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We investigate the thermal entanglement in a spin-1/2 Ising—Heisenberg diamond chain, in which the vertical Heisen-
berg spin dimers alternate with single Ising spins. Due to the fact that the Dzyaloshinskii-Moriya (DM) interaction con-
tributes to unusual and interesting magnetic properties in actual materials, and moreover it plays a significant role in the
degree of the entanglement of the Heisenberg quantum spin systems, we focus on the effects of different DM interactions,
including D, and Dy, on the thermal entanglement of the Heisenberg spin dimer. The concurrence, as a measure of spin
dimer entanglement, is calculated for different values of exchange interactions, DM interaction, external magnetic field,
and temperature. It is found that the critical temperature and the critical magnetic field corresponding to the vanishing
of entanglement increase with DM interaction, and the entanglement revival region gets larger by increasing DM interac-
tion, thus DM interaction favors the formation of the thermal entanglement. It is observed that different DM interaction
parameters (D, and Dy) have remarkably different influences on the entanglement. Different from the case D;, there is
the non-monotonic variation of the concurrence with temperature in the case D, and additionally the DM interaction D,
can induce the entanglement near zero temperature in the case that the antiferromagnetic Ising-type interaction constant is
larger than the antiferromagnetic Heisenberg interaction constant. It is also shown that for the same value of DM interaction

the critical magnetic field of the case D, is larger than that of the case D..
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1. Introduction

Entanglement is a fundamental feature of the quantum
mechanics, and it is also a potential valuable resource for
quantum information processing. As one of the simplest quan-
tum systems which exhibit rich entanglement features, the
Heisenberg spin chain is regarded as a natural candidate in
the solid state proposals of realizing quantum computing.!!!
Considering that thermal fluctuation suppresses quantum ef-
fects, the concept of thermal entanglement was introduced
to refer to the idea that the effects of temperature should be
viewed as the external control in the preparation of entangled
states.[>3] Up to now, considerable theoretical studies have
been done on the thermal entanglement of the Heisenberg spin

g, 414

chain 1 and moreover the experimental observations of

thermal entanglement have also been reported for some mag-
netic materials.!'3-18!

The diamond Heisenberg spin chain, in which the ver-
tical spin dimers alternate with single spins to form one-
dimensional lattices composed of diamond-shaped units, is a
kind of important and interesting model in the the studies of
the Heisenberg spin chains. Since Takano et al. first stud-
ied theoretically the ground state of an ideal diamond spin

chain in 1996,19] the theoretical research of the diamond chain
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has attracted much attention due to rich physical properties
as a consequence of the mutual interplay between quantum
fluctuations and geometric frustration.?->! In these theoret-
ical works, several modifications of the ideal diamond chain
have been proposed, such as the distorted diamond chain,
the frustrated diamond chain, and the generalized diamond
chain. In 2003, the experimental results reported by Kikuchi et
al. showed that the natural mineral azurite Cu3(CO3),(OH),
formed by the spin-1/2 Cu?" ions can be regarded as an ac-
tual material for a diamond chain model.[?®) Later on, the 1/3
magnetization plateau in the azurite Cuz(CO3),(OH), was ob-
served experimentally.?”-?8] Since then, the physics proper-
ties of the azurite Cu3(COj3),(OH),, as diamond chain com-
pound, have been investigated on the experimental side with

29301 Kikuchi et al. discussed the mag-

considerable interest.|
netic anisotropy observed in the magnetization results of azu-
rite, and proposed that the most plausible origin of the mag-
netic anisotropy is the Dzyaloshinskii-Moriya (DM) inter-
action since there is no point symmetry in the azurite and
the single-ion anisotropy vanishes in spin-1/2 Cu>* magnetic
systems. ?728] Additionally, Rule et al. also analyzed the im-
portant influence of DM interaction on the ordered magnetic
moment structure of the azurite. 3!

We note that the rigorous theoretical treatment of geo-
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metrically frustrated quantum Heisenberg diamond chains is
a very difficult task due to a non-commutability of spin oper-
ators involved in these models. To overcome the mathemat-
ical difficulties, a novel class of the simplified versions was
proposed.*!733! In this simplified model called the geomet-
rically frustrated Ising—Heisenberg diamond chain, the Ising
spins locate at the nodal sites and the Heisenberg spin dimers
are on the interstitial decorating sites of the diamond chain
(see Fig. 1). The ground-state phase diagram, the magnetiza-
tion, the susceptibility, and the thermodynamics of the Ising—
Heisenberg diamond chains have already been theoretically

examined. 3438

I Furthermore, the thermal entanglement prop-
erties of several kinds of Ising—Heisenberg diamond models,
such as spin-1/2 generalized symmetrical Ising—Heisenberg
diamond chain,*! Ising—-XXZ diamond chain, **! Ising—XYZ
diamond chain,*!! and the mixed spin-1/2 and spin-1 Ising—
Heisenberg diamond chain,*?) have been investigated re-
cently.

The aforementioned DM interaction, which arises from
spin—orbit coupling and describes the super-exchange between
the interacting spins, was first introduced as anisotropic anti-
symmetric exchange interactions to explain weak ferromag-
netism of the antiferromagnetic crystals.[*>#4! Some antifer-
romagnetic materials described by DM interaction exhibit un-
usual and interesting magnetic properties due to quantum fluc-
tuation in the presence of an applied magnetic field. Addition-
ally, it has been found that the DM interaction plays a signifi-
cant role in the degree of the entanglement of the Heisenberg
quantum spin systems. [*>*8] It was found that DM interaction
may increase the critical temperature for a two-qubit XX spin
chain,®! and may excite the entanglement and teleportation
fidelity for a two-qubit XXX spin chain.[# It was also shown
that the entanglement can be efficiently controlled by DM
interaction parameter for the two-qubit XXZ spin model. 4"}
Recently, the mutual effect of DM interaction and transverse
magnetic field on the thermal entanglement for an infinite one-
dimensional spin-1/2 XX model has been studied.!**! Moti-
vated by the importance of DM interaction in actual mate-
rials such as the azurite Cu3(CO3)2(OH);, in this paper we
will focus on the effect of DM interaction between Heisenberg
spins in the dimer on the thermal entanglement of a spin-1/2
Ising—Heisenberg diamond chain. The effects of DM inter-
action will be discussed according to two different directions
of the D vector of DM interaction, respectively. In one case
it is assumed that the D vector is perpendicular to both the
Heisenberg spin dimer bond and to the chain (i.e., D = D.e,),
and the other it is assumed that the D vector is along the di-
rection of the Heisenberg dimer bond (i.e., D = D,e,). We
will calculate the concurrence as a measure of Heisenberg spin
dimer entanglement. According to the argument of Ananikian
et al.,*°! each Heisenberg spin dimer interacts with its neigh-

boring dimer through the classical Ising-type interaction, then
the states of two adjacent dimers become disentangled. Thus,
the calculation of the concurrence can be performed for each
Heisenberg spin dimer separately. The concurrence will be
constructed for different values of exchange interactions, DM
interaction, external magnetic field, and temperature. The crit-
ical temperatures and the critical magnetic fields via differ-
ent DM interaction and exchange interactions will also be ob-
tained, respectively. It will be shown that different DM in-
teraction parameters (D, and D,) have remarkably different
influences on the entanglement near zero temperature and the
critical temperature and magnetic field.
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Fig. 1. (color online) Schematic representation of the spin-1/2 Ising—
Heisenberg diamond chain. The black circle S,,; represents Heisenberg
spin, and the blue circle o, represents Ising spin. The black solid line
corresponds to Heisenberg interaction, while the blue dashed line to
Ising interaction.

2. Model and method

We consider a spin-1/2 Ising—Heisenberg diamond chain
model with DM interaction in the presence of an external mag-
netic field. The model consists of the nodal Ising spins alter-
nating with vertical Heisenberg spin dimers (see Fig. 1). Let
us write the total Hamiltonian of the model as a sum over clus-
ter Hamiltonian H = ):nN:1 H,,, where each cluster Hamiltonian
H,, involves all the interaction terms within the n-th diamond-
shaped cluster

Hy, = JoSn1- S +J(0; +05,1)(S5 +S5)

ol+ 0o’
+D-(Sy1 % S2) —h(S5y + 8+ T ) (1)

Here, S, denotes the Heisenberg spin-1/2 operator, and o7
is the Ising spin, Jy > 0 is the antiferromagnetic Heisenberg
interaction constant, and J > 0 labels the antiferromagnetic
Ising-type interaction, D is the DM vector coupling parame-
ter accounting for DM interaction between Heisenberg spins in
the dimer. The last term in the Hamiltonian (1) determines the
Zeeman energy of the Heisenberg and Ising spins in an exter-
nal magnetic field & oriented along the z axis. Since each Ising
spin belongs simultaneously to two clusters, there is a factor
of 1/2 for the Ising spin in the last term of the Hamiltonian (1).
To see the effect of the anisotropic parameter D, in the fol-
lowing discussion, we will consider two different directions
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of the D vector, namely assuming D = D.e, and D = D,e,,
respectively.

Here, we calculate the concurrence C as a measure of en-
tanglement between Heisenberg spins in the dimer. The con-
currence is defined as[4*-%

C=max{A; — Ay — A3 — 14,0}, 2)

where the quantities A; are the square roots of the eigenvalues
of the operator

p=psu(oh @0 )ps, (5, 008) O

in descending order (ps;,, is the reduced density matrix of the
Heisenberg spin dimer and Ggfl is the Pauli operator). The
values of the concurrence are ranged from zero to one when
quantum states are changed from unentangled to maximally
entangled states. The cluster state at thermal equilibrium is de-
scribed by the density matrix p,(T) = exp(—BH,)/Z,, where
B = 1/kgT (kp is the Boltzmann’s constant that we hence-
forth will take equal to 1, and T is the temperature) and
Z, = Trlexp(—BH,)] is the partition function.

3. Thermal entanglement of Heisenberg spin
dimer

3.1. The case with D vector along the z axis

In this section, we assume that the D vector of DM inter-
action in Hamiltonian (1) is along the z axis, i.e., D = D.e,.
As mentioned above, the states of neighboring Heisenberg
spin dimers are disentangled due to a classical character of
the coupling between them via the Ising spin.!*®! Thus, we
can calculate the concurrence for each of the dimers individ-
ually. We consider the n-th cluster consisting of Heisenberg
spin dimer (S, and ;) and two Ising spins (o, and C;1),
and would like to emphasize that each Ising spin belongs si-
multaneously to two clusters. Then, the sixteen eigenvalues of
the n-th cluster Hamiltonian H, (1) can be given as

Ey=E = Z( dh+1o), Ey = Z(4h+Jo)
Ey=Es= i( —Jo—2Y), Es =E7 = %( —Jo+2y),
Eg= Z( 2h—4J+1y), E ](2h—41+10),
Eip= 1 (-6h+47 1), E11—%(6h+41+10)7
Epp = %( 2h—Jo—27), E13=%(2h—fo—27),
E14_%( 2h—Jo+2y),EISZ%(Zh—Jo—i—ZY)a

where ¥ = /D2 +J2, and the corresponding eigenvectors are
expressed as

lwo) = [1011), |y1) = [1110),

ly2) = (0001), |y3) = [0100),

|W4>=\%<ei6\1001 —Joo11)),

|y/5>:\%<ei6\1100 |0110)
1

|"’6>:\ﬁ< ei9]1001) +|0011)
1

|1,/7>:72( e®(1100) +|0110)

lys) = [1010), |yo) =(0101),

lyi0) = [1111), [y11) = [0000),
1 .

|y/12>:ﬁ(e‘9|1101 |0111)
1 .

|y/13>:ﬁ(e‘9|1000 |0010)
1

|W14>:ﬁ( e |1101)+[0111)),

_ 1 i0
ish =7 (e 11000) + |001o>) ,

where 6 = arctan(Jy/Dyz). It is noted that here the sequence of
the standard basis vectors of the Hilbert space associated with
the n-th cluster is defined as {Sy1, Gy+1,S4:2,0n }-

The density matrix p, describing the n-th cluster state at
temperature 7T is written as

18 4
=Y e PE ) (wil, “)
n j—=()

with the partition function Z,

15
Zy =Tr [Z e PE y) (wf

i=0
— ge1/B 2 ﬁ 4
8e470P cosh (4[3) cosh(zﬁ)
e3P [4cosh (hB) +2¢’P cosh (§B>

+2e 7B cosh <32hﬁﬂ . (5)

We construct the reduced density matrix pg,, describing
the Heisenberg spin dimer {S,,Sy} by tracing out two Ising
spins {041, 0, } in the n-th cluster. In the basis vectors {|00),
|01), |10), [11)}, the reduced density matrix ps,, can be given
by

u000
_ILJOowyoO

pSlz_Z Oy*WO ) (6)
000w

where
U= efiloﬁ (2ehﬁ n e(%h-&—!)ﬁ 4 e(%h—!)ﬁ) ,

y— e~ 1B (2e*hﬁ 1 e(=aht)B 4 e(*%th)ﬁ)

)
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 _4ai0 40 2 (N (Y
y 4e'% ed’0P cosh (4B smh(zﬁ),

— 4ail0B 2(h Y
w=4e4"%" cosh <4ﬁ>cosh(2[3>.

The square roots of the four eigenvalues of the operator p de-
fined in Eq. (3) are calculated

w—+ w— v uy
M= bl , M= |y|’ A=A = @)
Z, Z,
so the concurrence as a measure of Heisenberg spin dimer en-
tanglement is given by

C:;max{\y\—\/ﬂ,o}. 8)

We can discuss the effects of DM interaction on the ther-
mal entanglement of the Heisenberg spin dimer by calculating
the concurrence (8). Firstly, we consider the case without
the magnetic field (i.e., # = 0). In Fig. 2, the variations of
concurrence C with the temperature 7 for different values
of D, are plotted in three different cases (i.e., J —Jy < 0,
J—Jo =0, and J — Jy > 0). Disregarding the DM interaction
(i.e., letting D, = 0), one can obtain results presented by the
black solid lines, which are consistent with the results of the
previous literature.3°! For the case with Jy = 1 and J = 0.5
(see Fig. 2(a)), the concurrence C is equal to 1 at zero tempera-
ture, monotonically decreases with temperature increasing and
reaches zero at the critical temperature T; corresponding to the
vanishing of entanglement. Considering the effect of DM in-
teraction, it is found that the critical temperature T;. increases
with |D,|. For instance, T, = 0.867, 0.887, 0.941, 1.022, and
1.123, for D, =0, 0.25, 0.5, 0.75 and 1.0, respectively. It is
also seen that at a fixed temperature (lower than the critical
temperature) the concurrence value increases with the DM in-
teraction. The variation of 7. with D, is shown in Fig. 3, where
the black dotted line corresponds to the case with Jo = 1 and
J =0.5. Itis concluded that the DM interaction favors the for-
mation of thermal entanglement. This consequence is due to

oSNt
Sudo
L L

Fig. 2. (color online) The concurrence C versus the temperature 7 for differ-
ent values of D, with h=0,Jp=1,and (a) J =0.5; (b) J=1;(c) J = 1.1.

the fact that DM interaction induces the quantum correlation
between two Heisenberg spins in the dimer, when the DM in-
teraction is turned on, the low-lying excited states tend to the
more correlated. 4]

Figure 2(b) shows the case with Jo =1 and J/ = 1. When
D, = 0, the concurrence C starts from 1/3 other than 1 at
T =0, and then with temperature increasing it gradually de-
ceases to zero at the critical temperature 7. = 0.693.13°! When
the DM interaction is considered, the concurrence C near zero
temperature (e.g., T = 0.005) increases with |D,

, and grad-
ually reaches its maximum values of 1. The variation of the
concurrence C with D; at T = 0.005 is shown in Fig. 4, where
the red dotted line corresponds to the case with Jo = 1 and
J = 1. In this case, the maximum entangled state with C = 1
appears when the DM interaction parameter |D,| is larger than
0.4. In Fig. 3, it is shown that the critical temperature 7; (red
, but T; of the case with
J =11is smaller than that of the case with J = 0.5 for the same

dashed-line) also increases with |D,

value of the DM interaction parameter D,.

2.0

Fig. 3. (color online) The dependence of the critical temperature 7. on
D, for different values of J with h =0 and Jp = 1.
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Fig. 4. (color online) The dependence of the concurrence C at T = 0.005
on D, for different values of J with 7 =0 and Jy = 1.

The third case (J —Jyp >0, e.g., Jo=1and J =1.1) is
plotted in Fig. 2(c). In the case of D, = 0, the Heisenberg spin
dimer is not entangled (i.e., the concurrence C = 0) at T = 0.
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By increasing the temperature from zero, the Heisenberg spin
dimer remains unentangled up to the first critical temperature
T.1 = 0.145. As soon as the temperature increases from 7¢p,
the concurrence C > 0 (i.e., the thermal entanglement regains,
that is so-called entanglement revival) and takes a maximum
value and then decreases and reaches zero at the second criti-
cal temperature Tcp = 0.617. The existence of the first critical
temperature arises from mixing the entangled excited states
with the unentangled ground state due to thermal fluctuations,
while sufficiently large thermal fluctuations will destroy all
quantum correlations so that the second critical temperature
occurs. It is observed that with |D,| increasing, T;; gradually
decreases to zero, while T¢, increases. Thus, the width of the
temperature interval within which the Heisenberg spin dimer
becomes entangled (i.e., the concurrence C > 0) gets larger by
increasing |D;|. As a result, different from the first two cases
(J =0.5and J = 1), there are two critical temperature lines for
the case with Jo =1 and J = 1.1 in Fig. 3 (shown by two blue
solid lines). Further, from blue solid lines in Fig. 3 it is found
that if |D;| is larger than 0.663, the DM interaction can induce
the entanglement at 7 = 0. In fact, at zero temperature, when
ID.| < |Dz| = 21/J (J —Jy) the ground state contains twofold
degenerate states |yg) and |yo), which are unentangled states
with C = 0 since these states are factorable. However, when
|D:| > |D;
containing |ya), |Ws), |¥i2), and |y3), which are the maxi-

, the ground state becomes fourfold degenerate,

mum entangled states in the subspace of the Heisenberg spin
dimer, corresponding to the concurrence C = 1. Thus, there
exists the quantum phase transition from unentangled state to
maximum entangled state at zero temperature by changing the
DM interaction parameter D,. In Fig. 4, it is shown by the blue
dashed-line that the concurrence C sharply changes from O to
1 at the critical DM interaction parameter value |D§| =0.663.

Now, we proceed to study the role of the magnetic field h
on the thermal entanglement with the DM interaction D,. The
variations of concurrence C with the magnetic field 4 for dif-
ferent values of D, at temperature T = 0.1 are plotted in Fig. 5.
Figure 5(a) shows the case with J —Jy < O (here, Jo = 1 and
J =0.5). With |h| increasing, the concurrence C gradually
decreases to zero, and moreover the critical magnetic field |h|
corresponding to the vanishing of entanglement increases with
|D;|. For instance, |A| = 2.25, 2.40, and 2.81, for D, = 0.5,
1.0, and 2.0, respectively. Here, it is assumed that C with the
value less than 10~ corresponds to the entanglement disap-
pearing. The dependence of the critical magnetic field 4. on
D, is shown in Fig. 6, in which the black dashed-line corre-
sponds to the case with Jo =1 and J = 0.5.

The case with Jy = 1 and J = 1 is shown in Fig. 5(b).
When D, = 0, with increasing the magnetic field % the concur-
rence C firstly increases from 0.333 to a maximum 0.493, and
then gradually vanishes. It is found that this maximum of the

concurrence C increases with |D,| up to 1. For instance, the
maximums of C are 0.639, 0.887, and 0.998 for D, = 0.5, 1.0,
and 2.0, respectively. Likewise, the critical magnetic field |Ac|
also increases with |D;|, but |A¢| of the case with J =1 (also
see red dotted line in Fig. 6) is higher than that of the case with
J = 0.5 for the same value of the DM interaction parameter D,.

Fig. 5. (color online) The concurrence C versus the magnetic field 4 for dif-
ferent values of D, with T = 0.1, Jy = 1, and (a) J = 0.5; (b) J = 1; (c)
J=1.1.

Fig. 6. (color online) The dependence of the critical magnetic field &
on D, for different values of J with Jo =1 and T = 0.1. (Here, it is
assumed that C with the value less than 103 corresponds to the entan-
glement disappearing.)

Figure 5(c) shows the case with Jy =1 and J = 1.1. In
the absence of the DM interaction D, and the magnetic field 4,
the concurrence C is zero and Heisenberg spin dimer is unen-
tangled. By increasing |i| from zero, Heisenberg spin dimer
still keeps unentangled up to the first critical magnetic field
|hci| = 0.23. When the magnetic field increases from |hc],
the thermal entanglement (at 7 = 0.1) revives, and the con-
currence C takes a maximum value 0.264 at |4| = 1.20, and
then gradually deceases to zero at the second critical mag-
netic field |hcy| = 2.78. As mentioned above, when D, = 0
and h = 0, the ground state contains twofold degenerate states
|wg) and |yy), which are unentangled states. At T = 0.1, with
increasing the magnetic field due to admixture of entangled
excited states into the mix state, the thermal entanglement re-
gains at the first critical magnetic field |h¢1|. The existence of
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the second critical magnetic field is completely natural, since
sufficiently large magnetic field will induce the ground state
to be factorable state |yio) = |1111) or |y;;) = |0000). It
is seen that with |D,| increasing, |A.;| gradually decreases to
zero, while || increases. Thus, for the case with Jy = 1
and J = 1.1, distinct from the first two cases with J = 0.5 and
J =1, the dependence of the critical magnetic field /. on the
DM interaction parameter D, is presented by three blue solid
lines in Fig. 6.

3.2. The case with D vector along the x axis

In this section we shall study the case that the D vector
of DM interaction in the Hamiltonian (1) is along the x axis,
i.e., D = D,e,. In principle, the problem of 4-qubit spin mod-
els can be solved analytically. However, for the case with the
D vector along the x axis the analytical expressions of eigen-
functions and the corresponding eigenvalues of the Hamilto-
nian (1) are too complex to be compactly given. Thus, in or-
der to obtain explicit physical results, we resort to a numerical
calculation method based on the standard process given above.

First, we shall start with discussion of the thermal entan-
glement in the absence of a magnetic field (i.e., # = 0). Fig-
ure 7 shows the variations of concurrence C with the temper-
ature 7T for different values of D, according to three different
cases, i.e., J—Jyp <0, J—Jp=0, and J —Jy > 0. For the
case with Jy = 1 and J = 0.5 (see Fig. 7(a)), due to the effect
of the DM interaction D,, the maximum of the concurrence
C is not located at zero temperature any more, but shifts to a
finite 7 value, and moreover is smaller than 1. For instance,
the maximum of the concurrence C is 0.964 at T = 0.115 for
D, = 1.0. This non-monotonic variation of C with T in the
case with the D vector along the x axis is obviously different
from the case with the D vector along the z axis. For the cases
with J —Jy = 0 and J — Jy > 0, the concurrence C increases
with D,, and the non-monotonic variation of C with T is also
observed (see Figs. 7(b) and 7(c)).

(®) —p,=0 ] 1 ol© —p=0_]

1.0 1.0 ---D, =0.50 1.0 ---D,=0.50

----- D, =1.00 weeee D, = 1.00

0.8 0.8b 7 D,=200] gl - D,=200]
506 LUK SR 10617

0 M o ., ——— —r—
0 05101520 0 05101520 O 05 1.0 1.5 2.0

T T T

Fig. 7. (color online) The concurrence C versus the temperature 7 for differ-
ent values of D, withh=0,Jyp =1,and (a) J=0.5;(b) J=1;(c) J=1.1.

After the concurrence reaches the maximum, it decreases
gradually with temperature increasing and vanishes at the crit-

ical temperature 7. The dependence of the critical temper-
ature 7. on D, for different values of J is plotted in Fig. 8.
Compared with the case D, (see Fig. 3), the effect of D, on
the thermal entanglement has a distinct property in the case
with J —Jy > 0 (see blue solid line in Fig. 8), in which the DM
interaction D, can induce the entanglement characterized by a
nonzero concurrence near zero temperature. Specifically, for
very small |D,|, there exist three critical temperature values in
the case with Jy=1and J =1.1.

2.0

Fig. 8. (color online) The dependence of the critical temperature 7; on
D, for different values of J with A =0 and Jy = 1.

Additionally, the dependence of the concurrence C on D,
for different values of J near zero temperature (e.g., 7 = 0.01)
is shown in Fig. 9. For the case with Jo =1 and J = 0.5,
with |D,| increasing, the concurrence C firstly decreases from
1 to a minimum of 0.940 at |Dy| = 1.29, and then gradually
increases, while for the case with J —Jy > 0, it is observed
that the concurrence C increases with |D,|. The results given
by Fig. 9 (for the DM interaction D,) are obviously different
from those of the case D, (see Fig. 4).

1.0 - T~

0.8F Ui ST
0.6 , g .
Q L \\
0.4F \oE -
Vil — J=05,J,=1.0
0.2k Ve J=1.0, Jy=1.0 |
I Vlo---J=1.1, Jy,=1.0
ot
it
or | . . . . .
-2 -1 0 1 2

x

Fig. 9. (color online) The dependence of the concurrence C at 7' = 0.01
on D, for different values of J with h =0 and Jy = 1.

Now, we concentrate on the thermal entanglement in the
presence of a magnetic field. The variations of concurrence C
(at T = 0.1) with the magnetic field & for different values of
D, are plotted in Fig. 10. Figure 10(a) shows the case with
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J—Jo <0 (here, Jy =1 and J = 0.5). Due to the effect of
Dy, with |h| increasing, the concurrence C firstly increases to a
maximum, and then gradually decreases to zero. Likewise, the
critical magnetic field |h.| increases with |Dy|, and the varia-
tion of i, with D, is also shown in Fig. 11 (here, the black
dashed line corresponds to the case with Jo = 1 and J = 0.5).
It is found that for the same value of the DM interaction the
critical magnetic field |hc| of the case Dy is higher than that of
the case D,.

Figures 10(b) and 10(c) show the cases with J —Jy =0
and J — Jp > 0, respectively. Compared with the case D, (see
Figs. 5(b) and 5(c)), the concurrence C shows a different vari-
ation tendency in Figs. 10(b) and 10(c). At T = 0.1, for the
case with J —Jy > 0, there exist two critical magnetic fields
|het| and |hea| (Jhe1| < |hez|) without the DM interaction (see
black solid line in Fig. 10(c)). With |D,| increasing, the first
critical magnetic field |A¢;| gradually decreases, while the sec-

ond critical magnetic field |Ac,| increases (see blue solid lines
in Fig. 11). Noted that for the same value of the DM interac-
he1| of the case Dy is smaller than that of the case D_, but
of the case D, is higher than that of the case D,.

tion,
‘ th

Fig. 10. (color online) The concurrence C versus the magnetic field / for
different values of D, with T =0.1, Jy =1, and (a) J =0.5; (b) J = 1;
©J=1.1.

_6 . . . . .
—0.4 —0.2 0 0.2 0.4

D

x

Fig. 11. (color online) The dependence of the critical magnetic field /¢
on D, for different values of J with Jo =1 and T = 0.1. (Here, it is
assumed that C with the value less than 103 corresponds to the entan-
glement disappearing).

4. Conclusions

In summary, the thermal entanglement of a spin-1/2
Ising—Heisenberg diamond chain with the DM interaction be-
tween Heisenberg spins has been investigated. As is well
known, the DM interaction plays a significant role in the de-
gree of the entanglement of the Heisenberg quantum spin sys-
tems. In this paper, we are concerned with the effects of dif-
ferent DM interaction parameters, relating to variations of di-
rection and amplitude of the D vector, on the thermal en-
tanglement of the Heisenberg spin dimer. Two cases, i.e., z-
component DM interaction parameter (D;) and x-component
DM interaction parameter (D), are discussed respectively. In
the absence/presence of magnetic field, the concurrence as a
measure of spin dimer entanglement is calculated. The varia-
tions of the concurrence with different values of exchange in-
teractions, DM interaction, external magnetic field, and tem-
perature are shown. The critical temperatures and the criti-
cal magnetic fields via different DM interaction parameters
and exchange interactions are also obtained, respectively. It
is found that the DM interaction favors the formation of ther-
mal entanglement. Furthermore, it is shown that different DM
interaction parameters (D, and D,) have remarkably different
influences on the entanglement near zero temperature and the
critical temperature and magnetic field.
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