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Linear entropy as an entanglement measure in two-fermion systems

Fabrizio Buscemi,l’2’>‘< Paolo Bordone,l’2 and Andrea Bertoni'
1S3 Research Center, CNR-INFM, Via Campi 213/A, I-Modena 41100, Italy
2Dipartiment0 di Fisica, Universita di Modena e Reggio Emilia, Modena, Italy
(Received 21 November 2006; published 1 March 2007)

We describe an efficient theoretical criterion, suitable for indistinguishable particles to quantify the quantum
correlations of any pure two-fermion state, based on the Slater rank concept. It represents the natural gener-
alization of the linear entropy used to treat quantum entanglement in systems of nonidentical particles. Such a
criterion is here applied to an electron-electron scattering in a two-dimensional system in order to perform a
quantitative evaluation of the entanglement dynamics for various spin configurations and to compare the linear
entropy with alternative approaches. Our numerical results show the dependence of the entanglement evolution
upon the initial state of the system and its spin components. The differences with previous analyses accom-
plished by using the von Neumann entropy are discussed. The evaluation of the entanglement dynamics in
terms of the linear entropy results to be much less demanding from the computational point of view, not

requiring the diagonalization of the density matrix.
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I. INTRODUCTION

The entanglement, possibly the most remarkable feature
of quantum mechanics, represents a fundamental resource for
quantum information processing [1-3], and the concept of
bipartite and multipartite entanglement has been well docu-
mented for quantum systems composed of distinguishable
constituents. For an entangled system it is impossible to fac-
tor its state in a product of independent states describing its
parts. On the other hand the notion of entanglement is more
controversial in systems of identical particles [4-11]. The
entanglement of such systems is investigated at present in
many areas of physics, such as quantum optics, quantum
charge transport in semiconductor, and ultracold gases
[12-18]. Here the difficulties appear in the definition of a
criterion able to classify and quantify the entanglement. They
are mainly due to the exchange symmetry which requires the
antisymmetrization or symmetrization of the quantum wave
functions describing fermions or bosons, respectively.

Different methods to treat the quantum entanglement in
systems of indistinguishable particles are present in litera-
ture. In the approach developed by Wiseman and Vaccaro
[10] the entanglement of the particles is a sort of accessible
entanglement, i.e., the maximum value of the entanglement
that could be extracted from the system and placed in quan-
tum registers, from which it could be used to perform quan-
tum information processing. In the theory introduced by Za-
nardi the entanglement should be evaluated by using the
density matrix in a mode-occupation represention and is
based on the formal mapping of the Fock space into states of
qubits [7]. The method proposed by Schliemann is based on
the Slater rank of the state (i.e., the minimum number of
Slater determinants needed to express it) as a counterpart of
the Schmidt rank criterion usually adopted for distinguish-
able particles [4,19,20]. This latest approach has been re-
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cently reexamined by other authors, which, for the case of a
two-particle pure state, have suggested to evaluate quantita-
tively the entanglement as the von Neumann entropy (VNE)
of the one-particle reduced density matrix [9,21,22]. Here the
quantum correlations due to symmetrization or antisymme-
trization of the wave function do not represent a genuine
manifestation of quantum entanglement [23]. Therefore from
this point of view such a criterion results to be the natural
generalization of the approach commonly used to treat quan-
tum correlations in systems of distinguishable particles.

Following the basic concepts of the approach proposed by
Schliemann [4] in this paper we discuss an entanglement
criterion for two-fermion systems. It is still based on the
analogous of the Schmidt decomposition theorem for the
pure fermion state but requires the calculation of the linear
entropy (LE) of the one-particle reduced density matrix. We
intend to establish whether the LE can be considered a valid
measure of the lack of knowledge about the quantum state
describing the system, which should include not only the
uncertainty due to the impossibility of attributing a definite
state to each particle but also the amount of uncertainty de-
riving from the indistinguishability of the particles. In order
to get a better understanding of this criterion, we first apply it
to study a simple prototype theoretical model, then we ana-
lyze a system of physical interest, namely, a two-electron
scattering event in a 2D semiconductor structure. The en-
tanglement dynamics in such a system has been recently in-
vestigated in terms of the VNE [15,24] and a comparison
with previous results lead to the conclusion that the LE can
be an efficient and still valid entanglement measure for bi-
nary collisions, as for other physical phenomena of interest
in quantum-information processing where identical particles
are involved.

The paper is organized as follows. In Sec. II we describe
the main properties of the LE as an entanglement measure
for two-fermion systems. In Sec. III we evaluate numerically
the time evolution of the LE for a scattering event between a
free propagating and a bound electron in a two-dimensional
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system considering different spin configurations. Conclu-
sions are drawn in Sec. I'V.

II. THE THEORETICAL CRITERION AND ITS
EVALUATION IN A 2N-MODE SYSTEM

In this section we introduce the entanglement criterion for
two-fermion systems based on the concept of LE, usually
applied to distinguishable particles. Furthermore we compare
quantitatively such a criterion with the one based on the vNE
in the case of a simple system with 2N degrees of freedom.

A pure state of two fermions can be written as [4,19]

2N
ij

where a; and a:f are the annihilation and creation operators of
the mode i satisfying the usual fermionic (anti)commutation
rules {ai,a}'}=5,--, and |0) is the vacuum state. w;; are the
elements of a complex and antisymmetric (2N X 2N) matrix
Q) where 2N is the total number of modes for each single
particle, while the normalization condition is given by
Ti[Q7Q]=1. The single-particle reduced density matrix p for
the state |W ) can be computed from the two-particle density
matrix pp=|W{W,| and its elements are [9]

_ Tr[pFa;T;a/,L]

T pr>, aLa "

v

The eigenvalues of p are |z|%, while the coefficients z; stem
from the Schmidt decomposition of |W) in terms of Slater
determinants [4]. Furthermore it should be noticed that the
eigenvalues of the one-particle reduced density matrix are
pairwise identical and therefore it holds |z5]>=]|z24_1|> With
I<k=N. The number of coefficients z;, that are different
from zero is the so-called Slater rank, which can be related to
the entanglement as follows: a state with Slater rank equal to
1 (i.e., that can be written as a single Slater determinant) is
nonentangled, a state with Slater rank greater than 1 is a
linear combination of two or more Slater determinants, there-
fore it can be considered entangled.

Many alternative ways of defining a function apt at evalu-
ating the lack of knowledge about a subsystem have been
proposed in the literature among them the Tsallis entropy
[25] generalizes the concept of the VNE, encompassing,
among the others LE. It is defined as [26]

Tr{p - pf}, 3)

& q= q- 1
where ¢ is a real, not necessary positive, number. In the case
of g tending to 1 one obtains the well known VNE g,y
=-Tr{pIn p} which satisfies some standard properties as
concativity, additivity and subadditivity, and which is ac-
knowledged to be a good quantum correlation measure of a
pure two-fermion state. When ¢ is equal to 2 Eq. (3) reduces
to £, =1-Tr p?, that is the LE [27]. In this paper we focus on
such a quantity as a measure of the entanglement in systems
of indistinguishable particles. Even if LE is not additive in
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the usual sense as shown in Ref. [27], it has some interesting
properties so far not fully exploited. In fact it turns out to be
extremely valuable for the application of numerical methods,
as detailed in the following.

In terms of LE the quantum entanglement of the pure
two-fermion state |V defined in Eq. (1) is given by

2N | 2N 2

8L=1_2 Ewilwz . 4)
i

ij

From the above expression we observe that the evaluation of
the LE can be performed directly from the matrix () thus, in
numerical calculations, the definition and allocation of the
one-particle density matrix p are not required: therefore ¢; is
much easier to calculate than the vNE since no diagonaliza-
tion of the matrix p is needed. This aspect appears to be
relevant since the complexity of many systems of physical
interest practically prevents the diagonalization of the corre-
sponding density matrix. Furthermore we note that Eq. (4) is
represention-independent since the trace is invariant with re-
spect to unitary single-particle transformations.

By using the above trace operations we can also express
&, in terms of the eigenvalues |z;|* of the one-particle density
matrix p in order to compare the expression of the LE with
the one of the vNE. By taking into account the above men-
tioned property for |z;|%, we find for the former that

N
gr=1-2lzl* (5)
k

while, as shown in the literature [9,21,22], the latter can be
written as

N
o =102 =2 2[5, In 2|z, 2. (6)
k

We stress that Eq. (5) has been reported in order to make
more explicit the following discussion, but it is not employed
in the numerical calculations where Eq. (4) is used instead,
not requiring the calculations of the () eigenvalues. In spite
of similarities between the two expressions for a two-
fermion system, &; and g,y have a different dependence
upon the coefficients z;. Both Egs. (5) and (6) attain their
minimum value when the state | W) can be written in terms
of a single Slater determinant. In this case we have |z,|?=2
while all the other coefficients are zero and therefore g,=75
and g,y=In 2. The fact that the minimum value of the two
measures is not 0, differently from what happens for the
distinguishable particles case, is related to the unavoidable
correlations due to the exchange symmetry. Since the quan-
tum correlations related only to antisymmetrization of the
state of two fermions cannot be used to violate Bell’s in-
equality and are not a resource for quantum-information pro-
cessing (as shown in previous works [21,23]) a state with
Slater rank equal to 1 can be considered as nonentangled. As
a consequence we will assume that a value 8L=% indicates a
nonentangled state.
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For a maximum correlated state it holds |z;= 55 Vk and
gr=1 —ﬁ\,. We note that in the case of a two-fermion system
with a very large number 2N of modes, the maximum value
of the LE tends asymptotically to 1 with a power law as for
distinguishable particles.
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In order to compare some properties of the LE and vNE
here we shall analyze the two entanglement criteria for a
simple 2N-modes two fermion system in a state |x), that can
be expressed by Eq. (1), with the following coefficients of
the antisymmetric matrix ():

2N

£
I}

0

where « is a real parameter ranging between 0 and 1. In
particular we observe that for a=0 the elements of the ma-
trix vanish except for w;, which reduces to \E . In this case
the state |x) can be set in terms of a single Slater determinant
and therefore is nonentangled. On the other hand when
a=1 the condition of maximum entanglement is reached,
with all the nonvanishing coefficients equal to \/%.

In the above model the one-particle reduced density ma-
trix p is simply a diagonal matrix with eigenvalues w%z and
@3y o This makes the calculation of the matrix p? straight-
forward. Its trace, needed for the evaluation of the LE, can be
written as function of the parameter « as
1 (1-a*N-1)

X=]o—_
g=1

2N 2N ®

As expected for @=0, &f takes its minimum value %, while
the maximum value of 1—5\, is reached for a=1. The ex-
pression of &; normalized to 1 reads

g =1-(1-a)' 9)

The vNE can also be easily calculated and its normalized
form is

~ -1 a2-a)
gy = Nl—nN (N-1a2-a)ln ———

1+(1-a)*(N=1)

+[1+(1=-a)*N-1]n v

(10)

We note that the normalization of the VNE and of the LE
allows us to compare quantitatively the two measures of the
quantum entanglement. In Fig. 1 we report the entanglement
of the system as a function of the real parameter «. Both
curves get their minimum value 0 for @=0, both increase
with a and reach 1 when a gets to 1. From the comparison
we note that the LE is always greater than the VNE as a
consequence of the different normalization procedures apart
from the initial and final values when they coincide. For «

\/1+(N—1)(1 - a)?

fori=1,j=2,

a2-a) . . . ()
T fori=2k-1,j=2kwith2<k<N,

otherwise,

tending to 1 (i.e., for |x) tending to the maximally entangled
state) the two measures attain the same value as for the case
of distinguishable particles [28]. For the sake of complete-
ness we show the two non-normalized curves in the inset of
Fig. 1.

III. LINEAR ENTROPY DYNAMICS IN TWO-ELECTRON
SCATTERING

A. The model

The dynamics of quantum entanglement has been investi-
gated in various physical phenomena including, for example,
ionization processes [29], binary collision events [15,30,31],
and phonon-atom interaction [32]. Due to the increasing
quest for quantum computing capable solid state devices, the
study of the entanglement formation in a scattering event in
semiconductor structures plays an important role. A numeri-
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FIG. 1. (Color online) Comparison between the normalized val-
ues of the VNE and the LE as a function of the real parameter « in
the 2N modes two-fermion system described in the text (for this
calculation N has been taken equal to 2601). The inset displays the
dependence of the two not normalized measures upon «a.
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FIG. 2. (Color online) Square modulus of the projection of the
antisymmetrized two-particle wave function on the first three
energy eigenstates &, of the harmonic oscillator centered in
ro=(95 nm,95 nm): 7, (r)=|fdr'&,(r")¥(r,r')]>. The two upper
graphs show the projection on the ground state at two different
times =0 (a) and r=480 fs (b), while in the lower graphs the
projections on first (c) and the second (d) excited state at time
t=480 fs are reported.

cal analysis of the entanglement dynamics in terms of VNE
for a two-electron collision in two-dimensional semiconduc-
tor nanostructures (GaAs) has been recently presented in lit-
erature [15,24] analyzing the evolution of the entanglement
when an electron freely propagating interacts through a
screened Coulomb potential with another electron bound to a
specific site by a harmonic potential. In this section we in-
tend to study the entanglement for such a model by using the
criterion based on the LE described in the previous section.

The Hamiltonian describing the physical system can be
written as

Wi P 2 1
H(ra,rb)=——<—2+ — — —maw?(r, —r)*
2m\or. ;)  €r,—r,| 2
1
+ Emwz(rb—ro)z, (11)

where € and m are the GaAs dielectric constant and effective
mass, respectively, and r is the center of the harmonic po-
tential, with energy-level spacing iw. Spin-orbit effects have
not been considered. At the initial time #, one of the two
particles, namely the incoming electron, is represented by a
minimum uncertainty wave-packet centered in r, [see Fig.

2(a)]:

Y
exp(— (r401;0) +ik-r>, (12)

1
Ur,ty) = =
\27mo

where ¢ is the mean spatial dispersion, k=\2mE;/f with m
the effective mass of the carrier, and E, is the carrier kinetic
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energy. The bound electron is in the ground state of a two-
dimensional harmonic oscillator

172 )2

where r; is the center of the harmonic potential, with energy-
level spacing fiw. The distance |r,—r,| is such that at the
initial time #;, the Coulomb energy is negligible. We stress
that, as a consequence of the scattering, the state of the par-
ticle confined in the harmonic oscillator (HO) changes and
that the two-particle wave function can be expressed as a
single Slater determinant W(r,r’)=¢(r)p(r’)—o(r)(r’),
only at the initial time. In order to better analyze the state of
the bound particle, Figs. 2(b)-2(d) display the square modu-
lus of the projection of the antisymmetrized two-particle
wave function W(r,r’) at time =480 fs on the first three
eigenstates &,(n=1,2,3) of the harmonic oscillator 7,(r)
=|fdr'&,(r")P(r,r')|*. Note that the spectral decomposition
on the HO ground state at time r=0 [Fig. 2(a)], representing
the square modulus of the one-particle initial wave function
of the free carrier, has been almost totally transmitted with
no reflected part at t=480 fs. The scattering event leaves the
HO in a superposition of excited states, as can been seen in
Figs. 2(c) and 2(d) and for higher energies the peaks of the
function 7,(r) are closer to the center of the HO. This is due
to the different energies of the outgoing particle as the bound
particle is left in different HO excited states. Note that the
Coulomb potential also creates spatial correlations between
the two electrons.

We consider now the effect of different initial spin con-
figurations on the evolution of the entanglement. In the first
quantum state studied the two electrons have the same spin

(spin up):
1
|‘1’>=E(|i/f¢)>— lp)IT1), (14)

where the wave functions corresponding to the states |#) and
| ) are of the type defined in Eqs. (12) and (13), respectively,
and the ket |1) indicates a spin up state. The explicit form of
the matrix () for the state | ') can be obtained by discretizing
the spatial coordinate r into a N> points grid (N points for
each spatial dimension) as shown in Ref. [15]. We get for the
2N? X 2N? matrix Q,

Qq,=i<QA O) (15)
v2\o o0/

where ), is the antisymmetric N> X N> matrix whose ele-
ments read

w;;= () P(r)) — (r) Ylr)). (16)

The second case considered is the one with two electrons
having different spins, that cannot be factorized in a spin and
a real space term. The form of the two-particle state is
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1
Y)= E(|¢¢>|Tl>— lpDILT)). (17)

By applying a procedure analogous to the one used for |¥)
and introducing an unitary transformation for the spin vari-

ables [15], we get
1{Qy -Q
QY:_< A s),

where () is the symmetric counterpart of ().

The last two states considered still describe two electrons
with different spins, but contrary to the previous case they
can be factorized in a position term and in a spin term. We
can identify the singlet spin state

(18)

1
|P) = §(|¢;¢>+ [ (T = [11) (19)
with
1o <)
o= 2(95 o) (20)
and the triplet spin state
1
)= ud) =11 +[11) @)
with
1{Q, O
QE:E(O —QA>' 22

The LE of the triplet state can be easily obtained from the
one of the same-spin state | W) [15,21]. In fact for the eigen-
values of the one-particle reduced density matrix of the state
|Z) it holds that

= = 1 .
5P =z el = E|z:y|2 for 1 <i<N>. (23)
Therefore from the Eq. (5) its LE is given by
N |t
85:1—22 ? =5(1+8‘L"). (24)

The property expressed by the relation (24) is due to the fact
that the triplet state, similar to the singlet state, cannot be
factorized in a space term and a spin term and this property
remains true during the time evolution. From Eq. (24) we
observe that the minimum value of the LE of |E) is %,
greater than the value of % corresponding to a nonentangle-
ment condition for any two-fermion state according the cri-
terion introduced in the previous section. Such an offset is
related to the lack of knowledge about the spin of the par-
ticles. The behavior shown by the triplet and singlet states is
in agreement with the one obtained in previous works where
the entanglement formation is evaluated in terms of the VNE
for the case of one-dimensional and two-dimensional scatter-
ing [15,24], as we show in the following.
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FIG. 3. (Color online) Entanglement as a function of the time
for different initial states: same-spin state |¥) for two different ini-
tial energy values of the incoming electron E;=10 meV (dashed
line) and 20 meV (dotted line); the state with electron having dif-
ferent spin |Y) for £,=10 meV (dot-dashed line) and 20 meV (solid
line). The harmonic oscillator energy is Aw=2 meV.

B. Numerical results

In order to calculate the entanglement dynamics in the
system described above, we solve numerically the time-
dependent Schrondiger equation for the two-particle wave
function considering as initial condition two electrons de-
scribed by the wave packets given in Egs. (12) and (13). In
this way at each time step we have the two-particle wave
function needed to define the matrix ). Finally from expres-
sion (4) and by using only the matrix elements w;; we can
compute the time evolution of the entanglement in terms of
the LE. We stress that such an approach is simple and does
not require matrix diagonalization procedures which result to
be very demanding from the point of view of the numerical
calculation.

Figure 3 shows that at initial time the LE for the states
|W) and [Y) get its minimum value . In fact the Coulomb
energy is still negligible being the two wave packets far
enough, and the only quantum correlations present are due to
the exchange symmetry. Therefore, as expected, |¥) and |Y)
must be considered as initially nonentangled. We observe
that as the free carrier get closer to the center of the harmonic
potential the quantum correlation builds up and the LE
reaches a stationary value once the particles get far enough.
Such a value depends upon the initial kinetic energy of the
propagating carrier E;: in particular it is higher for higher
energies for both spin configurations, in good qualitative
agreement with the previous results found for scattering
events between two distinguishable particles [33-35].

In Fig. 4 the time evolution of the entanglement for the
singlet |®) and triplet |E) spin states are presented. As ex-
pected, at the initial time the LE is %. This implies that |®)
and |E) are initially entangled, being their Slater rank greater
than 1. In fact from Egs. (19) and (21) we observe that they
cannot be put in terms of a single Slater determinant. Such a
result confirms the correspondence between the LE and the
Slater rank criterion.
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FIG. 4. (Color online) Entanglement as a function of the time:
triplet spin state |E) for two different initial energy values of
the incoming electron E;=10 meV (dashed line) and 20 meV (dot-
ted line) and singlet spin state |®) for E;=10 meV (dot-dashed
line) and 20 meV (solid line). The harmonic oscillator energy is
hw=2 meV.

In order to better compare the properties of the entangle-
ment measure for an electron-electron scattering obtained us-
ing the LE and vNE, the time evolution of the entanglement,
evaluated according to the two criteria, is presented in Fig. 5
for the states |¥) and |Y). As for the case of the theoretical
model studied in the previous section, here we have normal-
ized the two measures in order to compare them quantita-
tively. At initial time both of them are zero since no quantum
correlation is initially present apart from the one related to
the exchange symmetry. Then, at increasing times, for a
given state the LE is always greater than the vNE. Neverthe-
less the time of the entanglement formation, defined as the

T
— - Same-spin LE
_ Diff.spln LE ...........
Same-spin NE| ~ _L..oect
Diff.spin vNE
£ 04 p |
)
=
2
)
=)
<
S I Lt
M 0.2 -
-~
”
”
7
P z
Oﬂ;,/ ‘ ‘ | | | |
01 02 0.3 0.4
Time (ps)

FIG. 5. (Color online) Two measures of the entanglement as a
function of the time. The time evolution of the normalized LE for
same spin state |W) (dashed line) and for the state with electrons
having different spin |Y) (dotted line), is compared with the time
evolution of the normalized VNE for the same states: [¥) (solid
line) and |Y) (dash-dotted line). The initial kinetic energy of the
incoming electron is 30 meV while the harmonic oscillator energy
is Aiw=2 meV.
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time at which the entanglement reaches its stationary value,
is the same for both measures. This behavior can be ascribed
to the fact that, as indicated by Egs. (5) and (6), both the LE
and VNE can be expressed as function of |z;|%, the eigenval-
ues of the one-particle reduced density matrix, which can be
assumed weakly time-dependent for large times.

IV. CONCLUSION

Recently the notion of the entanglement for systems of
identical particles has been widely discussed: various ap-
proaches have been proposed in literature each having ad-
vantages and drawbacks [4,7-10]. In this paper we have ana-
lyzed one possible theoretical criterion to quantify the
quantum correlations appearing in a two-fermion systems. It
can be considered the generalization of the LE, usually
adopted in the context of distinguishable particles. Such a
criterion is based on the fermionic analogous of the Schmidt
decomposition theorem and uses the one-particle reduced
density matrix. In particular our analysis shows that LE per-
mits us to determine whether the uncertainty concerning the
states derives only from the indistinguishability of the par-
ticles or it is a genuine manifestation of the entanglement.
This aspect is crucial since, as shown in previous works, the
quantum correlation due to the exchange symmetry does not
represent a good resource for quantum information process-
ing [21,23].

The criterion proposed here appears to be closely related
to the one involving the evaluation of the vNE of the reduced
statistical operator [9,21,22]. To compare the two criteria and
analyze their properties we have quantified the entanglement
according to the two measures in a simple theoretical model
describing a two-fermion system with 2N degrees of free-
dom. We found that the LE is greater than the vNE, but the
two measures give the same value when the quantum state of
the system tends to the maximally entangled one in agree-
ment with results obtained for distinguishable particles [28].

Furthermore we have used the LE to quantify the time
evolution of quantum correlations in a numerically simulated
electron-electron collision event. In agreement with the pre-
vious analyses obtained by using the vNE [15,16], our nu-
merical results show that the entanglement dynamics de-
pends on the spin components of the states even if the
Hamiltonian does not include spin terms. Moreover also in
this case the triplet and singlet spin states are initially en-
tangled and such an entanglement can be ascribed to the lack
on knowledge about the spin state of a particle in a specific
real-space state. For our two-electron model the values of the
entanglement obtained by using the LE results to be higher
than the ones obtained by using the VNE in agreement with
what found analytically for a simple model of a 2N-mode
two-fermion system. Most notably we found that the time of
the entanglement formation is the same for the two mea-
sures.

Finally we note that the calculation of the entanglement in
terms of the LE is easier and computationally much faster
than the one performed by means of the vINE since no diago-
nalization of the one-particle reduced density matrix is re-
quired. Therefore we believe that the LE is an useful corre-
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lation measure for a two-fermion system and its application
turns out to be very helpful to investigate the entanglement
dynamics for those physical systems with a very large num-
ber of degrees of freedom, whose complexity does not allow
the diagonalization of the reduced statistical operators
through numerical procedures.
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