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Abstract

We consider the ground-state structure of two-component Bose—Einstein condensates trapped
in a triple-well potential. We observe three structural phases of self-trapping, phase separation
and symmetry state phase, which reflect the interplay of the intraspecies and interspecies
interactions. We also show that the transitions from the self-trapping phase to the symmetry
phase and from the phase separation to the symmetry phase are first-order phase transitions,
while the transition from the self-trapping phase to the phase separation phase is a continuous

one.

1. Introduction

Phase transition and coexistence of different phases in a
multi-component system are of great importance to many
areas of physics, chemistry and biology. An ideal system to
study these phenomena is a multi-component dilute atomic
gas mixture of Bose—Einstein condensates (BECs) at zero
temperature, due to the simplicity of its theoretical description.
Multi-component BECs have been extensively studied over
the last few years [1-19]. Many interesting effects have
been experimentally determined and theoretically predicted,
including phase transitions and symmetry breaking [2], effects
produced by a phase difference between components [3],
stability properties [4], Josephson oscillations [5], four-wave
mixing [6], and trapping of boson—fermion and fermion—
fermion systems [7].

A large variety of different species can be used to produce
mixtures of condensed bosons. Mixtures of two different
elements [8], or of different isotopes of the same element [9],
or simply different hyperfine states of the same atom [10, 11],
can be considered. The tunability of inter-species and intra-
species interactions [12] via magnetic and optical Feshbach
resonances makes the mixture of BECs a very attractive
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candidate for exploring a new phenomenon involving quantum
coherence and nonlinearity in a multi-component system.
Lots of studies consider multi-component BECs in a two-
well system (dimer) and reveal many interesting phenomena,
e.g., quantum-correlated tunnelling between the two species
[13], the renewed macroscopic Josephson oscillations and self-
trapping effects [14, 15], the spin tunnelling [16, 17], stability
[18], measure synchronization [19], etc. The richness of the
results provides motivation to go beyond the two-well system
and consider new scenarios where even a richer phenomenon
should be observed. The three-well (trimer) opens new
exciting opportunities; many studies have been carried out
with the single-component BECs in a three-well trap [20-22].

In this paper, we consider the two-component BECs in a
trimer system and study the structural changes of the ground
state with the experimentally controlled parameters U, (U;)
(intraspecies interaction strength) and U, (the interspecies
interaction strength). It is noted that there are three regions in
the phase space for this system corresponding to the symmetry
state (SS) phase, self-trapping (ST) phase and phase separation
(PS) phase, respectively, which depend on the parameters of
interaction strength. The self-trapped phase is referred to as
the stable state, in which the atoms occupy different wells with

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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unequal probabilities. These kinds of self-trapped states were
widely used to describe the unequal occupation of atoms in
each well due to nonlinearity [23-28].

Two kinds of phase transitions are found. From ST and PS
to SS, the transitions are the first-order phase transitions, while
from ST to PS, the transition is a continuous phase transition.

The paper is organized as follows. In section 2, a model
is proposed. In section 3, the numerical results are given. Two
kinds of phase transitions are found. In section 4, conclusions
are given.

2. Model

We consider two-component BECs trapped in a symmetrical
triple well. The Hamiltonian of such a system is given by

H = —Z [Ta(&j&j +6Alj&,) + Tb(l;jl;] +IA?J;B,)]

()]
+%Uazi:ﬁii+%szi:ﬁ;2,i+Uab2[:ﬁaiﬁbi ey

where the subscripts i (i = 1,2, 3) specify the three wells,
a and b refer to two different components, the operators
d} (a;) and Bj (b;), which obey the canonical commutation
relations [a; (5;), &j- (b;)] = 8i;. generate (annihilate) a boson
of components a and b in the ith well, respectively, 7i,; = &j&,-
(Api = lA)jB,-) denotes the particle number operator, the
inter-well tunnelling strengths of two components between
two wells are assumed constants, the intraspecies interaction
strengths U, and U, are all constants, and the interspecies
interaction strength Uy, is also a constant.

As is well known, the emergence of PS in one well
needs large repulsive interaction due to competition between
interaction energy and kinetic energy. Therefore, in some
range of small repulsive interaction, the PS may not occur.
Fortunately, in our paper, we consider only weak repulsive
interaction between components, so PS in each well does not
occur.

In the mean-field approximation (a) = a ((b) = b) with
a (b) being the ¢ number, the Heisenberg equations give rise
to the following equations:

ia; =T, ai+Udla;” + UanlbjI* + Ta;  (2)

1

ibj = =T, Y bi+ Uslb;|* + Usla;I* + Tp)b;  (3)
where j = 1,2,3, the overhead dot denotes the time
derivative, Y ; |a;|* =1 and Y, |b;|* = 1. Three wells are
assumed to be identical and each well can be approximately

determined by a harmonic potential. We can define a

h
My

characteristic length [ = , where m,, is the atomic mass

for component a, and w is the harmonic oscillation frequency,
which is dependent on the shape of the well and the distance
between every two wells. Then the dimensionless variables in
the above equations can be obtained by the transformations
t =o't r=1Ir,U, = 2y y, = Zaliy,

Uy = MU@, T, = hwT, and T, = hwT,, where

k = m,/myp, and N, and N, are the total number of particles
for components a and b. a, and a, are the s-wave scattering
lengths for components a and b, respectively, a,, is the s-wave
scattering length between atoms a and b. The spatial parts
of wavefunctions for the components a and b are normalized

by % and %, respectively. The superscripts of variables
have been omitted in equations (2) and (3).

In this paper, we concentrate on the ground state of
BEC mixtures; therefore, we start with the time-independent
coupled GPEs, written in the following form:

tati = =T, Y _ a; + Udla;]* + Ua |bi[Pai )
J#i

b = =Ty Y bj+ (Up|bi* + Uaplai )b ®)
J#i

where 1, , are chemical potentials of the two components.
Solving numerically the above nonlinear equations together
with total particle conservation conditions ) ; la;|> =1
and Y, |b;|> = 1, we readily obtain the ground state
(ay, az, as, by, by, b3) of the system which consists of the
symmetric state (x; = x; = x; = %, X = a,b) and
asymmetric state (x; = x; # X, x = a, b).

For the symmetric state (SS), every well is occupied by
the same number of bosons for both components. For the
asymmetric state, three cases are thus obtained through index
permutation due to the symmetry of triple wells, x; = x, # x3,
X1 = X3 # X, X = x3 # x;. For generality and simplicity,
we consider only one of the above cases, x; = x, # x3.

If we let x; = x, = x, x3 = Sy, then the asymmetric
ground state can be expressed by (a,a, S,, b, b, Sp). Two
different cases exist as follows.

(1) S; > a and S, > b. In this case, the ground state is in the
ST state. Two components coexist in the same well.

2)S, <aand S, > b(or S, > a and S, < b). In this
case the ground state is in the PS state. Two components
repel each other. If S, = a and S, = b, it is only the
symmetric case mentioned above. Three configurations
of the ground state are shown schematically in figure 1.

3. Phase diagram and phase transition

We sweep the {U,,, U,;,} parameter space in a large range with
different values of the parameters U,, T,, T, and obtain the
phase diagram of the ground state as shown in figure 2. The
phase diagram is divided into three regions, corresponding to
three configurations of the SS phase, ST phase and PS phase,
respectively. The thin line denotes the continuous transition
between the ST phase and the PS phase, while the thick curve
denotes a first-order phase transition between the ST state and
the SS state or between the PS state and the SS state. Point S
is a three-phase point where the ST phase, PS phase and SS
phase meet together.

The phase diagrams of the ground state for different
values of U, are shown in figure 3(a), where U, = —0.1, 0.5
respectively which are different from that in figure 2; the other
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Figure 1. Schematic drawing, showing three configurations of the pping
ground state. The black solid line indicates the component a, while -0 o 3 5 0 0
the red dashed line denotes the component b. U
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Figure 2. The phase diagram of the ground state for a
two-component triple-well system in the plane of the intra-species
interaction strength U, and the inter-species interaction strength
U,», showing the regions of the PS phase, ST phase, and SS phase.
Here U, =0.1,T, =T, = 0.5.

parameters are the same as those in figure 2. Other many
different values of U, are taken and simulated. From these
numerical results, we know that the three-phase point S is
almost independent of U,,.

Similarly the phase diagrams of the ground state for
different values of 7, = 0.3, 0.8 are shown in figure 3(b),
respectively. The other parameters are the same as those in
figure 2. They show that the three-phase point S depends
on Tp. If the three-phase point S is denoted by (U, U,p) =
(U f hase, O), we find that U }f’ hase dJecreases as T}, increases. The
dependence of U™ on T}, is shown in figure 4.

In the following we choose the variables of both |S,|> and
|S5|? (the occupation in the third well for the two components
a and b, respectively) and try to know how they vary when
they cross the phase boundary.

3.1. The first-order phase transition between the asymmetric
state and the SS state

(1) Phase transition between the ST state and the SS state.
In figure 5, |S,|? and |S,|* are plotted as functions of U,

Figure 3. The phase diagram of the ground state for a
two-component triple-well system in the plane of the intra-species
interaction strength U, and the inter-species interaction strength
U,», showing the regions of the PS phase, ST phase, and SS phase.
(a) The solid line represents the case of U, = —0.1, T, = T, = 0.5,
the dashed line represents the case of U, = 0.5, T, =T, = 0.5,

(b) the solid line represents the case of U, = 0.1, T, = 0.5,

T, = 0.8, and the dashed line represents the case of
U,=0.1,7,=05,7, =0.3.
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Figure 4. The dependence of U} hase on T, where
Uy =0,U,=0.1.

from the ST state to the SS state, where U,, = —0.8 is
fixed. We take U, = —0.1 and 0.5 in figures 5(a) and
(b), respectively. Meanwhile, we take 7, = 0.3 and 0.8
in figures 5(c) and (d), respectively; the other system
parameters are the same.

These figures show that |S,|> and |S,|*> decrease as
U, increases. At the critical point of the phase boundary,
both curves suddenly jump to % This behaviour reflects
the fact that the occupation number in the third well has
a sudden change at the critical point. It indicates that a
first-order phase transition occurs from the ST state to the
SS state since the curve is not continuous at the critical
point.

After further numerical simulations with lots of
different values of the parameters of U, and Tj,, we
find that the critical point is nearly independent of
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U,; however, it depends on 7. The critical point
U™ decreases as T), increases. We conclude that the
dependences of the critical point U;" on the parameters
U, and T} are similar to those of the three-phase point

phase
U

(2) Phase transition between the PS state and the SS state.

In this case, we fix U,;, = 0.8. The dependences of both
|S.|? and |S,|? on U, are plotted in figure 6. It is noted
that as U, increases, |S,|* decreases while | S, | increases.
At the critical point, both | S, |? and |S,|? suddenly jump to
%. It seems that the phase transition between the PS state
and the SS state is similar to that between the ST state

and the SS state, which indicates that it is a first-order

(b)
0.8 ]
—A—|s [
2

1S, 0.6 —o— S
0.4 ]
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—A—| S|

2 .
118, 0.6 —o— | |
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Figure 5. |S,|? and |S;|? versus U, from the ST phase to the SS phase at U,, = —0.8. (a) U, = —=0.1, T, =T, = 0.5,
®®U,=0517T,=1T,=05,c)U,=0.1,T,=05,T,=03,d) U, =0.1,T, =0.5,T, = 0.8.

1.0
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2 4 0
U

b

'
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Figure 6. |S,|* and |S;|? versus U, from the PS phase to the SS phase at U,, = 0.8. (a) U, = —0.1,T, = T, = 0.5,
®®U,=0517T,=1T,=05,c)U,=0.1,T,=0.5,7T,=03,d) U, =0.1,T, =05, T, = 0.8.

phase transition since it is not continuous at the critical
point.

It is also noted from the other different parameters
of U, and T, that the critical point is nearly independent
of U, (see figures 6(a) and (b)); however, it depends on
Tp. The critical point U, decreases as T} increases (see
figures 6(c) and (d)).

3.2. The continuous phase transition between the ST state
and the PS state

Figure 7 shows the dependences of both |S,|? and |S,|> on the
parameter of U, between the ST state and the PS state where
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Figure 7. |S,|? and |S}|? versus U,, from the ST phase to the PS
phase at U, = —2.5. Here U, = 0.1, T, = T, = 0.5.
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Figure 8. (a) |S,|? versus U,, from the ST phase to the PS phase
with different U,. Here U, = 0.1, T, = T, = 0.5.

U, = —2.5. We find that both |S,|?> and |S,|? decrease as Uy,
increases at first, but |S,|? drops sharper than |S,|? until at the
critical point U, = 0.

At the critical point U, = 0, |Sp | reaches its minimum.
By further increasing U,,, |S,|* begins to increase gradually,
while |S,|? continues to decline. At this point, the system
enters the regime of PS.

The variations of |S,|?> with respect to Uy, for different
U, = —29,-2.7,-2.5,-2.3, -2 are plotted in figure 8.
It is found that all curves display the similar behaviour as
that in figure 7. |Sp|? decreases first as U, increases,
and then reaches its minimum value at a critical point
U,, = 0. It increases as U, increases further in the region
of Uab > 0.

In order to know the phase transition in more detail, the
variation of |S,|? against the parameter Uy, is considered
again. We note that |Sy|? is a continuous function of U,y
and find power law scalings at the point U;, = 0 as follows:

|Sp(Uan) > — }Sb( 517)‘2 o« ( ab — Uab)a’ Uah < Uy,
(6)
155 Uan)? = |Sp(Usy)[* o (Uan = Ugp)" U > U,
©)

The dependences of both & and 8 on the parameter U, are
approximately equal to 2, i.e. « & B = 2. This suggests that
the phase transition from ST to PS is a continuous transition.

4. Conclusion

The phase diagram of the ground state of two-component
BECs in a triple-well trap system is studied in this paper.
There are three regions in the phase space for this system, the
symmetry state (SS) phase, self-trapping (ST) phase and phase
separation (PS) phase, which depend on the parameters of
interaction strength. There are two kinds of phase transitions.
One is the first-order transition such as the SS state to the ST
state, or the SS to the PS state. The other transition is from the
ST state to the PS state which is a continuous phase transition.

From the ST phase to the SS state, the occupation
probabilities of both components in the third well decrease
monotonically as the intraspecies interaction strength
increases until it reaches a critical point at the phase boundary,
and then both occupation probabilities become 1/3 (the SS
state is reached).

Similarly, from the PS phase to the SS state, one
of the occupation probabilities of the components in
the third well decreases monotonically, while the other
increases monotonically as the intraspecies interaction
strength increases until it reaches a critical point at the phase
boundary, and then both occupation probabilities suddenly
become 1/3 (the SS state is reached).

The phase transition from the ST phase to the PS phase is
a continuous transition. The phase transition point is a point
where interspecies interaction strength is zero. At this point,
the power law scaling is obtained.

The three-phase point phase transition between the ST
state and the SS state and the phase transition between the
PS state and the SS state are all nearly independent of the
intraspecies interaction strength; however, they all depend on
the inter-well tunnelling strength of the two components.

It will be interesting to investigate the detailed dynamics
(e.g. time evolution) of the phase transitions if the system
parameters such as intraspecies or interspecies interaction
strength are time dependent. We also plan to generalize this
work to the asymmetric open trimer made of three coupled
BECs arranged into a row.
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