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We study the spin distribution and macroscopic entanglement in spinor condensates confined in an anisotropic
potential under external magnetic fields. Different types of magnetic phases can be reached by tuning the magnetic
dipolar interaction strength by modifying the trapping geometry. We investigate the atom-number fluctuations of
the ground state and show that the different internal hyperfine states exhibit super-Poissonian, Poissonian, and
sub-Poissonian distributions with different trapping geometries and strengths of the external magnetic field. We
also propose a scheme to create a macroscopic maximally entangled spin state by slowly sweeping the external

magnetic field.
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I. INTRODUCTION

Bose-Einstein condensates have been studied extensively
for the past ten years [1-16]. More recently, since the
experimental observation of spinor condensates (condensates
with spin degrees of freedom) in 2*Na and 8’Rb atoms [17-20],
their magnetic properties have attracted much attention in
both experimental [18] and theoretical studies [21-26]. Under
a more careful inspection, the long-range magnetic dipolar
interactions (which may originate from the intrinsic or induced
dipole moments of the atoms or molecules [27-33]) may have
arather strong effect on the stability of the condensate [34-36]
and significantly modify the excitation spectrum [37—40]. This
is because even though the total s-wave collisional interaction
strength is much larger than the dipolar interaction strength, the
spin exchange interaction is not necessarily much stronger. A
simple calculation shows that for the f = 1 hyperfine manifold
of 37Rb atoms, the magnitude of the dipolar energy can be as
large as 10% of the spin-exchange energy [41], thus making
a nontrivial contribution to the total spin-dependent energy;
moreover the long-range and anisotropic nature of the dipolar
interaction may further enhance its effects.

The dipolar interaction motivated a detailed investigation of
spinor condensates, and some works have explored the effect
of the dipolar interactions on spinor condensates confined
in multiwell potentials [42—44], where only the dipolar
interactions between different potential wells are taken into
account. Recently, the dipolar effects in a single trapped
spinor condensate with a magnetic-field-free environment was
investigated [5—11]. However, those studies mainly focus on
the atoms trapped in an axially symmetric potential, Vey(r),
with the symmetry axis chosen to be the quantization axis.
In this paper, we will consider dipolar spinor condensates
confined in an anisotropic potential under external magnetic
fields. Such a system can be modeled as a biaxial quantum
magnet. By tuning the strength of magnetic dipole interaction,
the system exhibits different magnetic structures.
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In the present work, we mainly consider the atom-number
fluctuation of three different internal hyperfine states in the
ground state. The results show that atom-number fluctuations
exhibit drastically different features in the three different
phases. In region Z with easy axis along the z axis (the
easy axis corresponds to the direction of minimum energy),
we find the (7)) =0 and mp =0 state exhibits super-
Poissonian distributions, while the myr = —1 state exhibits
sub-Poissonian distributions and (7i_;) = N. In regions X and
Y (easy axis along the x and y axes, respectively), the relation
between the number of different hyperfine states is given by
(fig) = 2(fix1) >~ N /2. For the mp = O state, it displays sub-
Poissonian distributions, while the mr = —1 state exhibits
three different distributions for the different strengths of the
dipole interaction. We also show that the internal hyperfine
states exhibit drastically different atom-number fluctuations
by changing the strength of the external magnetic field. In
addition, we investigate the entanglement in this system.
Based on the adiabatical theorem, we propose a scheme to
create a macroscopic maximally entangled spin state by slowly
sweeping the external magnetic field [5,45].

This paper is organized as follows. In Sec. II, we introduce
the model of spin-1 condensates with dipole interaction
confined in an anisotropic potential under an external magnetic
field and derive a model which corresponds to a biaxial
quantum magnet. In Sec. III, we discuss the ground-state
magnetic structure of the system and investigate the atom-
number fluctuation in different phases. In Sec. IV, we propose
a scheme to create a macroscopic maximally entangled spin
state by slowly sweeping the external magnetic field. Finally,
our conclusions and some remarks on our results are presented
in Sec. V.

II. SPINOR CONDENSATE WITH DIPOLAR
INTERACTION

We consider a dilute gas of trapped bosonic atoms with
hyperfine spin f = 1. The Hamiltonian without the dipolar
interaction and under a uniform magnetic field B, in the second
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quantized form, reads [1,2]

h?v? A
Ho = /drlp;(r)[( Yy + Vext(r))lﬁa(l‘) — gFB

x B -F, Wr)} P / Ay LT Pa ) 500)

+ % / dl'l/;‘i(l‘)&i,(r)Faﬂ 'Fa/ﬂ/lzfﬁ(r)l&ﬂ/(l'), (1)

where 1/, (r) is the atomic field annihilation operator associated
with the atom in the hyperfine spin state | f = 1,m s = a)(a =
0, £1) and F is the angular momentum operator. The mass of
the atom is given by M, and the trapping potential Vex(r) is
assumed to be spin independent. The nonlinear coefficients are
given by

co = 4R (ay + 2a2)/(3M), )

2 = 4w h*(azy — ap)/(3M), 3)

where ay (f = 0,2) is the s-wave scattering length for spin-1
atoms in the combined symmetric channel of total spin f, up
is the Bohr magneton, and gy is Landé g factor.

The Hamiltonian for the dipolar interactions reads [4]

Hddz%i/dr/dr’l

X (GO 0o - P g (0 (1) = 30 (r)
X P (1) (Fop - €)(Fyp - PP ()], 4)

where e=(r—r)/[r —r'|is a unit vector and c¢; =
ko8 %1% /4 is the dipolar interaction parameter, with 1o be-
ing the vacuum magnetic permeability. The total Hamiltonian
is then Hior = Ho + Hyy. For the two experimentally realized
spinor condensate systems (> *Na, 8Rb), we have |c;| < ¢y
and ¢; < 0.1]cz|. Under these conditions, we can invoke the
single-mode approximation (SMA) in which atoms in different
spin states are described by the same wave function ¢(r), so
we can decompose the field operator as [3]

Vo () = ¢(r)aq, (3)

where 4, is the annihilation operator of the spin component «.
Under SMA, the Hamiltonian without dipolar interaction
reads [3]

r_r/|3

Ho =502 — grusB - L, (6)

where B is the strength of the external magnetic field. The
Hamiltonian of the dipolar interaction takes the form

Haa = 4 —L? +3L% + 3aja)
+3c(—L2+ L2 +ala +afay), ()
where

2 /(2
’ c_d/drdr/|¢(r)| |¢(l')| (1 _3C0529g), (8)

Cqg = 4 |r—r’|3
2 7\ (2
o= / 0 d”’|¢(|l;)|_|f/(|2)| n0.e5 % ()
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where 6, and ¢, are the polar and azimuthal angles of
(r—r), respectwely Operator L in Egs. (6) and (7) is
defined as L. = ClJrFa/ga/g, which characterizes the total many-
body angular momentum operator. It is easy to see that
Hamiltonian (7) corresponds to a biaxial quantum magnet.
Rescaling Hamiltonians (6) and (7) by using |c}| as the energy
unit and considering the case of ¢, < 0 for Rb atoms, which
indicates that the spin-exchange interaction is ferromagnetic,
the dimensionless Hamiltonian reduces to

— Dig — E@' a1 +ala_y), (10)

where D = .—3c:1/|c§|,.E = —.3cg/|c’2|, andH =grupB/|c5|.
To get some idea of the interaction parameters, we then choose
the Gaussian wave packet for the condensate wave function

— — 272 2742527 ,2
n(r) = 1 2(qugyq)~ e BT (1)

which yields
4 * >
D(ky,ky) = ] KxKy/ dt te=kiHer/2
|c2] 0
x Io [( — k2)1/2] {2 = 3y/mre" [1 — erf(r)]},
(12)
432 o0 ,
E(ky,ky) = — T ICXKy/ dt e~ ter/22
’ |cal 0

x I [(K —K )t /2]

with ky y = qx.y/q-, Io[x] and I;[x] being the modified Bessel
functions of the first kind, and erf being the error function.
Here we notice that when £ = 0, Hamiltonian (10) reduces to
the uniaxial magnet [4,5].

N —erf()], (13)

III. SPIN STRUCTURE IN THE GROUND STATE

Equation (10) is reminiscent of the Hamiltonian describing
an anisotropic quantum magnet. The ground state of the system
can be found by numerically diagonalizing Hamiltonian (10).
As shown in Fig. 1, the «, and «, parameter plane is divided
into regions X, Y, and Z based on the ground-state wave
function in the absence of magnetic field [45]. Regions
X, Y, and Z represent the ferromagnetic phase with the
ground states |G) = |N, £N),, [N, £N),, and [N, £N),
respectively, where we have introduced the standard angular
momentum basis states |/,m), , . that are common eigenstates
of L? and L, , . In the parameter region —1 < log,oky, < 1
under an arbitrary magnetic field, we find that the value of
the total angular momentum is given by (L.2) ~ N(N + 1) for
N > 5, which indicates the condensate always remains in the
ferromagnetic phase with a sufficiently large number of atoms
and total spin / >~ N [45]. In addition we also find that the
contribution of the linear terms [—Diig — E (&L&l + &I&_l)]
in Hamiltonian (10) is small enough to be neglected.

First, we consider the case that a field is applied lon-
gitudinally along the positive z axis, i.e., H = H,Z. After
dropping the unimportant linear terms and the constant terms,
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FIG. 1. Magnetic phases of a dipolar spin-1 condensate with
ferromagnetic spin exchange coupling on the parameter (k,,k,)
plane in the absence of external magnetic field. Regions X, Y, and
Z correspond to the easy axis being along the x, y, and z axes,
respectively.

the classical version of the Hamiltonian is
£(6,0) = —DN?*cos* 6 + EN?*sin> 0 cos 2¢p — H.N cos 6,
(14)

where (6,¢) denotes the direction of L. The ground state
(6p,¢pp) is obtained by minimizing the energy. In region
Z, the ground state is given by 6y = 0. In region Y, for
H, < 2(E — D)N, ¢(8,¢) has two degenerate minima at

H, m
2(E — D)N) - =g

5)

When H, > 2(E — D)N, the degeneracy is removed, and the
system is completely polarized by the external magnetic field.
Inregion X, for H, < 2|E + D|N, the ground state is given by

¢o = 0.
(16)

When H, > 2|E 4 D|N, the spin direction of the ground
state is polarized along the z axis.

Now we investigate the number of atoms for different
internal hyperfine states under the external magnetic field.
For simplicity, here we consider a weak magnetic field. As
shown in Fig. 2, in region Z (i.e., —1 < log;y«,,, < 0), the
atomic number of the m r = 0 component is given by (7ip) = 0,
and that of the mp = —1 component is (i_;) = N, which
corresponds to the ground state |G) = |N,N),. In the X and
Y regions, we can find (fig) >~ N/2 and (7i_;) = (/i) =~ N /4.

Next, we consider the atom-number fluctuation in terms of
the Mandel Q,, parameter

0 =n/2+ (n/2 — cos™!

Z

l—
2E +

05" =m/2+ <71/2 — cos™ DW) ,

- -1, a7
(Aa)

with O, <0, O, = 0,and Q, > 0specifying sub-Poissonian,

Poissonian, and super-Poissonian distributions, respectively.
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FIG. 2. (Color online) The dependence of the particle number in
the hyperfine states m = 0 and —1 on the trapping geometry (ky, ky).
The parameters we used here are N = 30, H, = 1,and ¢, /|c2| = 0.1.

In particular, when Q, = —1, no atom-number fluctuations
exist. In Eq. (17), « =0, *1 correspond to three different
components. As shown in Fig. 3, the numerical result shows
that in regions X and Y, Q¢ < 0, and the my = O state has a
sub-Poissonian distribution. However, in region Z, Qg > 0,
which means that in this region the mp = 0 state has a
super-Poissonian distribution. At the boundaries between the
different regions (Z and X, Y), Qy attains maximum values,
which indicates the system exhibits the maximum atom-
number fluctuation at the boundaries between different phases.
The mp = —1 state displays a sub-Poissonian distribution
in region Z. At the boundaries between regions Z and X,
Y, Q_, attains maximum values. In regions X and Y, Q_;
displays different Poissonians for different «, and «,. In
region X, for a fixed value of «,, Q_; exhibits a transition
from super-Poissonian to sub-Poissonian distribution as «,
increases. However, in region Y, the spin distribution of Q_;
transfers from super-Poissonian to sub-Poissonian for a fixed
value of k as k, increases.

Now we consider the effect of the external magnetic field
on the atom-number fluctuations. For simplicity, here we focus
on region X in which the easy axis is along the x axis. First,
we define the parameter

H? =2|E + D|N — H.. (18)

With the help of Eq. (16), we can see that when HZ0 > 0, two
degenerate ground states exist; if HZ0 < 0, the system is fully
polarized along the z axis. In Fig. 4, we plot Hf as a function
of external magnetic field and log,, x, with log,y«, = 1. We

0
I0910Kx

1 - -
Iogmxy |0910Ky 1 1

IOg10Kx

FIG. 3. (Color online) The ground-state Q parameters for the
hyperfine states my = 0 and mp = —1. The parameters are chosen
as N =30, H, = 1, and ¢;/|c2| = 0.1.
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FIG. 4. (Color online) The parameter H;’ as afunction of log, «,
and external magnetic field H, with N = 30 and log,, k, = 1.

can see that for a fixed value of log, y, the parameter HZO can
be divided into two regions with H, increasing, i.e., HZ0 >0
and <0. Next, we discuss the atom-number fluctuation. As
shown in Fig. 5, the parameters O _; are plotted as a function
of H; and log,, k, withlog,, x, = 1.1t can be clearly seen that
for a fixed value of log,, «,, when HZO < 0, we find Qy > 0,
which means the mp = 0 state exhibits a super-Poissonian
distribution. When HZF) > 0, we see the mp = O state displays a

sub-Poissonian distribution. For the m = —1 state, it can been
found that the value of Q_; decreases as H, increases. When
H, > 2|E 4+ D|N, Q_; = —1, which indicates that there is no

atom-number fluctuation.

IV. SPIN ENTANGLEMENT

Finally, we consider the dynamic creation of maximally
entangled spin states by using the condensate in region Z.
Quantum entanglement has been used to perform many useful
works in quantum computation and quantum information
science. In the past few years, many methods have been found
to create an entangled state for various physical systems, such
as ion traps, nonlinear optics, nuclear magnetic resonance, and
cavity quantum electrodynamics [46]. Here we adopt a scheme
similar to that used in the uniaxial magnet system by sweeping
the magnetic field which is vertical to the easy axis [5,45].

Before discussing the process of the scheme, we first
investigate the ground state of the system under an external
magnetic field along the hard axis. Without loss of generality,
we focus on the region with D > |E|, which corresponds to
the geometric parameters (x,, k) in region Z in Fig. 1. We

i _q
0 20 40 60
H

z

FIG. 5. (Color online) The Mandel parameters (a) Qp and (b)
Q_, as a function of H, and log,, «,, with N = 30 and log,, x, = 1.
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first apply a magnetic field along the x axis, i.e., H = H,X.
Since we focus on the case of the ferromagnetic, we treat the
total spin L as a classical magnetization vector with length
|IL| = N. After neglecting the unimportant linear terms and
the constant terms, the energy of the system becomes

e(0,9) = —DN?cos* 6 + EN?sin” 0 cos 2¢
— H,N sin6 cos ¢, (19)

where (0,¢) denotes the direction of L. Apparently, when
H, < HY =2N(D + E), the ground state is doubly degener-
ate, and they are located at

T T H,
Oéi) =—= (— —sin”!

2~ \2 M)’ $0=0. (20)

When H, > H, the two degenerate states collapse into one,
the system is fully polarized by the external field, and the two
minima merge along the x axis.

Now we discuss the details of the scheme to create
maximally entangled spin states. First, we introduce a time-
dependent magnetic field H,(¢) which is swept linearly at a
constant rate v < 0; that is,

Ho(t)=H" 4 vt 21)

for + >0, and H® > 0 is the initial field. Initially, we
prepare the initial magnetic field to be sufficiently large,
H" > H*, which means the initial state roughly stays at
the L, = N level. The corresponding energy has a single
minimum at = /2, ¢ =0. Then we slowly reduce the
strength of the magnetic field; when H, < H}, the ground
state is doubly degenerate, which corresponds to the states in
Eq. (20). Then the ground state of the system becomes the
symmetric quantum superposition of the two corresponding
minimal-energy states. If the external field further reduces and
equals zero, the minimal-energy states are given by 6y = 0
and m, which corresponds to the quantum state |N, =N),,
and the state of the system is the maximally spin entangled
Greenberger-Horne-Zeilinger (GHZ) state,

L
V2

In Fig. 6, the overlap between the maximally spin entangled
GHZ state and the generated state is plotted as a function of the
time-dependent magnetic field H,. Figure 6 clearly shows that
when the strength of the field reduces to zero, the overlap
|(¥(t)|GHZ).|*> = 1, which means the system generates a
maximally spin entangled GHZ state.

For the scheme discussed above, we can see that the
dynamical process does not rely on precise knowledge of
system parameters, such as the dipole interaction strength,
particle numbers, and the evolution time. As shown in Fig. 6,
we just set the total particle number N = 10. We can also
notice that over the whole process, the system is always in
the minimal-energy state, which makes the system immune
to the spontaneous emission-induced decoherence suffered by
the electronically excited states [5]. Moreover, this scheme is
rather robust; if the adiabaticity is not strictly obeyed during
the evolution process, the generated state may have slightly
different weights on |[N,N), and |N, —N),, but it remains
a significantly entangled state. Also we notice that if the

IGHZ). = —=(IN.N). + [N, —=N).). (22)
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FIG. 6. (Color online) The overlap between the generated con-
densate state and the maximally entangled state |GHZ) as a function
of the magnetic-field sweep. The total number is N = 10, and the
linear field sweeping rate d H, /dt = —0.08.

magnetic field H is misaligned such that it forms an angle
8¢ to the z axis, it will degrade the entanglement. Finally, the
evolution time can be adjusted by accelerating the sweeping
rate beyond the region near the point H, = H. In addition,
we note that this scheme may be also applied to other biaxial
magnetic materials to create an entangled state.

V. CONCLUSION

To conclude, we have studied a spinor condensate
with dipole interaction confined in an anisotropic poten-
tial under external magnetic fields. Using the single-mode

PHYSICAL REVIEW A 89, 043601 (2014)

approximation, we show the system can be modified as a model
which corresponds to a biaxial quantum magnet. Different
magnetic structures can be reached by tuning the dipole
interaction strength by modifying the trapping geometry. We
have studied the atom-number fluctuation for the three internal
hyperfine states and found that in region Z, the mp =0
state has a super-Poissonian distribution, while the mp = —1
state just displays a sub-Poissonian distribution. In regions X
and Y, (i) =~ 2(fix;) =~ N /2, and the mp = 0O state displays
sub-Poissonian fluctuation, while the mr = —1 state exhibits
three different distributions for the different «, and «,. We also
show that by increasing the strength of the external magnetic
field, the internal hyperfine states exhibit drastically different
quantum fluctuations.

Finally, we discuss the entanglement state generated in
this system. We propose a scheme to create a macroscopic
maximally entangled spin state by slowly sweeping the
external magnetic field. We note that this scheme can also
be applied to other biaxial magnetic materials to create an
entangled state.
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