state ρ in the
n-partite quantum system H, we define

Ek (ρ) = inf{pi ,|ψi 〉}
∑

i

piEk (|ψi 〉) , (9)

where the infimum is taken over all possible pure state decomposition ρ =∑
i pi |ψi 〉 〈ψi | . On the basis of Theorem 1, it can be straightforwardly verified that

E(ρ) defined in Eq. (9) is an entanglement monotone for any n-qudit mixed state ρ.
The entanglementmonotoneEk has anphysical interpretation in termsof thefidelity,

which is defined by F(ρ, σ ) ≡ tr
√

ρ1/2σρ1/2. When ρ and σ are both pure states,
the square of fidelity is the transition probability from σ to ρ [51]. In the general case
of mixed states, a simple operational interpretation of the fidelity is also provided in
Ref. [52]. If we re-write Ek as

Ek (|ψ〉) = min
Ak

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑k
i=1 nAi

⎛

⎝tr

√(
1

nAi

InAi

)1/2

ρAi

(
1

nAi

InAi

)1/2
⎞

⎠

2

k

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

= min
Ak

⎡

⎢
⎢
⎢
⎣

∑k
i=1 nAi

F

(
1

nAi

InAi
, ρAi

)2

k

⎤

⎥
⎥
⎥
⎦

,

where F

(
1

nAi

InAi
×nAi

, ρAi

)2

is the square of fidelity for the reduced state ρAi

and its system’s totally mixed state 1
nAi

InAi
, and InAi

denotes an identity matrix on

subsystemHAi
. Then the Ek can be explained as theminimum of all weighed averages

of the square of fidelity, corresponding to all possible k-partitions (2 � k � n) of the
system H.
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3 A monogamous entanglement measure

Monogamous relation is an important criteria for the judgment of good measures of
multipartite entanglement, because the entanglementmeasures that satisfy this relation
can show us that quantum entanglement, differing from classical correlation, is not
shareable at liberty when distributed among three or more parties. For an n-qudit pure
state |ψ〉 in the n-partite quantum systemH = Hd1 ⊗ Hd2 ⊗ · · · ⊗ Hdn , let

EM (|ψ〉) = min
2�k�n

min
Ak

√
d̃n

⎡

⎢
⎣

∑k
i=1

(
tr√ρAi

)2

k
− 1

⎤

⎥
⎦ , (10)

where the minimum min
Ak

is taken over all possible k-partitions Ak = A1| · · · |Ak of

the system H and d̃ =
∑n

i=1 di
n . It is clear to see that EM (|ψ〉) � 0 for any pure state

|ψ〉 and EM (|ψ〉) = 0 if and only if |ψ〉 is separable. By corollary in the introduction,
EM (|ψ〉) keeps invariant under local unitary transformations. Then, by the proof of
Theorem 1, we know that EM is an entanglement monotone. Therefore EM becomes
an entanglement measure.

For an n-qudit mixed state ρ in the n-partite quantum system H, we define

EM (ρ) = inf{pi ,|ψi 〉}
∑

i

piEM (|ψi 〉) , (11)

where the infimum is taken over all possible pure state decomposition ρ =∑
i pi |ψi 〉 〈ψi | . According to the analysis of the preceding context, we can draw

a conclusion that EM (ρ) defined in Eq. (11) is an entanglement measure for any n-
qudit mixed state ρ. Obviously, EM satisfies the subadditivity [53]. In addition, we
can verify that EM satisfies the convexity by its definition :

EM

(
∑

i

piρi

)

�
∑

i

piEM (ρi ) .

Next we prove that EM is monogamous for three-qubit systems.

Theorem 2 For a three-qubit system HA ⊗ HB ⊗ HC , EM satisfies a monogamy
inequality

EM
AB + EM

AC � EM
A|BC,

where EM
AB, EM

AC, and EM
A|BC mean the entanglement of the respective parts of the

system.
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Proof First, analogously to Eq. (7) in [54], we use the Schmidt decomposition for a
general pure state |ψ〉ABC in the systemHA ⊗ HB ⊗ HC ,

|ψ〉ABC = √
p |φ0〉AB |0〉C +√

1 − p |φ1〉AB |1〉C,

with 0 � p � 1, |φ0〉AB and |φ1〉AB being the orthonormal states of biqubit system
HA ⊗HB and |0〉C and |1〉C being the orthonormal basis of qubit systemHC . When
p = 0 or p = 1, |ψ〉ABC is separable, the inequality holds clearly. Now we assume
that 0 < p < 1. According to the Schmidt number of |φ0〉AB and |φ1〉AB, they can be
categorized into three classes:

1. there is no Schmidt rank-2 state,
2. there is only one Schmidt rank-2 state,
3. there are two Schmidt rank-2 states.

Case 1 There is no Schmidt rank-2 state in |φ0〉AB and |φ1〉AB.
With a proper basis

{|̃0〉A, |̃1〉A
}
,
{|̃0〉B, |̃1〉B

}
and {|0〉C , |1〉C } of HA, HB and

HC , respectively; |ψ〉ABC can be expressed as

|ψ〉ABC = √
p|̃0〉A |̃0〉B |0〉C

+√1 − p|̃1〉A(
√
a |̃0〉B + √

1 − a |̃1〉B)|1〉C ,

where 0 < p < 1 and 0 � a � 1. A direct calculation implies that

EM
A|BC = EM [ρA (|ψ〉ABC)] = 4

√
2p(1 − p),

EM
AB = EM [ρAB (|ψ〉ABC)] = 0.

It remains to calculate EM
AC.

For the sake of simplicity, we write

|̃0〉A|0〉C = |e00〉,
|̃0〉A|1〉C = |e01〉,
|̃1〉A|0〉C = |e10〉,
|̃1〉A|1〉C = |e11〉.

Then the reduced density matrix of the subsystem HA ⊗ HC can be represented as

ρAC (|ψ〉ABC) = p|e00〉〈e00| +√
ap(1 − p)|e00〉〈e11|

+√ap(1 − p)|e11〉〈e00| + (1 − p)|e11〉〈e11|.

Consider a pure state decomposition of ρAC

ρAC (|ψ〉ABC) = r1|ϕ1〉〈ϕ1| + r2|ϕ2〉〈ϕ2|,
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2414 Q. Li et al.

where

r1 = p + a(1 − p),

r2 = (1 − a)(1 − p),

|ϕ1〉 = 1√
p + a(1 − p)

(√
p|e00〉 +√

a(1 − p)|e11〉
)

,

|ϕ2〉 = |e11〉.

Then we have

EM
AC = EM [ρAC (|ψ〉ABC)]

� r1EM (|ϕ1〉) + r2EM (|ϕ2〉)
= r1

{
2

[(
tr
√

ρA (|ϕ1〉)
)2 − 1

]}

= [p + a(1 − p)]

{

2

[(√
p + √

a(1 − p)√
p + a(1 − p)

)2

− 1

]}

= 4
√
ap(1 − p)

< 4
√
2p(1 − p) = EM

A|BC.

This leads us to the conclusion that EM
AB + EM

AC < EM
A|BC.

Case 2 There is only one Schmidt rank-2 state in |φ0〉AB and |φ1〉AB. Without lose of
generality, we might as well assume that |φ0〉AB is a Schmidt rank-2 state.

With the proper choice of basis sets, |ψ〉ABC can be expressed as

|ψ〉ABC = √
p(

√
b|̃0〉A |̃0〉B + √

1 − b|̃1〉A |̃1〉B)|0〉C
+√1 − p(α1 |̃0〉A + α2 |̃1〉A)(β1 |̃0〉B + β2 |̃1〉B)|1〉C ,

where 0 < b < 1 and the complex numbers αi (i = 1, 2) and βi (i = 1, 2) satisfy∑2
i=1 |αi |2 = 1 and

∑2
i=1 |βi |2 = 1, respectively. Similarly to the discussion in

Case 1, we get

EM
A|BC = EM [ρA (|ψ〉ABC)]

= 4
√
2
[
b(1 − b)p2 + p(1 − b)(1 − p) |α1|2 + bp(1 − p) |α2|2

]
,

EM
AB = EM [ρAB (|ψ〉ABC)] � 4p

√
b(1 − b),

EM
AC = EM [ρAC (|ψ〉ABC)]

� 4 |α2β1|
√
pb(1 − p) + 4 |α1β2|

√
p(1 − p)(1 − b).

It can be directly checked that EM
AB + EM

AC � EM
A|BC.

Case 3 Both |φ0〉AB and |φ1〉AB are Schmidt rank-2 states.
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By choosing a proper basis, we can get the expression of |ψ〉ABC
|ψ〉ABC = √

p(
√
c|̃0〉A |̃0〉B + √

1 − c|̃1〉A |̃1〉B)|0〉C
+√

1 − p(a1 |̃0〉A |̃0〉B + a2 |̃0〉A |̃1〉B
+ a3 |̃1〉A |̃0〉B + a4 |̃1〉A |̃1〉B)|1〉C ,

where 0 < c < 1 and
∑4

i=1 |ai |2 = 1. A similar discussion just as in Case 1 implies
that

EM
A|BC = EM [ρA (|ψ〉ABC)]

= 4
√
2
{
c(1 − c)p2 + p(1 − p)

[
(1 − c)(|a1|2 + |a2|2) + c(|a3|2 + |a4|2)

]

+ (1 − p)2(|a1|2|a3|2 + |a1|2|a4|2 + |a2|2|a3|2 + |a2|2|a4|2)
}1/2

,

EM
AB = EM [ρAB (|ψ〉ABC)]

� 4
[
(1 − p) |a1a4 − a2a3| + p

√
c(1 − c)

]
,

EM
AC = EM [ρAC (|ψ〉ABC)]

� 4|a2|
√
p(1 − p)(1 − c) + 4|a3|

√
p(1 − p)c;

which entails that EM
AB + EM

AC � EM
A|BC. The proof of Theorem 2 is complete. �	

4 Application

In Ref. [55], the authors conjecture that for an n-qubit state maximally entangled
with respect to their entanglement measure, all single-qubit reduced states are totally
mixed. In this section, by our entanglement measure, we prove that all single-qubit
reduced states of a maximally entangled state are totally mixed. In order to do this,
we first gives the boundedness of the entanglement measure EM .

Theorem 3 Let |ψ〉 be an n-partite pure state in the systemHd1 ⊗Hd2 ⊗ · · · ⊗Hdn ,
then

0 � EM (|ψ〉) � (d̃ − 1)
√
d̃n,

with d̃ =
∑n

i=1 di
n .

For a rigorous proof of this theorem the reader can refer to Sect. 7.
It can be seen from the theorem above that EM is a bounded entanglement measure

for any given system. For a pure state |ψ〉, it is separable if and only if EM (|ψ〉) = 0;
if it is a genuine entangled state, then EM (|ψ〉) > 0; if its entanglement degree
reaches the upper bound of EM , i.e., EM (|ψ〉) = (d̃ − 1)

√
d̃n , then we say that it is

maximally entangled. Recall that a state is totally mixed if its density matrix is the
scalar multiplication of an identity matrix.
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Theorem 4 If an n-qubit pure state |ψ〉 is maximally entangled with respect to EM,
then all single-qubit reduced states of |ψ〉 are totally mixed.
Proof We assert that

min
2�k�n

min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr√ρAi

)2

k
− 1

⎤

⎥
⎦ = min

A2

[(
tr
√

ρA1

)2 − 1

]
, (12)

Otherwise, it can be assumed that theminimum on the right side of Eq. (12) is obtained
at a certain k′-partition with 2 < k′ � n, i.e.,

min
2�k�n

min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr√ρAi

)2

k
− 1

⎤

⎥
⎦ =

∑k′
i=1

(
tr√ρAi

)2

k′ − 1.

Without loss of generality, we may as well assume that

tr
√

ρA1
= min

{
tr
√

ρAi
|i = 1, 2, . . . , k′} .

Then we have

min
2�k�n

min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr√ρAi

)2

k
− 1

⎤

⎥
⎦ �

[(
tr
√

ρA1

)2 − 1

]

� min
A2

[(
tr
√

ρA1

)2 − 1

]

>

⎡

⎢
⎣

∑k′
i=1

(
tr√ρAi

)2

k′ − 1

⎤

⎥
⎦

= min
2�k�n

min
Ak

⎡

⎢
⎣

∑k
i=1

(
tr√ρAi

)2

k
− 1

⎤

⎥
⎦ .

This leads to a contradiction.

So EM (|ψ〉) = minA2

√
d̃n
[(

tr√ρA1

)2 − 1

]
. For an n-qubit pure state |ψ〉,

assume that it is maximally entangled. Then

EM (|ψ〉) = √
2n

and

min
A2

[(
tr
√

ρA1

)2 − 1

]
= 1.
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Assume that there is a single-qubit reduced state ρA, satisfying that (tr
√

ρA)2−1 > 1.
We might as well assume that ρA has eigenvalues λ1 and λ2; then,

(
√

λ1 +√
λ2)

2 − 1 > 1

and

λ1 + λ2 = 1.

This implies that

(
λ1 − 1

2

)2

< 0.

But it is impossible. So for all single-qubit reduced stateρA, we have (tr
√

ρA)2−1 = 1
and hence ρA = 1

2 I , namely, ρA is totally mixed. The proof is finished. �	
It should be pointed out that Theorem 4 is not sufficient for maximal entanglement.

In fact, there exists a separable state whose single-qubit reduced states are all totally
mixed. For example, the state

|α〉 =
(

1√
2
|00〉 + 1√

2
|11〉

)
⊗
(

1√
2
|00〉 + 1√

2
|11〉

)

is separable. However, all single-qubit reduced states of |α〉 are
1

2
|00〉〈00| + 1

2
|11〉〈11|,

which is a totally mixed state.
In Ref. [56], the authors conjecture that the following state in four-qubit system

HA ⊗ HB ⊗ HC ⊗ HD

|β〉 = 1√
6

[
|0011〉 + |1100〉 + ω(|1010〉 + |0101〉) + ω2(|1001〉 + |0110〉)

]

is maximally entangled, where ω = e
2π i
3 . Under our entanglement measure EM , this

conjecture is true. A straightforward calculation shows that

ρA(|β〉) = ρB(|β〉) = ρC (|β〉) = ρD(|β〉) = 1

2
|00〉〈00| + 1

2
|11〉〈11|,

ρAB(|β〉) = 1

6
|00〉〈00| + 1

3
|01〉〈01| + 1

6
|01〉〈10| + 1

6
|10〉〈01|

+ 1

3
|10〉〈10| + 1

6
|11〉〈11|
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and

ρAC(|β〉) = ρAD(|β〉) = 1

6
|00〉〈00| + 1

3
|01〉〈01| − 1

6
|01〉〈10| − 1

6
|10〉〈01|

+ 1

3
|10〉〈10| + 1

6
|11〉〈11|.

Then,
(
tr
√

ρA(|β〉)
)2 =

(
tr
√

ρB(|β〉)
)2 =

(
tr
√

ρC (|β〉)
)2 = 2

and
(
tr
√

ρAB(|β〉)
)2 =

(
tr
√

ρAC(|β〉)
)2 =

(
tr
√

ρAD(|β〉)
)2 = 2 + √

3.

Hence,

EM (|β〉) = min
A2

4

[(
tr
√

ρA1
(|β〉)

)2 − 1

]
= 4.

This means that the entanglement degree of |β〉 reaches the upper bound of EM in
four-qubit system; namely, |β〉 is maximally entangled with respect to EM .

5 Conclusion

In this paper, we propose an entanglement measure EM for arbitrary-dimensional
multipartite quantum states, starting with the entanglement monotone Ek . Our
entanglement measure is equipped with useful properties for any states, including
boundedness, convexity and subadditivity. It vanishes for and only for the separa-
ble states. Furthermore, it satisfies the monogamous relation for three-qubit quantum
systems. We hope that this result can be generalized to entanglement monogamy of
n-qubit quantum states. We also establish a connection between a maximally entan-
gled state and its single-qubit reduced states. A necessary condition to characterize
maximally entangled states is obtained as an application of measure EM .

6 Appendix 1

Here we introduce the concept of the coefficient matrix. Every pure state |ψ〉 in system
Hd1 ⊗ Hd2 ⊗ · · · ⊗ Hdn can be represented as

|ψ〉 =
∏n

k=1 dk−1∑

j=0

λ j
∣
∣t j
〉
,

where, for j = 0, 1, . . . ,
∏n

k=1 dk − 1, coefficientsλ j are complex numbers satisfying

∏n
k=1 dk−1∑

j=0

∣
∣λ j
∣
∣2 = 1
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and
∣
∣t j
〉
are the basis states in H.

We denote the n systems by numbers 1, 2, . . . , n, respectively. Let qi (i =
1, 2, . . . n) be positive integers such that 0 � qi � di − 1, then the state |ψ〉 can
be rewritten as

|ψ〉 =
d1−1∑

q1=0

d2−1∑

q2=0

· · ·
dn−1∑

qn=0

aq1,q2,...,qn |q1q2 . . . qn〉 ,

which induces the following
(∏l

i=1 di
)

× (∏n
i=l+1 di

)
coefficient matrices whose

entries aq1q2...qn are arranged according to the subscript q1q2 . . . qn in lexicographical
ascending order

M1···l,l+1...n(|ψ〉)

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

a0 · · · 0︸ ︷︷ ︸
l

0 · · · 0︸ ︷︷ ︸
n−l

· · · a0 · · · 0︸ ︷︷ ︸
l

dl+1 − 1 · · · dn − 1
︸ ︷︷ ︸

n−l

a0 · · · 1︸ ︷︷ ︸
l

0 · · · 0︸ ︷︷ ︸
n−l

· · · a0 · · · 1︸ ︷︷ ︸
l

dl+1 − 1 · · · dn − 1
︸ ︷︷ ︸

n−l

...
. . .

...

ad1 − 1 · · · dl − 1︸ ︷︷ ︸
l

0 · · · 0︸ ︷︷ ︸
n−l

· · · ad1 − 1 · · · dl − 1︸ ︷︷ ︸
l

dl+1 − 1 · · · dn − 1
︸ ︷︷ ︸

n−l

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

Weabbreviate the coefficientmatrixM1···l,l+1···n(|ψ〉) asM1···l(|ψ〉)byomitting the
column subscripts l+1 · · · n. Each realignment of the n particles, described simply as
s1s2 · · · sl sl+1 · · · sn , a permutation of the set {1, 2, . . . , n}, generates correspondently
a
(∏l

i=1 dsi

)
×(∏n

i=l+1 dsi
)
coefficientmatrixwhere l is an arbitrary but fixed positive

integer satisfying 1 � l � n,

Ms1···sl (|ψ〉)

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

a0 · · · 0︸ ︷︷ ︸
l

0 · · · 0︸ ︷︷ ︸
n−l

· · · a0 · · · 0︸ ︷︷ ︸
l

dsl+1 − 1 · · · dsn − 1
︸ ︷︷ ︸

n−l

a0 · · · 1︸ ︷︷ ︸
l

0 · · · 0︸ ︷︷ ︸
n−l

· · · a0 · · · 1︸ ︷︷ ︸
l

dsl+1 − 1 · · · dsn − 1
︸ ︷︷ ︸

n−l

...
. . .

...

ads1 − 1 · · · dsl − 1
︸ ︷︷ ︸

l

0 · · · 0︸ ︷︷ ︸
n−l

· · · ads1 − 1 · · · dsl − 1
︸ ︷︷ ︸

l

dsl+1 − 1 · · · dsn − 1
︸ ︷︷ ︸

n−l

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

7 Appendix 2

This appendix is devoted to prove Theorem 3. In order to prove this theorem, we need
the following lemma.
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Lemma 1 Let S = {d1, d2, . . . , dn} be a set of n positive numbers with di � 1 (i =
1, 2, . . . n). Divide S into any k (1 � k � n) subsets S j =

{
d j
1 , d j

2 , . . . , d j
n j

}
, where

1 � j � k and
∑k

j=1 n j = n. Then,

∑n

i=1
di

n
�

∑k

j=1

(∏n j

m=1
d j
m

)

k
.

Proof It is sufficient to verify that for any k (1 � k � n − 1) subsets S j ={
d j
1 , d j

2 , . . . , d j
n j

}
of the set S with 1 � j � k and

∑k
j=1 n j = n, there exists k + 1

subsets Tl =
{
cl1, c

l
2, . . . , c

l
hl

}
of the set S with 1 � l � k + 1 and

∑k+1
l=1 hl = n,

such that

∑k+1

l=1

(∏hl

m=1
clm

)

k + 1
�

∑k

j=1

(∏n j

m=1
d j
m

)

k
.

For k subsets S j =
{
d j
1 , d j

2 , . . . , d j
n j

}
with 1 � j � k and

∑k
j=1 n j = n, without

loss of generality we assume n1 � 2. Suppose that

T1 =
{
c11

}
=
{
d11

}
,

T2 =
{
c21, c

2
2 . . . , c2h2

}
=
{
d12 , d

1
3 , . . . , d

1
n1

}
,

Tl =
{
cl1, c

l
2, . . . , c

l
hl

}
= Sl−1 =

{
dl−1
1 , dl−1

2 , . . . , dl−1
nl−1

}
,

with 3 � l � k + 1.
It is apparent from the condition that

d11 � 1,
n1∏

m=2

d1m � 1,

k∑

j=2

( n j∏

m=1

d j
m

)

� k − 1.

A routine computation gives rise to

(k + 1)
k∑

j=1

( n j∏

m=1

d j
m

)

− k

⎡

⎣d11 +
n1∏

m=2

d1m +
k∑

j=2

( n j∏

m=1

d j
m

)⎤

⎦

=
(
kd11 + d11

)
(

n1∏

m=2

d1m − 1

)

− k
n1∏

m=2

d1m +
k∑

j=2

( n j∏

m=1

d j
m

)

+ d11
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�
(
kd11 + d11

)
(

n1∏

m=2

d1m − 1

)

− k
n1∏

m=2

d1m + k − 1 + d11

=
(
d11 − 1

)
+
[
k
(
d11 − 1

)
+ d11

]
(

n1∏

m=2

d1m − 1

)

� 0.

Rearranging the preceding inequality leads to

d11 +
∏n1

m=2
d1m +

∑k

j=2

(∏n j

m=1
d j
m

)

k + 1
�

∑k

j=1

(∏n j

m=1
d j
m

)

k
.

Thus we arrive at the conclusion that

∑k+1

l=1

(∏hl

m=1
clm

)

k + 1
�

∑k

j=1

(∏n j

m=1
d j
m

)

k
.

This completes the proof of Lemma 1. �	

Now we turn to prove Theorem 3.

Proof of Theorem 3 It can be immediately seen that EM (|ψ〉) � 0 for any pure state
|ψ〉. It remains to show that the upper bound of EM (|ψ〉) is (d̃ − 1)

√
d̃n . For any

ni -partite component system A = Hdi1 ⊗ Hdi2 ⊗ · · · ⊗ Hdini (di1, d
i
2, . . . , d

i
ni ∈

{d1, d2, . . . , dn}), let ρA has the eigenvalues λ1, λ2, . . . , λΠ
ni
m=1d

i
m
. Therefore,

λ1 + λ2 + · · · + λ
Π

ni
m=1d

i
m

= 1

and

tr
√

ρA =
Π

ni
m=1d

i
m∑

j=1

√
λ j �

√√
√
√
√

( ni∏

m=1

dim

)Π
ni
m=1d

i
m∑

j=1

λ j =
√√
√
√

ni∏

m=1

dim .

Consequently, we infer that

min
Ak

⎡

⎢
⎣

∑k

i=1

(
tr
√

ρAi

)2

k
− 1

⎤

⎥
⎦ � min

Ak

⎡

⎢
⎣

∑k

i=1

(∏ni

m=1
dim
)

k
− 1

⎤

⎥
⎦ .
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Meanwhile, Lemma 1 tells us that

min
2�k�n

min
Ak

⎡

⎢
⎣

∑k

i=1

(∏ni

m=1
dim
)

k
− 1

⎤

⎥
⎦ =

∑n
i=1 di
n

− 1 = d̃ − 1.

Hence,

min
2�k�n

min
Ak

√
d̃n

⎡

⎢
⎣

∑k
i=1

(
tr√ρAi

)2

k
− 1

⎤

⎥
⎦ � (d̃ − 1)

√
d̃n,

which means that EM (|ψ〉) � (d̃ − 1)
√
d̃n . Thus Theorem 3 is completed. �	

References

1. Ekert, A.K.: Quantum cryptography based on Bell’s theorem. Phys. Rev. Lett. 67(6), 661 (1991)
2. Bennett, C.H., Brassard, G., Crepeau, C., Jozsa, R., Peres, A.,Wootters,W.K.: Teleporting an unknown

quantum state via dual classical and Einstein–Podolsky–Rosen channels. Phys. Rev. Lett. 70, 1895
(1993)

3. Yan, Y., Gu, W., Li, G.: Entanglement transfer from two-mode squeezed vacuum light to spatially
separated mechanical oscillators via dissipative optomechanical coupling. Sci. China Phys. Mech.
Astron. 58(5), 50306 (2015)

4. Bennett, C.H., Wiesner, S.J.: Communication via one-and two-particle operators on Einstein–
Podolsky–Rosen states. Phys. Rev. Lett. 69(20), 2881 (1992)

5. Hillery, M., Bužek, V., Berthiaume, A.: Quantum secret sharing. Phys. Rev. A 59(3), 1829 (1999)
6. Long, G.L., Liu, X.S.: Theoretically efficient high-capacity quantum-key-distribution scheme. Phys.

Rev. A 65(3), 032302 (2002)
7. Ye, T.: Fault tolerant channel-encrypting quantum dialogue against collective noise. Sci. China Phys.

Mech. Astron. 58(4), 40301 (2015)
8. Feynman, R.P.: Simulating physics with computers. Int. J. Theor. Phys. 21, 467 (1982)
9. Zhang, C., Li, C.F., Guo, G.C.: Experimental demonstration of photonic quantum ratchet. Sci. Bull.

60(2), 249 (2015)
10. Lu, Y., Feng, G.R., Li, Y.S., Long, G.L.: Experimental digital quantum simulation of temporal-spatial

dynamics of interacting fermion system. Sci. Bull. 60(2), 241 (2015)
11. Shor, P.W.: Polynomial-time algorithms for prime factorization and discrete logarithms on a quantum

computer. SIAM J. Comput. 26(5), 1484 (1997)
12. Grover, L.K.: Quantummechanics helps in searching for a needle in a haystack. Phys. Rev. Lett. 79(2),

325 (1997)
13. Long, G.L.: Grover algorithm with zero theoretical failure rate. Phys. Rev. A 64(2), 022307 (2001)
14. Horodecki, R., Horodecki, P., Horodecki, M., Horodecki, K.: Quantum entanglement. Rev. Mod. Phys.

81, 865 (2009)
15. Bennett, C.H., Bernstein, H.J., Popescu, S., Schumacher, B.: Concentrating partial entanglement by

local operations. Phys. Rev. A 53, 2046 (1996)
16. Bennett, C.H.,DiVincenzo,D.P., Smolin, J.A.,Wootters,W.K.:Mixed-state entanglement and quantum

error correction. Phys. Rev. A 54, 3824 (1996)
17. Wootters, W.K.: Entanglement of formation of an arbitrary state of two qubits. Phys. Rev. Lett. 80,

2245 (1998)
18. Vidal, G., Werner, R.F.: Computable measure of entanglement. Phys. Rev. A 65, 032314 (2002)
19. Vedral, V., Plenio, M.B., Rippin, M.A., Knight, P.L.: Quantifying entanglement. Phys. Rev. Lett. 78,

2275 (1997)
20. Brody, D.C., Hughston, L.P.: Geometric quantum mechanics. J. Geom. Phys. 38, 19 (2001)

123

Author's personal copy



Study of a monogamous entanglement measure for three-qubit... 2423

21. Wei, T.C., Goldbart, P.M.: Geometric measure of entanglement and applications to bipartite and mul-
tipartite quantum states. Phys. Rev. A 68, 042307 (2003)

22. Yu, C.S., Zhou, L., Song, H.S.: Genuine tripartite entanglement monotone of (2 ⊗ 2 ⊗ n)-dimensional
systems. Phys. Rev. A 77, 022313 (2008)

23. Dan,L.,Xin, Z.,Gui-Lu,L.:Multiple entropymeasures formulti-particle pure quantumstate.Commun.
Theor. Phys. 54(5), 825 (2010)

24. Cao, Y., Li, H., Long, G.: Entanglement of linear cluster states in terms of averaged entropies. Chin.
Sci. Bull. 58(1), 48 (2013)

25. Hong, Y., Gao, T., Yan, F.: Measure of multipartite entanglement with computable lower bounds. Phys.
Rev. A 86, 062323 (2012)

26. Gao, T., Yan, F., van Enk, S.: Permutationally invariant part of a density matrix and nonseparability of
N-qubit states. Phys. Rev. Lett. 112(18), 180501 (2014)

27. Coffman, V., Kundu, J., Wootters, W.K.: Distributed entanglement. Phys. Rev. A 61, 052306 (2000)
28. Bai, Y.K., Zhang, N., Ye, M.Y., Wang, Z.D.: Exploring multipartite quantum correlations with the

square of quantum discord. Phys. Rev. A 88, 012123 (2013)
29. Osborne, T.J., Verstraete, F.: General monogamy inequality for bipartite qubit entanglement. Phys.

Rev. Lett. 96, 220503 (2006)
30. Zhu, X.N., Fei, S.M.: Entanglement monogamy relations of qubit systems. Phys. Rev. A 90, 024304

(2014)
31. Bai, Y.K., Xu, Y.F., Wang, Z.D.: General monogamy relation for the entanglement of formation in

multiqubit systems. Phys. Rev. Lett. 113, 100503 (2014)
32. Cornelio, M.F.: Multipartite monogamy of the concurrence. Phys. Rev. A 87, 032330 (2013)
33. Kim, J.S.: Strong monogamy of quantum entanglement for multiqubit W-class states. Phys. Rev. A 90,

062306 (2014)
34. de Oliveira, T.R., Cornelio, M.F., Fanchini, F.F.: Monogamy of entanglement of formation. Phys. Rev.

A 89, 034303 (2014)
35. Fan, Y.J., Cao, H.X.: Monotonicity of the unified quantum (r, s)-entropy and (r, s)-mutual information.

Quant. Inf. Process. 14(12), 4537 (2015). doi:10.1007/s11128-015-1126-6
36. Qin, M., Ren, Z.Z., Zhang, X.: Renormalization of the global quantum correlation and monogamy

relation in the anisotropic Heisenberg XXZ model. Quant. Inf. Process. (2015). doi:10.1007/
s11128-015-1167-x

37. Cao, H., Wu, Z.Q., Hu, L.Y., Xu, X.X., Huang, J.H.: An easy measure of quantum correlation. Quant.
Inf. Process. 14(11), 4103 (2015). doi:10.1007/s11128-015-1071-4

38. Seevinck, M.P.: Monogamy of correlations versus monogamy of entanglement. Quant. Inf. Process. 9,
273 (2010)

39. Pawłowski, M.: Security proof for cryptographic protocols based only on the monogamy of Bell’s
inequality violations. Phys. Rev. A 82, 032313 (2010)

40. Bennett, C.H.: The monogamy of entanglement, the ambiguity of the past, and the complexity of the
present. In: Proceedings of the FQXi 4th International Conference, Vieques Island, Puerto Rico (2014)

41. Toner, B.: Monogamy of non-local quantum correlations. Proc. R. Soc. A 465, 59 (2009)
42. Brandao, F.G.,Harrow,A.W.:Quantumdefinetti theoremsunder localmeasurementswith applications.

In: Proceedings of the Forty-Fifth Annual ACM Symposium on Theory of Computing, New York, NY,
USA, , pp. 861–870 (2013)

43. García-Sáez, A., Latorre, J.I.: Renormalization group contraction of tensor networks in three dimen-
sions. Phys. Rev. B 87, 085130 (2013)

44. Ma, X., Dakic, B., Naylor, W., Zeilinger, A., Walther, P.: Quantum simulation of the wavefunction to
probe frustrated Heisenberg spin systems. Nat. Phys. 7, 399 (2011)

45. Lloyd, S., Preskill, J.: Unitarity of black hole evaporation in final-state projection models. J. High
Energy Phys. 08, 1 (2014)

46. Li, X., Li, D.: Classification of General n-qubit states under stochastic local operations and classical
communication in terms of the rank of coefficient matrix. Phys. Rev. Lett. 108, 180502 (2012)

47. Wang, S., Lu, Y., Long, G.L.: Entanglement classification of 2 × 2 × 2 × d quantum systems via the
ranks of the multiple coefficient matrices. Phys. Rev. A 87, 062305 (2013)

48. Wang, S., Lu, Y., Gao,M., Cui, J., Li, J.: Classification of arbitrary-dimensional multipartite pure states
under stochastic local operations and classical communication using the rank of coefficient matrix. J.
Phys. A Math. Theor. 46, 105303 (2013)

123

Author's personal copy

http://dx.doi.org/10.1007/s11128-015-1126-6
http://dx.doi.org/10.1007/s11128-015-1167-x
http://dx.doi.org/10.1007/s11128-015-1167-x
http://dx.doi.org/10.1007/s11128-015-1071-4


2424 Q. Li et al.

49. Huang, Y., Wen, J., Qiu, D.: Practical full and partial separability criteria for multipartite pure states
based on the coefficient matrix method. J. Phys. A Math. Theor. 42, 425306 (2009)

50. Dür, W., Vidal, G., Cirac, J.I.: Three qubits can be entangled in two inequivalent ways. Phys. Rev. A
62, 062314 (2000)

51. Uhlmann, A.: The transition probability in the state space of a ∗-algebra. Rep. Math. Phys. 9, 273
(1976)

52. Dodd, J.L., Nielsen, M.A.: A simple operational interpretation of the fidelity. Phys. Rev. A 66, 044301
(2001)

53. Bruß, D.: Characterizing entanglement. J. Math. Phys. 43, 4237 (2002)
54. Ren, X.J., Jiang, W.: Entanglement monogamy inequality in a 2 ⊗ 2 ⊗ 4 system. Phys. Rev. A 81,

024305 (2010)
55. Brown, I.D.K., Stepney, S., Sudbery, A., Braunstein, S.L.: Searching for highly entangled multi-qubit

states. J. Phys. A Math. Gen. 38, 1119 (2005)
56. Higuchi, A., Sudbery, A.: How entangled can two couples get? Phys. Lett. A 273, 213 (2000)

123

Author's personal copy


	Study of a monogamous entanglement measure  for three-qubit quantum systems
	Abstract
	1 Introduction
	2 An entanglement monotone
	3 A monogamous entanglement measure
	4 Application
	5 Conclusion
	6 Appendix 1
	7 Appendix 2
	References




