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Collective modes of a spin-orbit-coupled Bose-Einstein condensate: A hydrodynamic approach
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We studied the collective modes of a Bose-Einstein condensate (BEC) with spin-orbit coupling. We developed
the hydrodynamic equations for spin-orbit coupled BECs and used them to study collective modes in the
plane-wave phase and large Rabi coupling regime for both a uniform BEC and a BEC in a harmonic trap. In
the homogeneous situation, we obtained energy spectra of elementary excitations and found that the spin-orbit
coupling can increase the effective mass of the atoms, which will suppress the sound velocity. The spin-orbit
coupling can also change the spin mixing, which will modify the interaction energy, and may lead to an
enhancement of sound velocity. The competition between these two effects gives the behavior of sound velocity.
In a harmonic trap, we found that the dipole mode and the breathing mode are coupled together in the plane-wave
phase, and these two modes have a 7 /2 phase difference, because the spin-orbit coupling and the interaction are
not invariant under spin rotation. However, in the large Rabi coupling regime, the dipole mode and the breathing

mode are decoupled due to the symmetry restriction.
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I. INTRODUCTION

Spin-orbit (SO) coupling is an interaction between a
quantum particle’s spin and its momentum. SO coupling plays
an important role in condensed-matter physics. In electronic
systems, it leads to some novel concepts, such as the quantum
spin Hall effect and topological insulators [1], which have
potential applications in spintronics and topological quantum
computations. On the other hand, in cold-atom systems, a main
subject is to simulate condensed-matter physics with dilute
neutral atoms. Since atoms are neutral, they cannot interact
with external electromagnetic fields. However, a synthetic
gauge field, both Abelian or non-Abelian, can be coupled
to neutral atoms by engineering the interactions between
atoms and laser fields (for a review, see [2]). SO coupling
is the simplest non-Abelian gauge potential, which is spatially
independent. During 2009 to 2011, the NIST Group has
successively realized uniform vector potentials [3], synthetic
magnetic fields [4], electric fields [5], and SO coupling
in a ¥Rb Bose-Einstein condensate (BEC) [6], which is
a combination of equal Rashba and Dresselhaus strengths.
The SO-coupled BECs began to attract attention over last
few years. Their ground-state properties [7-9], fluctuations
above the ground state [10,11], and SO-coupled BECs with
other cold-atom techniques, such as dipole-dipole interactions,
optical lattice and rotating trap [12], have been studied.
Recently, SO-coupled degenerate Fermi gases have also been
realized with “°K atoms [13].

In cold-atom systems, collective modes, which are the
low-energy excitations of a quantum gas, can be measured
precisely [14,15]. Measuring the collective modes can help us
to understand the physics of a quantum many-body system
[16]. By measuring the splitting between two quadrupole
modes, one can probe the angular momentum of a rotating
BEC [17]. Studying scissors modes can give us direct evidence
for superfluidity of a trapped BEC [18]. Observation of
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a damped dipole mode of a one-dimensional BEC in a
combined harmonic trap and optical lattice demonstrates
the important role of quantum fluctuations in an optical
lattice [19]. Measurement of breathing modes allows us to
test the Lee-Huang-Yang correction beyond the mean-field
theory of a strongly interacting quantum gas [20]. Recently,
the center-of-mass motion of BECs under artifical gauge
potential has be studied by numerical computation [21] and
by experiment [22,23].

There are various methods of studying the collective modes,
such as the sum rule method, the hydrodynamic approach, and
the variational method. The hydrodynamic approach describes
a quantum liquid or gas using few variables, such as densities
and velocities. For a BEC in a trap, hydrodynamic equations
are valid in the Thomas-Fermi (TF) regime, Nag/ap, > 1,
where the interaction energy dominates the dynamics of the
condensate [16]. (Here N is the number of atoms, a; is the
s-wave scattering length, and ay, is the length of the harmonic
trap.)

In this paper, we studied the collective modes of a BEC with
SO coupling realized in the NIST experiments. We developed
the hydrodynamic equations for SO-coupled BECs, and used
them to study the low-energy excitations in the plane-wave
phase and large Rabi coupling regime both for a uniform BEC
and a BEC in a trap. In the homogeneous situation, we obtained
an energy spectrum of elementary excitations. In the long-
wavelength limit, the elementary excitation is the sound wave
in the condensate. We found that SO coupling can increase the
single-particle effective mass of the atoms, which will suppress
the sound velocity. However, SO coupling can also change the
spin mixing, which will modify the interaction energy, and may
lead to an enhancement of sound velocity. The competition
between these two effects gives the behavior of sound velocity
both in the plane-wave phase and in the large Rabi coupling
regime. Then we studied the collective modes of a SO-coupled
BEC in a harmonic trap. We found that in the plane-wave
phase, the dipole mode and the breathing mode are coupled
together, and they have a /2 phase shift. However, in the
large Rabi coupling regime, the dipole mode and the breathing
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mode are decoupled. We did not investigate the collective
modes in the stripe phase because we cannot find an analytic
or perturbation ground-state condensate wave function for the
stripe phase which satisfies the Gross-Pitaevskii equations of
a SO-coupled BEC.

II. THE MODEL AND HYDRODYNAMIC EQUATIONS

The effective Hamiltonian of SO-coupled Bosons in the
NIST experiments is given by [6,8]:

s (etmg o L, 20 b PN
H= |dr |V HVY+ 81 + 7822 + gipin, |,

X o o (1)
where Wi =], #]) and A;(r) = ¢l @), j=1.2.
1 »(r) are the field operators of two-component bosons (spin-
up and spin-down). g;; is the interaction strength between the
atoms. H, is the single-particle Hamiltonian, which is given
by
1
—5?
2m *©
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Here m is the mass of the atoms; 2 is the Rabi coupling
between spin up and spin down. kg0, is the vector potential;
h is the Zeeman splitting between spin up and spin down; and
V(r) is the trapping potential. Here we set i = 1.

Consider a simple case withh =0, V(r) =0, g;; = g»n =
g, and g;p = ng. One can see in this situation that the
Hamiltonian is invariant under space inversion. When n = 1,
the interactions between atoms are SU(2) invariant under spin
rotation. However, in general, n # 1, and the SU(2) symmetry
is broken. Since the SO coupling here is only in the x direction,
we can treat the system as a one-dimensional system. The
single-particle Hamiltonian is reduced into

1
Hy = —(—idy — koo.)* + Q0. 3)
2m

The single-particle spectrum can be obtained by diagonalizing

3):
e (k) = ﬁ(k2 +ky) £/ (kok/m)? + Q2. 4)

There are two branches of a single-particle spectrum. When
Q< k(z) /m, the lower branch has a double-well structure, with
two degenerate single-particle ground states at k = £k, =
+kov1 — (kz—z/zm ) [see Fig. 2(a)]. When Q > k(z)/m, the lower
branch has only one minimum at k = O [see Fig. 6(a)]. The
single-particle wave functions in the upper and lower branch
are given by

up _ L . COs (Vk/z)
#00 = —mexpliko) (g 7). 5)
low _ L . —sin (yk/z)
¢ (x) = ﬁeXp(lkX)< cos(i/2) ) (6)
where L is the length of the system, and siny; =

Q/+/(kok/m)* + Q2. The single-particle wave function re-

veals that the direction of the spin is coupled to the momentum
of the atom. When the momentum of an atom changes, the

PHYSICAL REVIEW A 85, 053607 (2012)

direction of its spin will rotate, and (o) will also be changed.
This is the essence of SO coupling.

In the 2 < k(% /m regime, assume that all atoms condense
on a superposition state of the two degenerate single-particle
states in the lower branch. The condensate wave function can
be written as

Y = VN [cos Lglr @ +sinZgr 0] @)

2 —kin

where cos(x/2) and sin(x/2) are the superposition coef-
ficients. Substituting Eq. (7) into the Hamiltonian (1), one
obtains the mean-field energy up to a constant, which is a
function of yx,

E = [Ngp{[2+ (n — 1)sin’ ] + § sin® x(2 cos® y,,
+sin® i, )(n — ne)) (8)

where p = N /L is the average density of the condensate, and
1. is given by

2
e L ©)
+ tan- yy,,

Minimizing the mean-field energy with respect to x, we find
two distinct phases. For < 1., we have sin? x = 1. This
is the so-called stripe phase, in which atoms condense on
a superposition state of k =k, and k = —k,,. For n > n,,
we have sin? x = 0. This is the plane-wave phase, in which
atoms condense on a single plane-wave state k = k,, or k =
—k,,. When increasing n across 7., there will be a quantum
phase transition from the stripe phase to the plane-wave phase
[8]. The total density of this system can be obtained from a
condensate wave function (7),

ox) = %(1 + sin x sin y,, c0s 2k, x). (10)
One can see that in the stripe phase, the total density is
modulated by a wave vector 2k,,, while in the plane-wave
phase, the density is uniform. The stripe phase breaks the
translational symmetry, while the plane wave breaks the
time-reversal symmetry and parity symmetry. They both break
the U(1) gauge symmetry of total phase.

Inthe Q > kg /m regime, most atoms condense atthe k = 0
state. Therefore, the condensate wave function can be written

as
_ N (-1/V2
wx)—,/L(l/ﬁ), (11)

and the mean-field energy is
E = {Ngp(l +n). (12)

In the Q > k(% /m regime, the condensate also breaks the U(1)
gauge symmetry of the total phase. The phase diagram of this
SO-coupled BEC is shown in Fig. 1. In this paper, we consider
only the collective modes in the plane-wave phase and in the
Q > k3 /m regime.
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FIG. 1. (Color online) Phase diagram of a SO-coupled BEC.
When Q < k3 /m, the lower branch of the single-particle spectrum has
a double-well structure. When > k% /m, the lower branch has only
one minimum. The phase boundary of the stripe phase is determined

by Eq. (9).

From Hamiltonian (1), the time-dependent Gross-Pitaevskii
(GP) equations of SO-coupled BECs are given by

1
0,y = [ﬁ—iax — ko)? + V(x) + glyn |2
+nglynl* — u}m + Qn, (13)
iy = [i(—iax 4 ko + V) + glval
2m

+nglyn|* — M}% + Qyy, (14)

where w is the chemical potential and v; are the condensate
wave functions of two components. Let ¥; =, /p; exp(i0;);
the real parts of Egs. (13) and (14) give

96 1 3a2y/p 1 )
=——= — (3,0, — k v
v m Jor +2m( 01 — ko)” + V(x) + goi
+ngp2 — u+$2,/p cos(01 — 0y), (15)
892 1 8 /P2 2
= — (8,65 + k 1%
o m NG + ( h + ko)™ + V(x) + gp2
+ngp1 — M+Q‘/p2 cos(t — 62), (16)

respectively, and the imaginary parts give

0 1 .

% = =, [p1(3:6) — ko)l — 22/p1 7z in(6) — ),
a7

3,02 1 .

& = _Zax [02(0:02 + ko)l + 282,/p1 p2 sin(0; — 62).
(18)

Those equations about p; and 6; are so-called hydrodynamic
equations for SO-coupled BECs. The low-energy excitations
can be obtained by considering small deviations from the
ground state.
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III. THE EXCITATIONS OF A HOMOGENEOUS BEC IN
THE PLANE-WAVE PHASE

First let us consider the low-energy excitations for a homo-
geneous SO-coupled BEC in the plane-wave phase, where the
external potential V(r) is a constant. The first step is to find
out the ground-state condensate wave function satisfying the
GP equations. Since it is difficult to find an analytic ground-
state wave function, we employed a perturbation treatment.
Considering Q < k3/m, the term Qo, can be treated as a
perturbation. One obtains the ground-state condensate wave
function in the plane-wave phase up to second order of <2 as

02/ 2
v = ,/pexp (ikox) (l _%//;f > , (19)

where f = Zk(% /m + (n — 1)gp and the corresponding chem-
ical potential is u = gp — 2]‘(2’#92. It is easy to verify that the
condensate wave function (19) satisfies the GP equations (13)
and (14) up to Q2. This condensate wave function gives the
densities and phases of spin-up and spin-down components
in ground state as p} = p(1 — Q2/f?), p§ = pQ?/f? and
0 = kox, 65 = kox + 7. We note that the phase difference
between spin-up and spin-down components is locked tom by
Rabi coupling €2 in the ground state. We substitute o} 1o and 91 2
into the hydrodynamic equations (15)—(18), and find that they
satisfy the hydrodynamic equations up to Q2. That implies
,olg.2 and Qf , are the equilibrium solutions of the SO-coupled
hydrodynamic equations.

Considering small fluctuations of densities and phases
above the ground state p; = p} + 8p;, 6; = 67 4 80, substi-
tuting the fluctuations into the hydrodynamic equations, and
keeping to linear terms, we obtain

38 !
_8‘;1 - _;—lafael +29,/ 0% 03 (86; — 86,), (20)
38 g 2k
%P2 _ _’0_23)%502 — pYp5 (861 — 86,) — —Oax&oz,
t m n
(21
986, L,
— = _Waxsm + gdp1 + ngdpa
1
Q 1 03
~5 | ==d0— [ 5001 ] (22)
Pio5 Pi
986, I,
2

2ko
+ 225,86,.
m

Qf 1 Pt
) ——8p1 — 5,02
Pi Py oy
(23)

These equations describe the fluctuations of a homogeneous
SO-coupled BEC in the plane-wave phase. To find out
traveling-wave solutions, we assume
Spj(x,t) = 8pj cos(kx — wt), (24)
86;(x,t) = 80 sin(kx — wt). (25)
Substituting these ansatzes into Egs. (20)—(23), one obtains an
eigenequation as
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Numerically solving this eigenequation, one obtains the
excitation spectrum of a SO-coupled BEC in the plane-wave
phase, which is displayed in Fig. 2(b). The excitation spectrum
has two branches, consisting of the single-particle spectrum.
The lower branch is gapless, which is a Goldstone mode,
corresponding to the spontaneous breaking of U(1) gauge
symmetry of the total phase. The upper branch is gapped,
since the Rabi coupling 20y locks the relative phase between
spin-up and spin-down components, so the fluctuations of
relative phase will cost finite energy.

We note that the spectrum of elementary excitation is
unsymmetrical under k — —k. In the plane-wave phase, most
atoms condense in the k =k, or k = —k,, state, so the
parity symmetry is spontaneously broken. However, at long
wavelength, k — 0, the excitation spectrum is symmetric and
linear, w(k) = c |k|, corresponding to the sound wave in the
condensate, and c is just the sound velocity. By tuning the
coupling 2 and interaction parameter 7, one can change
the sound velocity. The dependence of sound velocity ¢ on
2 and n is displayed in Fig. 3, where Ac = ¢ — ¢p and ¢y =
+/gp/m is the sound velocity in a BEC without SO coupling.
From Fig. 3(a), one can read that Ac is proportional to .
The proportionality coefficient is negative when n < 3 and
positive when n > 3. At no = 3, Ac = 0 and does not change
with Q.

One can employ a phenomenological analysis to explain
this behavior. The sound velocity of a gas is defined as

— (26)
pmg

(a)

/(i /m)
[3%]

/ |

k/ko

where K = p?du/dp is the compressibility, and m§ is the
effective mass of particles. In the plane-wave phase, most
atoms condense at state k = k,,, so the chemical potential can
be obtained up to 2 from Eq. (8),

( )2 og|1+ <—Q )2 @=D\ " 5
2m) "¢ 2m) 2 |
2k§/m

This formula is consistent with u = gp — e 2, obtained
by solving SO-coupled GP equations, in the weakly interacting
region, gp <K 2k(2) /m. The first term of Eq. (27) comes from
lowering the zero energy point of a single-particle spectrum. It
does not affect the excitation properties of condensates and
can be removed. The second term reveals how 2 affects
the interaction energy. In general, n # 1, which means the
interactions between the spin-up and spin-down components
are different with the one between the same spin components.
So from Eq. (6), when one increases €2, spin mixing will
be increased, and that will change the interaction energy of
condensates. From another aspect, atoms condense at k = k,,
in the plane-wave phase, so the effective mass mg at k,, can be
calculated from the single-particle spectrum:

—11 2\’ 28
a1 | o

Substituting effective mass (28) and chemical potential (27)
into (26), one obtains the sound velocity up to second order of

kg
2m

,[,L:

1 9%e_(k)
mik,) Ok

K

Q as
Ac _1( @ 2( 3 29)
o 4\/m) "
(b)
5p ‘
4,
~ 3r
g
L 2
G i
0
[ S S S 0 1 2

k/ko

FIG. 2. (Color online) (a) Single-particle spectrum of an atom with NIST-stype SO coupling at regime Q < k2 /m. (b) Elementary excitation
spectrum of a SO-coupled BEC in the plane-wave phase. Here /(k3/m) = 0.1, gp/(k3/m) = 0.5, and n = 2.
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FIG. 3. (Color online) (a) Sound velocity of a SO-coupled BEC depending on €2/(k3/m) in the plane-wave phase. Here Ac = ¢ — ¢y,
gp/ (kg /m)=0.5,andn = 2,2.5, 3, 3.5, 4 for circular, square, diamond, triangular, and inverted triangle points, respectively. (b) Sound velocity
of a SO-coupled BEC depending on 7 in the plane-wave phase. Here Q/(kZ/m) = 0.05 and gp/(k3/m) = 1/8, 1/4, 1/2 for circular, square,
and diamond points, respectively. The dashed line represents the results from Eq. (29).

We note that at nyg = 3, ¢ = ¢y, which is consistent with the
results from solving hydrodynamic equations. The changes
of sound velocity by tuning €2 come from two effects. One
is the change of single-particle spectrum, which modifies
the effective mass. The other is the change of interaction
energy, which leads to the changing of chemical potential. The
behavior of sound velocity is due to the competition between
these two effects.

IV. COLLECTIVE MODES OF THE PLANE-WAVE PHASE
IN A HARMONIC TRAP

Since most experiments of cold atoms are carried out in
a harmonic trap, it is natural to investigate the collective
modes of a SO-coupled BEC in a trap. To study the collective
modes in a harmonic trap, we first employ the local density
approximation (LDA), assuming the trapping potentials are
weak compared to the interaction energy of a BEC. One obtains
the TF ground-state condensate wave function in the trap up
to second-order perturbation as

02/ 2
= p(x)exp(ikgx)<1 _%//J%(J; )(x)>, (30)

where the local total density p&(x) = “77‘/("), and f(x) =

ZkS /m + (n — 1)gp(x). Based on this ground state, the equa-
tions of fluctuations in the trap become

s :
7’“ = —LL5280, — 0,0%0,00, + 292,/ 0t 0t (86, — 862),
m
(31
s 3 .
D02 L2250, — b,p80,86, — 29,/ ppt (86, — 562)
ot m
2%k
~ 28,50, (32)
m
350 of 1 [ o
_3_t] = gdp; + ngdépr — 5 82 — —g235,01 )
NETG Py

(33)

986 Q 1 P}
5, = 8%, tngdor — o | —==0p1 = [—50p
o505 3

2ko
+—0,80,, (34)
m

where we have ignored the so-called “quantum pressure terms”
[24]. To solve those equations and obtain the collective modes,
we assume that the fluctuations are as follows:

8p1 = X1(x)coswt + Y1(x)sin wt, (35)
ép2 = X1(x)coswt + Y (x)sin wt, (36)
86; = ay(x)cos wt 4+ B1(x)sin wt, (37)
86, = aq(x)cos wt 4+ B1(x) sin wt. (38)

Substituting Eqgs. (35)—(38) into Egs. (31)—(34), one obtains

g
Jo 1
wX = =228 — —d,pf0:B1 + 292/ p 05 (B1 — B2),
m m
39)

g
0 1
oY) = ;1335061 + - L pY0cy — 224/ pi 05 (o — o),

(40)
5 1
wXs = =297 — — 050 — 22/ pi 05 (B1 — Ba)
m m
2k
——0, Y, 41
m
03 1.,
WY = ;283012 + EaxpgaxWZ 429,/ 0805 (@) — a2)
2k
+220,X,, 42)
m
Qf 1 p3
wo) = —gY) —nng-l-E ) — ?YI , (43)
piP5 Pi
Qf 1 P
wpPi =8X1+718X2—5 X5 ?Xl , (44)
pios Pi
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FIG. 4. (Color online) Profiles of collective modes of a SO-coupled BEC in a harmonic trap in the plane-wave phase. (a) The profile of
total density. The solid line is X,(x), which is a dipole mode; the dashed line is Y,(x), which is a breathing mode. (b) The profile of spin
polarization. The solid line is X, (x) and the dashed line is Y, (x). Here Q/(kg/m) =0.25, u/wy =45,n = 1.2, and (ké/m)/a)o =4.

Qf 1 P
way = —gYs —ng¥1 + — Y —= 1
2 g g 8
P1P; P2
2ko
——0:f2, 45)
m
Qf 1 Pt
wpy = gXo +1gX1 — = I —5 X2
2 g g g
P10, P2
2ko
+—0,s. (46)
m

Numerically solving those equations, we obtain the frequen-
cies of collective modes. Denoting total density fluctuation
as 8p(x,t) = 8p1(x,t) + 8p2(x,¢t) and spin polarization fluctu-
ation as SM (x,t) = 8p1(x,t) — 8pa(x,t), we have

8p(x,t) = X ,(x)cos (wt) + Y,(x)sin (wt),
SM(x,t) = Xpy(x)cos (wt) + Yy (x)sin(wt),

(47)
(48)

where  X,(x) = X1(x) + Xo(x), Xy(x) = Xi(x) — Xo(x),
Y,(x) =Yi(x) + Ya(x), and Yy (x) = Yi(x) — Ya2(x). Here we
focus on the lowest collective mode. Th profiles of the lowest
collective mode are plotted in Fig. 4. It shows that X,(x) is
a dipole mode, which is a center-of-mass oscillation of the
condensate. (It is not an exact dipole mode as X ,(x) ~ x. It
is a combination of dipole mode and other modes with odd
parity, but the dipole mode gives the primary contributions.)
Y,(x) is a breathing mode, which describes the oscillation
of the size of the condensate. [It is not an exact breathing
mode, Y,(x) ~ P>(x), but a combination of other modes
with even parity, but the breathing mode gives the primary
contributions. Here P,(x) is the Legendre polynomial.] For
a single-component BEC without SO coupling, the dipole
mode and the breathing mode are decoupled and have different
oscillation frequencies. However, in a SO-coupled BEC the
dipole mode and the breathing mode are coupled together.
In addition, from Egs. (35)—(38), one can see that there is a
/2 phase difference between these two modes. When the
center-of-mass of a SO-coupled BEC oscillates in the trap,
the size of the BEC will also oscillate. X 4;(x) and Yy, (x) show
spatial distribution of spin polarization fluctuations, which can
also be regarded as a Rabi oscillation.

When a particle oscillates in real space, due to the SO
coupling, its spin will also oscillate. Since the interactions

between the atoms are not invariant under SU(2) spin rota-
tion in general, n # 1, oscillation of spin polarization in a
condensate will induce an oscillation of interaction energy.
As we know, in the harmonic trap the TF radius R of the
condensate is determined by the balance of interaction energy
and trapping potential. When the interaction energy changes,
the size of the condensate will also change. Hence, the dipole
oscillation in this system will induce the size oscillation of
the condensate, which is just the breathing mode. From the
discussion above, we note that the breathing mode has the same
phase with the spin oscillations, whose phase is consistent with
the oscillations of momentum. In addition, in the harmonic
trap, the phase difference between momentum oscillation and
center-of-mass oscillation, that is, the dipole mode, is just
/2. That explains why the dipole mode and the breathing
mode have the /2 phase difference. The coupling of the
dipole mode and the breathing mode is a joint effect of SO
coupling and SU(2) symmetry breaking of the spin invariance
of interactions.

The oscillation frequencies, Aw = w — wy, depending on
Q and 7, are displayed in Fig. 5, where wy is the trapping
frequency. One can see that such a dependence is very similar
to the one of sound velocities in a homogeneous SO-coupled
BEC. That is because the dipole mode and the breathing mode
of a trapped BEC can be regarded as the phonon modes with
wave length 2R and R, respectively. However the transition
point 79, at which Aw = 0, is not a constant, but decreases
with chemical potential [see Fig. 5(b)]. One can employ
a semiclassical analysis to understand this phenomenon.
Assume all the atoms condense in the single-particle state
k in the lower branch during the dipole oscillation. Therefore,
the kinetic energy and the interacting energy are the functions
of k

Ex(k)=N [ﬁ (k* + kg) — /(kok/m)* + 92] . (49)
2

(kok/m)* + Q2

1 1
Ey(k) = ENgP |:1 + 3 n—0

} . (50)

We can expand them around equilibrium state k = k,, to
second order:

1 2
Ex(k)/N = o———(k — kn)",

2m3Ghon) Gb
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FIG. 5. (Color online) (a) Collective mode frequencies of a SO-coupled BEC in a harmonic trap versus /(k3/m) in the plane-wave
phase. Here Aw = @ — w, with w, the trapping frequency. The circles, squares, diamonds, and triangles are for n = 1.2, 1.26, 1.3, and 1.32,
respectively. We have used i /wp = 50 and (k3 /m)/wo = 4. (b) Frequencies depending on 1 in the plane-wave phase. Here /(k3/m) = 0.0125
and (k2/m)/wy = 16. The circles, squares, and diamonds are for 1/wy = 18, 19, and 20, respectively.

Ei(k)/N ~ (k — kn)*. (52)

2my (k)
Here myg is the effective mass coming from single particle
spectrum (28), and m{ is the effective mass origin from the
interaction between the particles:

I _dE®/N| 1 3( Q )zgp(,,_l)
mikn) 0k |, m|2\k/m ki/m |
(33)
Therefore, the total energy is
1 2, s,
E/N = - (k — k)™ + SMmwpx”, (54)

where 1/m* =1/m§(k,) + 1/m{(k,) is the total effective
mass. From Egs. (54) and (27), one can find the frequency
shift of the dipole mode as

2
]
wp 2 \ki/m 2 k(z)/m

and obtains g ~ 1 + %kfz’% That explains the phenomenon
that the no decreases with the chemical potential shown in
Fig. 5 qualitatively. When 2 increases, m§ increases, while m{
decreases. Similar to the behavior of the sound velocity in a
homogeneous situation, the behavior of dipole mode frequency
in harmonic trap is also the result of competition between the
changes of a single-particle spectrum and interaction energy
with Q. However, the frequency shift given by Eq. (55) is
not quantitatively consistent with the one obtained by the
hydrodynamic approach because the assumption that all atoms
are in the same single-particle state during the oscillation is
not accurate.

V. LARGE RABI COUPLING REGIME

In the Q > k2/m regime, the lower branch of the single-
particle spectrum becomes a single-well structure, and most
atoms condense in the k£ = 0 state. One can find the ground-
state condensate wave function as

o (-1
o= 1(3)

which satisfies the GP equations of a SO-coupled BEC (13) and
(14). The corresponding chemical potential is = k3 /2m —
Q + go(n + 1)/2. Considering the small fluctuations above
the ground state, one find the equations of fluctuations in a
uniform potential as

38 k
DO — L9256, + Q0 (56 — 862) + a1, (57)
ot 2m m
38 k
D0 L 256, — Qp (36 — 862) — 0,802, (59)
at 2m m
3860, 1, Q
——— = —-—3;8p1 + gdp1 + ngdp2 — — (8p2 — ép1)
ot 2mp 0
k
205,86, (59)
m
380 1 Q
— =2 = 8280, + g8p2 + 118801 — — (Bp1 — 802)
ot 2mp P

k
+09.86,. (60)
m

Solving those equations, one obtains the dispersion relation
for the Q > kg /m case, which is plotted in Fig. 6(b).
One can see the dispersion relation has also two branches.
The dispersion relation is symmetric under k — —k, because
the ground state in © > k3 /m regime is invariant under space
inversion. Just as the previous analysis, the effective mass

miatk =0ismg ' (0)=m (1 — kg#) and compressibility
K = %g,o(l + 1). One can find out the sound velocity as

2
32\/1ﬂ (_M), .
Co 2 Q

This formula fits well with the results calculated from
hydrodynamic equations, shown in Fig. 7(a). Unlike the
plane-wave phase, €2 only changes the effective mass mg~ 1(0),
but does not change the compressibility. Because from
Eq. (6), we know that at the £ = O state, spin-up and spin-down
components have equal populations, and spin polarization will
not change with Q. In the limit > k3/m, m%(0) ~ m, the
sound velocity is only dependent on 7.

In a harmonic trap, employing LDA, one obtains the
condensate wave function as

p8(x) (-1
=723, @
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FIG. 6. (Color online) (a) Single-particle spectrum of an atom with NIST-type SO coupling in the > k3/m regime. (b) Elementary
excitation spectrum of a SO-coupled BEC in the > kZ/m regime. Here Q/(kZ/m) = 3, gp/(k3/m) = 1, and n = 2.

— u=V)

where p&(x) = So the fluctuation equations in the trap

PE o 1
g(+m)/2° oY) = —=—3; — — 0,080 + Qp® | ;) — Lotz
can be written as 2m 2m
ko
24 g 1 + 0 X1, 68
DOV P 5250, — — 5, 080,86, + 2p* (56, — 865) ! (68)
ot 2m 2m 1
k X, = — ——32——ax 3, +Q Qpt
—1—088,01, 63) wX> ( o 0 T 2y QP70+ p)ﬂz+ 0°B1
ko
24 1
20 _ ——a 56y — — 0, p%0,86> — Q* (86, — 562) +o b, (69)
ot 2m 2m |
k — (92 _ " 5 8 g
__03 802, (64) oY, = < 2m8 o 0xP dx + Qp* ) — Qpcay
0660 ko
— o = 880+ ngdpy — — <8p2 —bp1) — —a 86, (65) — O Xo, (70)
986, - 2y 2y, lﬁa 71
—— - = g9m + ngdpr — —<8p1 —8p2) + —a 86, (66) @ =(g+ LN+ {ng =" |1 Pr. (D)
Q Q ko
Just as in the plane-wave phase, we assume the fluctuations wpr=—{g+ ot X, 8T e X2+ — 8 a, (72)
of densities and phases have the forms as (35)—(38). One Q Q k
obtains way = (g + —g> Y+ (ng - —) Y+ —Oa B, (73)
P pE
P, 1 Q Q ko
X, = — (=292 = —5,p%, + Qp® Qpt - > X
wX ( o 0% = 5, 0xP + /0>,31+ 0" B2 wha (g+pg) <ng p)Xl maaz.
k
——20, 1, 67) (74)
(a) (b)
| T * of
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FIG. 7. (Color online) (a) Sound velocity of a SO-coupled BEC depending on 2 /(ké /m) at regime Q > ké /m. Here Ac = ¢ — ¢y,
gp/(k3/m) = 0.1, and n = 0.5, 1.5, 2.5, for circular, square, and diamond points, respectively. The solid, dashed, and dotted lines are
corresponding results from Eq. (61). (b) Frequencies of the lowest mode (dipole mode) of a SO-coupled BEC in a harmonic trap versus
Q/(k3/m) at regime Q > k3/m. Here Aw = @ — w, with wy the trapping frequency. The circles, squares, and diamonds are for n = 1.5, 2,
2.5, respectively. We have used /wy = 10 and (k3 /m)/wo = 4.
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FIG. 8. (Color online) Profiles of collective modes of a SO-coupled BEC in a harmonic trap at Q > k2/m regime. (a) The profile of
the lowest collective mode. The solid line is X,(x), which is a dipole mode; the dashed line is Y, (x). (b) The profile of the second-lowest
collective mode. The solid line is X,(x) and the dashed line is Y,(x), which is a breathing mode. Here Q/(ké/m) =25, u/wy =10, n =2,

and kZ/wy = 4.

Numerically solving these equations, one obtains the lowest
collective mode and the second-lowest mode in a harmonic
trap, which is plotted in Figs. 8(a) and 8(b), respectively. In the
lowest mode, there is only dipole mode, X, ~ x,Y, = 0.Inthe
second-lowest mode, there is only breathing mode, X, =0,
Y, ~ P,(x). That implies the dipole mode and the breathing
mode are decoupled. From Eqs. (67)—(74), one can obtain

: 1
wX, = — (—p—aj — —8.p%, + Qp) B, + B,

2m 2m
k
~=28, Y, (75)
m
PE o 1
oYy = —5=0; — z—0,0%0 + Qo | ar + LBty
2m 2m
ko
+—8,X,, (76)
m
2Q ko
way =g —ng+— Yy — _axﬁp’ (77)
P m
ko

where B, = B1 + B2, ay =a; —az. One can see these
equations are closed. X, is decoupled with Y, and coupled
only with Yj. One can understand this phenomenon by
considering the interaction energy during the oscillation, Ey(k)
[see Eq. (50)]. In the plane-wave phase, we find Ey(k) is
unsymmetric about the equilibrium state k = k,,,. Assume that
during the dipole oscillation, the amplitude of the momentum
oscillation is Ak. At k,, — Ak, the interaction energy of the
condensate reaches it largest value, and so does the condensate
size. At k,, + Ak the interaction energy and the size of the
condensate are smallest during the oscillation. So the period
of the breathing mode matches with the dipole mode, and
they can be coupled together. However, at regime Q2 > kg /2m,
E1(k) is symmetric about the equilibrium state at k = 0; the
size of the condensate reaches its maximum at £k = 0 and
reaches its minimum at Ak and —Ak during oscillation. If
the breathing mode is coupled with dipole oscillation, the
period of the center-of-mass oscillation will be twice that of
size oscillation. They cannot be matched. So the mode which
is dipole mode coupled with breathing mode cannot be an
eigenmode of the condensate. The frequency shift of the dipole

mode is plotted in Fig. 7(b). The dipole mode is not coupled
with the breathing mode, so we cannot use the effective
mass m| from interaction energy to estimate the frequency
shift. However, the dipole mode is coupled with other modes
with odd parity. So the frequency shift is also dependent
on 7. From another point of view, the ground state at the
Q > k2/2m regime is invariant under space inversion, so the
collective modes above this ground state have certain parities.
Coupling between the dipole mode and the breathing mode is
forbidden.

VI. SUMMARY

We investigated the collective modes of a SO-coupled BEC
in the plane-wave phase and in the large Rabi coupling regime,
both for a homogeneous situation and in a harmonic trap,
by solving the hydrodynamic equations. We developed the
hydrodynamic equations for a SO-coupled BEC, which has
been realized in the NIST experiments. Then we considered
the small fluctuations above the ground state and found the
equations for the fluctuations. By solving these equations,
we obtained the low-energy excitations. In the homogeneous
situation, the energy spectrum of elementary excitations
was obtained. There are two branches in the elementary
excitation spectrum: one has a gap, and other is gapless. The
latter is the Goldstone mode. In the plane-wave phase the
excitation spectrums is not symmetric under k — —k, because
the space-inversion symmetry is spontaneously breaking in
the ground state. At long wavelength, the gapless mode is the
sound wave in the condensate and has the linear dispersion
w(k) = c|k|. We found that the sound velocity, ¢, can be
tuned by changing the strength of the Rabi coupling €.
When n < 3, increasing 2 will decrease the sound velocity;
while n > 3, increasing 2 will lead to the increase of sound
velocity. The SO coupling has two effects here. First, it changes
the single-particle spectrum of atoms, so that increasing 2
will increase the effective mass m§ of the atoms. That will
suppress the sound velocity. Second, SO coupling mixes
spin-up and spin-down components, leading to the change of
interaction energy. When n > 1, increasing €2 will enlarge
the interaction energy and increase the compressibility of
the condensate, leading to an increasing of sound velocity.
These two effects have opposite influences on sound velocity
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when 1 > 1. In the regime n < 3, the effective mass effect
dominates the behavior of sound velocity, while in the regime
of n > 3, the interaction energy effect plays the primary role.
In the NIST experiment which used the hyperfine levels of
87Rb, such large 7 is difficult to achieve. However, some
proposals of artificial gauge potentials [2], involving the
excited states of alkaline-earth-metal atoms, may provide
large-enough 7. On other hand, in the NIST experiment a
magnetic field was applied to split the hyperfine states so that
the Feshbach resonance is limited. For the proposals using
the dark states without magnetic field [25,26], which may be
achieved in further experiments, one can use the Feshbach
resonance to tune the spin-dependent scattering length to
achieve large 1. In the Q > kj/m regime, the excitation
spectrum is symmetric under k — —k, because the ground
state is invariant under space inversion. The changing of €2 will
only change the effective mass, and not affect the interaction
energy in Q > ké /m regime. In a trapped BEC, the sound
can propagate when the phonon wave length is much smaller
than the size of the system but larger than the healing length.
The sound velocities can be measured [27]. The excitation
spectrum can be also measured by Bragg scattering [28]. We
expect an experiment to measure the sound velocities of the
SO-coupled BEC.

In the harmonic trap, we find the dipole mode and the
breathing mode are coupled together in the plane-wave phase.
There is a /2 phase difference between these two modes.
Such coupling is the joint effect of SO coupling and broken
invariance of SU(2) spin rotation. A small shift of the trap
will excite both the center-of-mass motion and the oscillation
of the condensate size. We emphasize that in the middle 2
regime, < k3 /m, the barrier between the double wells in the
single-particle spectrum becomes very low, and the condensate
will have a chance to tunnel into another well in momentum
space during the dipole oscillation. Recently this tunneling
phenomenon in momentum space has been observed in ex-
periments [22]. Our hydrodynamic equations cannot describe
this phenomenon. So we only consider the situation with
small 2 and small oscillation amplitude so that the tunneling
probability can be neglected. Because the dipole mode and the
breathing mode can be regarded as sound waves in the trap
with wavelengths 2R and R, the behavior of the oscillation
frequency is similar to the one of sound velocity in the uniform
condensate. When n < 1o, the effective mass mg from the

PHYSICAL REVIEW A 85, 053607 (2012)

single-particle spectrum dominates, so oscillation frequency
decreases with Q. When n > no, the effective mass m{ from
interaction dominates, so oscillation frequency increases with
Q2. Unlike the uniform case, 7 is not a constant in the trap, but
decreases with the chemical potential. The lowest collective
mode is a combination of dipole mode and breathing mode.
The other collective modes that we have not studied in this
paper should be also combinations of modes with odd and
even parity to satisfy Eqgs. (31)—(34). The collective modes of
a SO-coupled BEC in the plane-wave phase have no certain
parity. Because the plane-wave phase spontaneously breaks
the space-inversion symmetry. In the regime Q2 > kg /m, there
are SO coupling and broken invariance of SU(2) spin rotation,
and the dipole mode and breathing mode are decoupled. This
is the restriction of symmetry since in the Q > k3/m regime
the ground state maintains the space-inversion symmetry and
the coupling between the dipole mode and breathing mode is
forbidden. Therefore, the SO coupling and broken invariance
of SU(2) spin rotation are not the sufficient conditions for
coupling of dipole mode and breathing mode. One needs to
consider the symmetry restriction.

For the general situation with h # 0 and g;; # g,
the Hamiltonian is not invariant under space inversion, so
there is not symmetry restriction. The physical properties of
the collective modes in the plane-wave phase will not change
qualitatively. If & 0, the single-particle spectrum still has
the double-well structure in the small €2 regime. However,
the depths of the two wells are not symmetric. The SU(2)
spin rotation symmetry is also broken for gi; # g2. So the
competition between the effective mass and the interaction
energy still plays an important role in the collective modes.
The only difference is that the effective mass m§ is determined
by both 2 and 4, and another parameter is needed to describe
the asymmetry of the spin-dependent interaction. In the large
Rabi coupling regime, since the Hamiltonian breaks the
space-inversion symmetry, the dipole mode and the breathing
mode could be coupled together just like the plane-wave phase.
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