IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Enhanced entanglement transfer by phase-shift control in two parallel Heisenberg spin chains

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2007 J. Phys. A: Math. Theor. 40 9067
(http://iopscience.iop.org/1751-8121/40/30/026)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.144
The article was downloaded on 03/06/2010 at 06:06

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1751-8121/40/30
http://iopscience.iop.org/1751-8121
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

TOP PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND THEORETICAL

J. Phys. A: Math. Theor. 40 (2007) 9067-9077 doi:10.1088/1751-8113/40/30/026

Enhanced entanglement transfer by phase-shift
control in two parallel Heisenberg spin chains

Wang Zhao-Ming, Shao Bin, Chang Ping and Zou Jian

Department of Physics, Beijing Institute of Technology, Beijing 100081,
People’s Republic of China

E-mail: mingmoon78@ 126.com and sbin610@bit.edu.cn

Received 25 January 2007, in final form 4 June 2007
Published 12 July 2007
Online at stacks.iop.org/JPhysA/40/9067

Abstract

We investigate the effect of phase shift on the entanglement transfer in
two parallel 1D spin chains. We calculate the concurrence, measures for
two-qubit entanglement, as a function of time. We find the maximum
achievable entanglement in the cases with and without phase shift. Although
the entanglement transfer becomes slow in most cases with phase shift, the
significant enhancement of the maximum achievable entanglement is obtained
which suggests its potential usefulness in quantum information processing.

PACS numbers: 03.65.Ud, 75.10.Jm

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is an important task to transfer quantum information from one location to another in
quantum information processing. Many methods are proposed for accomplishing this task.
For example, it has been investigated by means such as ion trap [1], NMR [2], atoms in a
thermal bath of photons [3] and linear optics [4]. Recently quantum spin networks as an ideal
communication channel to realize quantum information process have been studied [5—14]. In
the first proposal, Bose [5] demonstrated that the quantum spin chain can be used as a channel
for short distance quantum communication. A quantum state can be transferred from one end
of the chain to the other end. Christandl et al suggested a perfect state transfer algorithm
which can transfer an arbitrary quantum state between two ends of a spin chain [6] or more
complex spin networks [7]. Li et al studied the quantum state transfer via a spin ladder as a
robust data bus [8]. Their results show that the spin ladder system is a perfect medium through
which the interaction between two distant spins can be mapped to an approximate Heisenberg-
type coupling. Subrahmanyam et al investigated the transport of entanglement through a
Heisenberg XY spin Chain [9], and they analytically calculated the two-qubit entanglement
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using various measures with different initial states. Also, entanglement transfer in a chain of
coupled oscillators [10], measurement-assisted optimal quantum communication by a single
chain [11] or parallel spin chains [12, 13], information transfer rates in spin networks [14]
have been investigated. Entanglement transfer from continuous variable to finite-dimensional
systems [15—17] was also studied. There have been some indications that effective spin
networks could be engineered by using arrays of Josephson junctions [18], quantum dots [19],
optical lattices [20] or QED cavities [21]. Very recently, the entanglement transfer in a spin
chain by phase-shift control [22] was studied. The system consists of a physically isolated
(Oth) spin and a Heisenberg spin chain with nearest neighbour interaction. Initially the Oth
spin and the first spin of the chain are maximally entangled. With the evolution of time, the
entanglement of pair of the Oth and the first spins can be transferred to the pair of the Oth and
mth spins. The maximum entanglement is found to be enhanced significantly by phase-shift
control. However, if we want to transfer entanglement from one spin pair to another spin pair
for a long distance, we need to use two parallel spin chains. In this paper, we analyse the
entanglement transfer in two parallel spin chains by phase-shift control. We show that the
maximum achievable entanglement can also be significantly enhanced by phase-shift control
through parallel spin chains, but unfortunately in most cases the time we need to obtain it with
phase shift is greater than the case without phase shift, indicating the trade-off between the
speed and quality of the entanglement transfer with phase shift.

2. The model

The system we consider here consists of two parallel Heisenberg spin chains. Each chain
contains N spins. There are no interactions between the two chains. The parallel chains can
easily be realized in many experiments [23, 24]. In [23], P Gambardella et a/ have shown that
it is possible to produce high-density (5 x 10° cm™') arrays of one-dimensional (1D) parallel
monoatomic chains by growing Co on a high-quality P¢ vicinal surface. The 1D geometry
of the ferromagnetic chains is manifested by a strong uniaxial anisotropic behaviour. In their
experiment, they did not find evidence for inter-chain coupling effects [25] between the chains.
In [24], Motoyama et al have found that Sr,CuO3 can have 1D parallel chains structure. The
inter-chain exchange interaction J, is extremely small compared with the intra-chain exchange
interaction J, J, /J ~ 1073 [26]. Therefore, this system shows an ideal 1D behaviour of the
S = 1/2 Heisenberg antiferromagnet. Actually it is easier to produce a whole bunch of
parallel uncoupled chains than just a single one in above experiments. The total Hamiltonian
of the system can be given by [12, 13]

H=H® ® 1@+ H® ® 1(1)’ (D

where H¥ (i = 1, 2) denotes the Hamiltonian of the ith spin-1/2 Heisenberg chain with the
nearest neighbour interaction and has the following form:

N
HO == [S585,, +8)8%,, + 85585, +hS3), )
j=1

where S{(a¢ = x,y,z) represents the components of the spin operator and the periodic
boundary conditions (Sf(, = S‘l") is satisfied, & is the external magnetic field along the z
axis. The coupling constant between the nearest sites is taken as J = —1 . The two parallel

spin chains constitute the physical channel through which the information transfer as shown
in figure 1.
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Figure 1. Schematic picture of the system. The two ring-shaped spin chains are parallel with each
other and each contains N spins. The periodic boundary condition is satisfied in each chain. There
are no interactions between the two chains. Initially, the first spin pair is maximally entangled.

Now suppose that initially the first spin pair is maximally entangled as 1/+/2(]0)"V[1)® +
11)10)®) and all other spins are set in the ferromagnetic ground state [0)) = [00...0)®.
The state

Y =10105...1;...0y) = o7 [0)® (j=12,...,N), 3)

which denotes the spin at the jth sites has been flipped to the |1) state. The initial state of the
whole system will be (for differentiating it with another initial state, we define it as the first
initial state)

1S©0)) = 1/¥2(0) V1) + 1) ]0)?). 4)

Here we assume that the total number of up spins in a chain is one which indicates that
each chain is in the ‘one-magnon’ state. Now we consider the influence of phase shift on
the each chain’s Hamiltonian. It is well known that both the Aharonov—Casher (AC) effect
[27] and the Dzyaloshinskit—Moriga interaction [28] can generate phase shift in a spin chain.
Though having different producing mechanism, they have same effect on the enhancement of
entanglement transfer. Here we consider the AC effect. When a (quasi-)magnetic moment ﬁ)
of the spin eigenstates (magnon) travels along a chain in the presence of an electrical field, its
wavefunction acquires an extra phase, which is the AC phase

7+A7

A@:%/? LxE dx. (5)
in addition to the ordinary dynamical phase. It is equivalent to spin—orbit coupling that the
particle moving in an electric field feels a magnetic field as well due to the relativistic effect.
The applied electric field breaks the rotational symmetry of the system, and the accumulated
AC phase along the chain does not vanish after a 27 rotation, thus the dispersion relations is
not symmetric with the zero wave number (k = 0). The concurrence between any spins can
be expected to change accordingly because it is related to the dispersion relations. This is the
reason that the AC phase can affect the entanglement transfer [22].

From equation (5), the direction of the external field can be taken to be perpendicular
to the direction of the (quasi-)magnetic moment for gaining the largest phase shift 6. For
example, if the direction of the magnetic moment is up in the two chains, the electric field can
be applied along the radial direction (see figure 2). This configuration is just like an electron
in an atom. The electric field could be generated by charges on a wire at the centre of the two
rings [22].
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Figure 2. Configuration for the Aharonov—Casher effect in two rings. Assuming the direction of
the (quasi-)magnetic moment is up and the electric field is along the radial direction.

When considering the effect of the phase shift, the Hamilton in equation (2) becomes
[22, 29, 30]
Al
HO =-%" |:§(elg STST+e S, ST, )+ 8385, + th} : (6)
j=1
where 6 is the phase change between neighbouring spin which is produced by the AC effect.
It can be diagonalized under the Jordan—Wigner transformation [31, 32]. The eigenvalues and

eigenstates can be obtained as [22]

EY = —cos(k +0) + (1 — %) —h (1 — %) , (7)
k) = ﬁ DB ®)
J

where k = 2mrn /N with —N /2 < n < N /2. We can see that 6 only appears in the eigenvalues
E ,E’) and it does not affect the eigenstates k)@, Eigenstates Ik)® of the Hamiltonian can be
looked as the independent quantum state of collective mode. The eigenvalues and eigenstates
of the whole system can be expressed as

Er=E"+EY, )
k) = k)" @ k)@. (10)

With the evolution of time, the excitation in equation (4) will travel along the two spin
chains which can be thought as the interference between all modes. Now, a spin up state can
be obtained by a spatial Fourier transformation in equation (8),

. 1 iy .
DY =—=) ViKY (1)
R

Hence, we obtain the state of the system at time ¢, taking i = 1, as
(2) (1)

1SO) =1/721100 @ [ D 100 | +| D 1ol | 0@, (12)
J J

where

0017 = Y exp[ik( — )~ iE{r] (13)
k
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We would like to give the measure of entanglement, the concurrence. For a pair of qubits,
the concurrence is given by [33] C;; = max{A; — Ay — A3 — A4, 0}, where 1;(i =1,2,3,4)
are the square roots of the eigenvalues of the operator 0;; = pi; (07 ® 03 )p};(0f ® 03), with
A1 = A2 = A3 = g and pj; is the density matrix of the pair qubits; o] and o5 are the normal
Pauli operators. The concurrence C;; = 0 corresponds to an unentangled state and C;; = 1
corresponds to a maximally entangled state. The concurrence measure entanglement of the
Hamiltonian in equation (2) has been investigated [34], and the entanglement dynamics have
been discussed [35].

Our task is to calculate how much entanglement exists between the mth spin pair and
find the maximum entanglement that can be achieved in a certain time interval. The reduced
density matrix of the state of the mth spin pair can be calculated by tracing out the state of all
other sites. The concurrence C} (N is the number of sites in each chain and m denotes the
mth spin pair) can be obtained as

CY = 1 OIPV [ (1P (14)

It can be seen that the second and third terms in equation (6) are common to all modes,
they have no effect to the interference and thus no influence on the entanglement we will
calculate. For convenience, we eliminate them later. Because [A,,(£)]" and [A,,(£)]® have
same expressions, we let A, (1) = [ ()] = [A,,(1)]®. Then CY can be rewritten as

Crlr\l, = |)\m(t)|27 15)

WheIe
“‘m(l) - § €x [iK(”l 1) i COS(K 6)1] (16)

From the point of view of wave mechanics, we can identify the amplitudes A, (t) as
propagators. Then From equation (15) the concurrence between the mth spin pair equals to
square of the absolute value of the propagators. We may expect the constructive interference
at the target spin pair by controlling the propagators. From equation (16), we find that the
propagators are naturally affected by phase shift 6.

Now let us consider the second initial state of system

SO) = 1/v2(0)V10)? + 1)V [1)). a7

Note that there exist two up spins in the whole system (each chain contains one) in this
initial state, which is different from the first initial state.

Following the same approach, the concurrence of the mth spin pair can be calculated.

We only give the reduced density matrix of the mth spin pair because of the complicated
expression of the concurrence, which is given by

on
1+ (1 = A (0)])? 0 0 e (r (1))
1 0 (A = A DD A ()] 0 0
2 0 0 (1= 2w @O P A (1) 0
=2t (0, (1))? 0 0 Do (D) [*
(13)

3. Results and discussion

In figure 3, we plot the concurrence C as a function of time ¢ and phase shift 6.
Figures 3(a) and (b) show different features. In figure 3(a), C is symmetric with respect
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Figure 3. The evolution of the concurrence C with time 7 in the presence of phase shift. The initial
state of the system is 1/4/2(|0) V1)@ + [1)D[0)?). (a) N=6,m=4. (b)) N=9,m = 5.

to & = 0 at a certain time ¢, while in figure 3(b) it corresponds to a nonzero 6. Then in
figure 3(a) the maximum entanglement can be gained at a zero phase shift. This is because
an effective constructive interference can even occur at 6 = 0 for some (N,m). For
N =9,m =5, figure 3(b) clearly shows that the concurrence can be enhanced by a nonzero
phase shift 6, when 6 = 0, Cp,x = 0.3581, and when 6 # 0, Cpix = 0.5984. Both are
obtained in a time interval 0 < ¢t < 30. We also find that the concurrence demonstrates
periodic oscillation behaviour with the phase shift 6 at certain time. The concurrence cannot
reach to 1 in this condition due to the dispersive free evolution of the chains [5].

Figure 4(a) shows the comparison of the maximum entanglement that can be transferred
from the first spin pair with and without phase shift. The horizontal axis represents the number
of sites N and the corresponding mth spin pair. Cp,x are found numerically in a time interval
0 < t < 30 and the phase shift 6 € [—m,]. The sites N = 3,4, ..., 14 and for each
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Figure 4. (a¢) The maximum entanglement that can be obtained with phase shift (square plots) and
without phase shift (circle plots). The horizontal axis represents the total number of sites N in each
chain and mth spin pair that the concurrence is evaluated. (b) The time at which the concurrence
achieves its maximum value in this system. We note that the time with phase shift is greater than
the time without phase shift in most cases, indicating the aforementioned trade-off between the
speed and the quantity of the transferred entanglement. The initial state of the system is taken as
in figure 3. The results are obtained in a time interval 0 < ¢ < 30 and the phase shift6 € [—m, 7].
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N,m = 2,3, ..., N. Figure 4(a) reveals various interesting features. First of all, we find
that the maximum entanglement with phase shift is greater than or equal to the one which
is obtained without phase shift. C3, C3, C§ can reach to 1 with phase shift, i.e., the perfect
entanglement transfer can be realized. Second, the maximum entanglement only depends on
the relative location of the two spin pairs, i.e., the two maximum values which are obtained
at the mth and (N + 2 — m)th spin pairs are equal. It can be seen clearly from equation (16)
that replacing the term (m — 1) with N — (m — 1) does not change the result. Finally, the
enhancement of entanglement transfer with phase shift is more evident for odd chains. That
is to say, an odd N(an odd modes) in the chains can give a more effective interference. For a
fixed N, there exist two peaks when N is odd. The location of the two peaks is not certain. For
example, they are at m = 4,7 when N = 9, while m = 3, 10 when N = 11. However, when N
is even, only one peak exists which locates at m = N/2 + 1 and it occurs at a zero phase shift.
With the increasing of N, the maximum entanglement decreases except for N = 6 in which
a less constructive interference occurs. Unfortunately, we find that in most cases transfer
seems to be much slower when gaining the enhancement of entanglement with phase shift. In
figure 4(b), the time at which the concurrence achieves its maximum value in the interval
0 <t < 30 is plotted. We find that the time with phase shift is greater than the time without
phase shift in most cases. So there appears to be some trade-off between the speed and quality
of the entanglement transfer. Suppose the maximum entanglement with and without phase
shift is obtained at (61, #;) and (6, = 0, 1), respectively; it is possible to gain an effective
constructive interference at a shorter time (¢; < t,) with a proper nonzero phase shift 6; at
some (N, m). For example, when N =4, m =2,4or N =7, m =3, 4, 5, 6, the better
compromise between the quality and speed of the entanglement transfer with phase shift is
obtained. Here we only consider the inter-chain entanglement transfer. Can the entanglement
be transferred from the first spin pair to the arbitrary two spins which belong to the same
chain? We have explored this question in the simplest case (each chain contains two spins)
and found that the intra-chain entanglement only depends on the intra-chain coupling [36].
The intra-chain entanglement has no certain relations with the initial inter-chain entanglement.
We believe that it is also true when each chain contains N spins.

Figure 5 shows the comparison of the maximum entanglement C,,,x between the first
and the second initial states. We can see that Cp,x gained using the second initial state is
always lower than using the first initial state, though they show the same oscillatory behaviour
with increasing m. Then we can conclude that using the first initial state is more suitable for
quantum entanglement transfer in this system.

In the thermal dynamical limit (N — 00), the wave number k becomes continuous. We
can replace the summation in A ;(¢) with integration through the relations

! ! /ﬂ dk (19)
— - — .
N - 27 J_»

Then the entanglement of arbitrarily mth spin pair can be calculated numerically. In
this limit, the effect of the phase shift disappears. This can be explained that the energy
spectrum becomes continuous with large N and the effect of phase shift is same to every
mode. The total effect of phase shift only gives a global phase factor and it does not
affect the entanglement transfer [22]. In figure 6, we plot the maximum entanglement
as a function of the mth spin pair in the thermal dynamical limit. For two different
initial states, the maximum entanglement both exponentially decay with increasing m. The
oscillatory behaviour of the maximum entanglement with increasing m, when N is small,
disappears. For the second initial state, the entanglement decays to zero quickly. Thus,
the entanglement cannot be transferred to a long distance in this condition. However,
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Figure 5. Comparison of the maximum entanglement with phase shift between the two initial state
for N = 6, 9. The range of the time and phase shift is same with figure 4.
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Figure 6. The maximum entanglement as a function of the mth spin pair for different initial states
in the thermal dynamical limit(N — o00). The dotted line is the second-order exponential fit to

points on the first initial state.

for the first initial state, we make a second-order exponential fit to the points and obtain

a relation Cpax = 0.90exp[—m/0.97] + 0.24 exp[—m /5.46] + 0.06.

Thus in the limit

m — 00, Cpax = 0.06. The entanglement can be transferred to the last spin pair, though it is

very small.

4. Conclusion

We have investigated the effect of phase shift on the entanglement transfer via two parallel
spin chains. We find that, in general, the maximum entanglement obtained with phase shift is



9076 W Zhao-Ming et al

greater than or equal to the one which is obtained without phase shift. For a fixed small N,
when N is odd, the maximum entanglement can be enhanced more evidently by phase-shift
control, while when N is even, the position of the maximum entanglement locates at m =
N /2 + 1 and it is not affected by the phase-shift control. Unfortunately, it will take more time
to obtain an enhanced maximum entanglement in most cases. In the thermal dynamical limit,
the effect of phase shift disappears and the maximum entanglement exponentially decays with
increasing m. However, the gap between the theory and experiment may be difficult to bridge.
As pointed in [22], there could be a difficulty in providing an electric field that is intense
enough to generalize a meaningful phase shift. A rough estimation of the necessary strength
of the electric field is at least 107 V. m~! and such a strong electric field can be realized by
two-dimensional electric gases formed in heterostructured SiGe, GaAs, or other types of III-V
materials. With the development of nano-structure fabrication techniques, we expect the phase
shift will be useful in the quantum information processing.

Acknowledgment

This work was supported by the National Natural Science Foundation of China under grant
nos. 10374007 and 60472021.

References

[1] Turchette Q A, Wood C S, King B E, Myatt C J, Leibfried D, Itano W M, Monroe C and Wineland D J 1998
Phys. Rev. Lett. 81 3631
[2] Gershenfeld N A and Chuang I L 1997 Science 275 350
[3] KimM S, Lee J, Ahn D and Knight P L 2002 Phys. Rev. A 65 040101
[4] Duan L-M, Lukin M D, Cirac J I and Zoller P 2001 Nature 414 413
[5] Bose S 2003 Phys. Rev. Lett. 91 207901
[6] Christandl M, Datta N, Ekert A and Landahl A J 2004 Phys. Rev. Lett. 92 187902
[7] Christandl M, Datta N, Dorlas T C, Ekert A, Kay A and Landahl A J 2005 Phys. Rev. A 71 032312
[8] LiY, Shi T, Chen B, Song Z and Sun C P 2005 Phys. Rev. A 71 022301
[9] Subrahmanyam V and Lakshminarayan A 2006 Phys. Lett. A 349 164
[10] Plenio M B, Hartley J and Eisert J 2004 New J. Phys. 6 3
Plenio M B and Semido F L 2005 New J. Phys. 7 73
[11] Burgarth D, Giovannetti V and Bose S 2007 Phys. Rev. A 75 062327
[12] Burgarth D and Bose S 2005 Phys. Rev. A 69 052315
[13] Burgarth D and Bose S 2006 Int. J. Quantum Inf. 4 405
[14] Rossini D and Giovannetti V 2006 Preprint quant-ph/0609022
[15] ZoulJ, LiJ G, Shao B, LiJ and Li Q S 2006 Phys. Rev. A 73 042319
[16] Paternostro M, Falci G, Kim M S and Palma G M 2004 Phys. Rev. B 69 214502
[17] Kraus B and Cirac J 12004 Phys. Rev. Lett. 92 013602
Retzker A, Cirac J I and Reznik B 2005 Phys. Rev. Lett. 94 050504
[18] Romio A, Bruder C and Fazio R 2005 Phys. Rev. B 71 10051
Lyakhov A and Bruder C 2005 New J. Phys. 7 181
[19] Amico I D 2005 Preprint cond-mat/0511470
[20] Jané E, Vidal G, Ur W D, Zoller P and Cirac J 12003 Quantum Inf. Comput. 3 15
Duan L-M, Demler E and Lukin M D 2003 Phys. Rev. Lett. 91 090402
[21] Hartmann M J, Brandao G S L F and Plenio M B 2006 Nature Phys. 2 849
Augelakis D, Santos M F and Bose S 2006 Preprint quantum-ph/0606159
[22] Maruyama K, Iitaka T and Nori F 2007 Phys. Rev. A 75 012325
[23] Motoyama N, Eisaki H and Uchida S 1996 Phys. Rev. Lett. 76 3212
[24] Gambardella P, Dalleyer A, Maiti K, Malagoli M C, Eberdardt W, Kern K and Carbone C 2002 Nature 416 301
[25] De Jongh L J and Miedema A R 1974 Adv. Phys. 23 1
[26] Oguchi T 1964 Phys. Rev. 133 1098
[27] Aharonov Y and Casher A 1984 Phys. Rev. Lett. 53 319


http://dx.doi.org/10.1103/PhysRevLett.81.3631
http://dx.doi.org/10.1126/science.275.5298.350
http://dx.doi.org/10.1103/PhysRevA.65.040101
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1103/PhysRevLett.91.207901
http://dx.doi.org/10.1103/PhysRevLett.92.187902
http://dx.doi.org/10.1103/PhysRevA.71.032312
http://dx.doi.org/10.1103/PhysRevA.71.022301
http://dx.doi.org/10.1016/j.physleta.2005.09.021
http://dx.doi.org/10.1088/1367-2630/6/1/036
http://dx.doi.org/10.1088/1367-2630/7/1/073
http://dx.doi.org/10.1103/PhysRevA.75.062327
http://dx.doi.org/10.1103/PhysRevA.71.052315
http://dx.doi.org/10.1142/S0219749906001876
http://www.arxiv.org/abs/quant-ph/0609022
http://dx.doi.org/10.1103/PhysRevA.73.042319
http://dx.doi.org/10.1103/PhysRevB.69.214502
http://dx.doi.org/10.1103/PhysRevLett.92.013602
http://dx.doi.org/10.1103/PhysRevLett.94.050504
http://dx.doi.org/10.1088/1367-2630/7/1/181
http://www.arxiv.org/abs/cond-mat/0511470
http://dx.doi.org/10.1103/PhysRevLett.91.090402
http://dx.doi.org/10.1038/nphys462
http://www.arxiv.org/abs/quantum-ph/0606159
http://dx.doi.org/10.1103/PhysRevA.75.012325
http://dx.doi.org/10.1103/PhysRevLett.76.3212
http://dx.doi.org/10.1038/416301a
http://dx.doi.org/10.1080/00018739700101558
http://dx.doi.org/10.1103/PhysRev.133.A1098
http://dx.doi.org/10.1103/PhysRevLett.53.319

Enhanced entanglement transfer by phase-shift control

9077

[28]
[29]
(30]
[31]
(32]
[33]
[34]
[35]

[36]

Dzyaloshinskii I 1958 Phys. Chem. Solids 4 241

MOriya T 1960 Phys. Rev. 120 91

Cao Z, Yu X and Han R 1997 Phys. Rev. B 56 5077

Meier F and Loss D 2003 Phys. Rev. Lett. 90 167204

Lieb E, Schultz T and Mattis D 1961 Ann. Phys., N.Y. 16 407
Pfeuty P 1970 Ann. Phys., N.Y. 57 79

Hill S and Wootters W K 1997 Phys. Rev. Lett. 78 5022
Wotters W K 1998 Phys. Rev. Lett. 80 2245

Zanardi P 2002 Phys. Rev. A 65 042101

Subrahmanyam V 2004 Phys. Rev. A 69 022311
Subrahmanyam V 2004 Phys. Rev. A 69 034304

Osborne T and Linden N 2004 Phys. Rev. A 69 052315

Ren F H and Wang Z M 2007 Commnun. Theor. Phys. 47 621


http://dx.doi.org/10.1016/0022-3697(58)90076-3
http://dx.doi.org/10.1103/PhysRev.120.91
http://dx.doi.org/10.1103/PhysRevB.56.5077
http://dx.doi.org/10.1103/PhysRevLett.90.167204
http://dx.doi.org/10.1016/0003-4916(61)90115-4
http://dx.doi.org/10.1016/0003-4916(70)90270-8
http://dx.doi.org/10.1103/PhysRevLett.78.5022
http://dx.doi.org/10.1103/PhysRevLett.80.2245
http://dx.doi.org/10.1103/PhysRevA.65.042101
http://dx.doi.org/10.1103/PhysRevA.69.022311
http://dx.doi.org/10.1103/PhysRevA.69.034304
http://dx.doi.org/10.1103/PhysRevA.69.052315

	1. Introduction
	2. The model
	3. Results and discussion
	4. Conclusion
	Acknowledgment
	References

