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We study harmonically trapped atoms subjected to an equal combination of Rashba and Dres-
selhaus spin-orbit coupling induced by Raman transition. We first examine the wave function and
the degeneracy of the single-particle ground state, followed by a study of two weakly interacting
bosons or fermions. For the two-particle ground state, we focus on the effects of the interaction on
the degeneracy, the spin density profiles, and the density-density correlation functions. Finally we
show how these studies help us to understand the many-body properties of the system.

PACS numbers: 67.85.-d, 34.50.-s, 03.75.Mn, 03.75.Hh

I. INTRODUCTION

In recent years, spin-orbit coupling and synthetic gauge
fields [I 2] in ultracold atomic gases have attracted a
great amount of interest. With equal Rashba and Dres-
selhaus strengths, spin-orbit coupling in both atomic
Bose [3H5] and Fermi [6, [7] gases have been realized in
experiments. Theoretically, it was predicted that such
systems would exhibit novel quantum phases for both
bosonic [8, 9] and fermionic [I0, 1] cases, as well as
unique features such as the stripe pattern in many-body
density profile [8, 12| [I3]. For spin-orbit coupled sys-
tems in uniform space, the single-particle ground state
[I4] can be easily obtained, and the ground states of
two-body [I5] [16] and many-body [12] systems with zero-
range contact interactions have been analytically calcu-
lated by scattering theory and mean field approaches,
respectively. Compared with investigating these systems
in uniform space, it may be more relevant and realis-
tic to consider the systems in a harmonic trap, as a
trapping potential is always present in cold atom experi-
ment. The energy spectra of trapped single-particle [16-
[I8] and two-particle [I9, 20] systems with spin-orbit cou-
pling have been numerically studied. However, a system-
atic investigation of the single-particle and two-particle
ground states, and how they are related to the many-
body physics of the trapped system is still lacking.

In this paper we aim to present such a study. We
systematically investigate the ground states of a single
particle, two bosons, and two fermions confined in a one-
dimensional (1D) harmonic trap with Raman-induced
spin-orbit coupling. For the single-particle ground state,
which is presented in Sec. [, we obtain the wave func-
tions through imaginary time evolution and demonstrate
how the Raman coupling strength and the trap frequency
affect the degeneracy. In Sec. [[II] we consider two weakly
interacting bosons. The degeneracy, the entanglement,
the density-density correlation functions, and the spin
density profiles of the ground state are studied by vary-
ing the spin-dependent contact interaction, the Raman
coupling strength, and the two-photon detuning. Our

results demonstrate that the spin-dependent interaction
breaks the ground state degeneracy of this system, and
also imprints a stripe pattern in the density-density cor-
relation. We propose an experimental scheme to measure
the energy gap between the ground state and the first
excited state of the system through a resonance excita-
tion process [22] 23] in Sec. [V] In addition, the connec-
tion between the behaviors of two-boson and many-boson
ground states are discussed. To investigate the effect
of quantum statistics, we then consider a system of two
fermions in Sec. [V] and show how they differ from the
system of two bosons. Finally, we conclude in Sec. [Vl

II. SINGLE-PARTICLE GROUND STATE

In this section, we consider a single spin-1/2 atom con-
fined in a 1D harmonic trap with frequency w, subjected
to the Raman-induced spin-orbit coupling, with two-
photon recoil momentum ¢,., Raman coupling strength
Q, and two-photon detuning §. The Hamiltonian then
takes the form
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h = 2pim + %mwsz + %02 + %aw + gaz (D
where o, and o, denote the x and z components of Pauli
matrices, m is the atomic mass, p = —ihd/0z is the
momentum operator, and x is the position. The two spin
states are defined as o,| 1) = | 1) and .| ) = —| |),
respectively. We mainly consider the case with § = 0,
and the influence of finite § will be briefly discussed.

A. Homogeneous system

We first briefly review the case when there is no trap
[14], i.e., w = 0. For this case, the system possesses
translational symmetry and thus the momentum p is a
good quantum number. When § = 0, the single-particle
dispersion is given by
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For Q < 4FE, (where E, = ¢2/(2m) is the recoil en-
ergy), €, displays two degenerate minima at p = £k =

+q4/1 — (Q/4ET)2, corresponding to two orthogonal de-
generate ground states
ke | —sinf]" , (3)

— cos ], (4)

(xo] g1) = ™ [cos O, ]T
(xo| go) = e [sin O,

where ¢ =7 (]) marks the spin up (down) state, and

tan@), = 2 [ 2k 4 L. %2 . For Q > 4F,., the sin-
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gle particle dispersion has only a single minimum at p = 0
and the non-degenerate ground state takes the form

wolg) = [v2 ~1/v2] . (5)

B. Trapped system

The presence of a harmonic trap breaks the transla-
tional symmetry of the system, and we have to resort
to numerical calculations to study the properties of the
ground state. Using the finite difference method to dis-
cretize p and x, we obtain eigenenergies through the di-
agonalization of the single-particle Hamiltonian , and
the ground-state wave function by imaginary time evolu-
tion. At 6 = 0, Hamiltonian possesses the following
symmetry: If 1)) is an eigenstate of h, |[¢') = 0, K|¢),
where K represents complex conjugate operator, is also
an eigenstate with the same eigenenergy. However, un-
like the time reversal symmetry of a spin-1/2 system
which results in Kramer degeneracy, the current symme-
try does not guarantee degenerate eigenstates. For a non-
degenerate state |1}, the above symmetry property nec-
essarily requires ') = 0, K|¢) to differ from |¢) by at
most a overall phase factor. In Fig. a) we exhibit low-
lying energy spectrum for a trapped system with three
different values of Raman coupling strength €2. Each red
(blue) dot represents the energy of a two-fold degener-
ate (non-degenerate) eigenstate. At Q@ = 0, we have two
uncoupled spin states, and all the single-particle states
must be trivially two-fold degenerate. As 2 increases,
degeneracies of the high-energy states start to be lifted
first. Eventually, at a critical coupling strength 2., de-
generacy of the ground state is also lifted and all the
single particle eigenstates become non-degenerate. The
energy difference Ae between the two lowest-lying states
is shown in Fig. [ as a function of § for various trap
frequencies w. For a fixed value of the trap frequency w,
with increasing 2, Ae changes from zero to finite when
Q exceeds 2, signaling that the ground state changes
from being two-fold degenerate to non-degenerate. The
critical value €. at which the ground state degeneracy
is lifted is a decreasing function of the trap frequency w,
and in the limit w — 0, Q. = 4F, and we recover the
result for the homogeneous system.
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FIG. 1: (color online) (ai)-(ag) The first 16 single-particle
eigenenergies with trap frequency w = 2wy for several different
values of Raman coupling strength Q/(hwo) = 40,130, 200.
Red dots correspond to two-fold degenerate eigenstates and
blue dots correspond to non-degenerate eigenstates. (b) En-
ergy gap Ae between the two lowest energy eigenstates as a
function of € for different values of trap frequency. Other
parameters used are: the recoil momentum ¢, = 10v/mhwo
and two-photon detuning § = 0. Throughout this paper, we
choose wy = 2w x 10?°Hz to be the units for frequency and
take m to be the mass of the ’Rb atom.

The degeneracy breaking of single-particle eigenstates
at large 2 can be intuitively understood as follows. The
Raman coupling term, 0,/2, in Hamiltonian be-
haves like an effective Zeeman field in x-direction. At
large €2, this effective Zeeman field is so strong that it
polarizes the spin-1/2 particle by aligning its spin along
the x-axis, and the particle essentially becomes a scalar
particle as its spin degrees of freedom is frozen. It is a
well known fact that, for a scalar particle, there is no
degenerate bound state in 1D [21].

The two-component spinor wave function of a sin-
gle particle can be written as [ ¢1 () ¢, (z) ]T, where
bo () = |po ()| €7 (*) is in general complex with phase
angle 6, (). In Fig. [2l we exhibit the ground state wave
function for w = 2wy (which corresponds to the red solid
line in Fig.[[{b)) and two different values of Q.

When Q = 130hwy, the ground states are two-fold de-
generate, and the two degenerate states are transformed
to each other by the symmetry operation o,K. The
spin density profiles for the two degenerate ground states
are depicted in Fig. [2(a) and (c), with the correspond-
ing phase angles plotted in Fig. 2{b) and (d), respec-
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FIG. 2: (color online) Single-particle ground state wave func-
tions with w = 2wo, ¢ = 10v/mhwo, and § = 0. Red solid
line and blue dashed line correspond to the spin-up compo-
nent and the spin-down component, respectively. For two
degenerate ground states at = 130hwo, (a)(c) are the real
space probability profiles, and (b)(d) are the phase angles.
For the non-degenerate ground state at Q = 200hwo, (e) is
the real space probability profile, and (f) is the phase angle.

We define ap, = ,/ng.

tively. These plots suggest that we can approximately
write down the ground state wave functions as

(wolgr) = ¥ [ g1 (2) 2 (2)]", (6)
(wo|ge) = e ™ [go(a) 1 ()",  (7)

where ¢ (2) (z) is real and [¢;(2) (x)]2 is represented by
the red solid (blue dashed) line in Fig. [J[(a), and k is
the slope of the phase angles in Fig. b). The density
profiles of both |g1) and |g2) depicted in Fig. [[a) and
(c¢) are smooth in real space. These two states can be
regarded as the analogies of the degenerate ground states
for the uniform system, see Eqgs. and . However,
due to the degeneracy, any linear superposition of |g;)

and |g2) represents a ground state of the system. Such
superposition state will exhibit stripe pattern in its real
space probability profile.

When Q = 2007w, the ground state is non-degenerate.
This state is depicted in Fig. e) and (f). The symmetry
property under the operation o, K guarantees that, for
a non-degenerate state, we must have |¢p4(x)| = |¢(z)]
and 04 (x) 4 6, (x) =const. As can be seen from Fig. [2[e)
and (f), these conditions are indeed satisfied by the non-
degenerate ground state. Furthermore, the phase angles
are almost uniform. As a result, this ground state can be
approximately represented by

wolg) = dolx) [1V2 —1V2] . @)

where ¢ (z) is a real function and [¢g (z)]* /2 is plot-
ted in Fig. e). This state is obviously the analogy of
the non-degenerate ground state for the uniform system
represented by Eq. .

Now we briefly discuss the case with finite §. In this
case, the single-particle state is always non-degenerate,
possessing a non-vanishing magnetization (o,). In addi-
tion, the real-space wave packet of the ground state is
always smooth.

III. TWO-BOSON GROUND STATE

The two-body physics of trapped particles with spin-
orbit coupling has some non-trivial features. The re-
search by D. Blume’s group has investigated how the
real-space spin structure [I9] and the eigenenergy spec-
trum [20] depend on g, 2, and the interaction strength
(In those works, the interaction has SU(2) symmetry,
i.e., the interaction between different spins are charac-
terized by the same interaction strength). Here we inves-
tigate the system from a different perspective and focus
on different parameter regimes. We study degeneracies,
density-density correlations, and density profiles of the
ground states, investigate connections between single-
particle, two-particle, and many-particle ground states,
and consider the parameters from current 8“Rb experi-
ments with a spin-dependent interaction.

In this section, we consider two weakly interacting
spin-orbit coupled bosons in a harmonic trap. To this
end, we use the single-particle eigenstates discussed in the
previous section to construct a set of two-body symmetric
basis vectors for expanding two-boson Hamiltonian. We
label the single-particle eigenstates |¢) with correspond-
ing eigenenergies ¢;. Then states i), = [i), |i),, and
lig), = % (18)1 |90 + 14)1 1)) for i > j form the sym-
metric two-particle basis. Here 1,2 are particle indices
and we take a cut-off for 4,7 in numerical calculation.
Then the matrix elements of two-particle Hamiltonian

H=h+hy+V, (9)



with hy and he being the single particle Hamiltonian
and V the two-body contact interaction potential, can
be written as

(ij] (h1 + h2) kL), = (&i + €;) dikdji » (10)

and

(] V |k, = Zgam/dm Froa (@) [}y (@)]", (11)
0102

with f2  (z) = (ij| zo1); |€02),. Away from the con-
finement induced resonance, the quasi-1D interaction
strength g.,., is related to the 3D interaction strength
93Do10s 38 Joy0y = ‘5o 93Doyos, Where w is the strong
transverse trap frequency. In this paper we assume a spin
symmetric interaction with gy = g;y = ¢. In our calcu-
lation, we take gsptt = g3pyy = 7.79 x 107'2Hz cm?,
which is from current experiments in 8’Rb [14]. In the
scope of this paper, this interaction is relatively weak
compared with center-of-mass motion energy and the
spin-orbit-coupling energy, and hence the ground state
of two interacting particles will not deviate much from
the ground state in the non-interacting case. To charac-
terize the properties of the ground state, we investigate
the density-density correlation function which is defined
as

Ch o, (@1, 22) = (Vy| g, (21) gy (22) V)
=211 (2101, (x202] Ty)|* (12)

and the density profile which is defined as
ng (2) = (Vy| s (2) [Ty) (13)

where 71, () is the density operator of spin o and |¥,)
represents the two-boson ground state in this section.

A. Two-body phase diagram at g;; = 0.6g

We obtain the low-lying eigenstates of the two-boson
system by diagonalizing H after it is expanded onto the
symmetric two-particle basis states |ij),. Here we still
consider the case with 6 = 0. From the previous study
of many-boson physics, we know that the stripe phase
only appears with small §, so this regime contains the
most abundant many-boson physics. In Fig. [3(a), we
plot the energies of three lowest eigenstates for several
different values of §2 with gy = 0.6g. In Fig. b), we
plot AEy, the energy difference between the two lowest
energy states, as a function of 2 with several different
values of g4;. For now let us focus on the the case with
g1, = 0.6g which is represented by the black solid line in
Fig. (b) Depending on whether AFE} vanishes or not,
the ground state then exhibits the following three phases
as () varies:
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FIG. 3: (color online) (a) Energies of the lowest three two-
boson eigenstates for gry/g = 0.6. Here solid and empty
circles correspond to non-degenerate and degenerate states,
respectively. (b) Energy difference between the two lowest
energy states for the case of two weakly interacting bosons,
as a function of Q, for g4, /g = 1, 0.9, 0.6, 0.2, -0.4. (c)

Q" and QP as functions of gt+,- The other parameters are:
6 =0, ¢ = 10vV/mhwo, w = 2wp, g = 0.16hwe. The 1D
interaction strength ¢ is calculated from 3D interaction pa-
rameter gsp = 7.79 x 107 '?Hz cm® with a transverse trapping
frequency w; = 100wp.

Phase I — When ) < le) ~ 115hwy, AFE} is finite,
so the two-boson ground state is non-degenerate. In this
regime, the single-particle ground state is two-fold degen-
erate and we label the two single-particle ground states
as |g1) and |g2) (see discussion in Sec. [[). The ground
state of the two boson system can then be approximately
represented as

W) ~ |g192), = % (90119202 + lgahilgn)s) - (14)
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FIG. 4: (color online) (al)-(cl) Density-density correlation functions of two-boson ground states. (a2)-(c2) Spin density profiles

of two-boson ground states.

(a3)-(c3) Mean-field ground state density profiles for a condensate of 1000 bosons. The figures

are plotted for the cases with Q/(hwo) = 100, 130,200, and g+, = 0.6g, § = 0. At © = 130kwo, the ground states are two-fold

degenerate and the figures are for one of the degenerate states.

Hence the two bosons each occupies one of the single-
particle ground states. Due to the bosonic statistics,
the two bosons are highly entangled. In Fig. [4|(al) and
(a2), we plot the density-density correlation C; ,. (0,z)
and the spin density profiles n’(z), respectively. The
two-boson ground state features a smooth density profile
identical for the two spin components. However, the en-
tanglement manifests itself in the oscillations (or stripes)
in C% . (0,z). Given the two-boson ground state in
Eq. and the single-particle ground states in Egs. @
and (|7)), we can explicitly write down the density-density
correlation functions and spin density profiles as

CTbT(xl,l‘g) (131,582) A1 + B cos [2]€ (1‘1 7I2)] )
CN(xl,xg) H( x1,x2) &= Ag + Bcos [2k (z1 — z2)]
ni(x) = nf(z) = ¢i(x) + d3(x), (15)

with

Ay = ¢F (21) 05 (22) + 67 (22) ¢35 (21);
Ay = 67 (21) ¢F (2) + 95 (1) 65 (w2) ;
B =2¢1 (21) ¢2 (x2) d1 (72) d2 (21) -

being smooth functions of z; and x5. The stripes in
the density-density correlation arise from the sinusoidal
terms in Eq. (I5). We note in Fig. [3al) that in this
phase, the first excited two-boson state is doubly degen-
erate. The two degenerate states roughly correspond to
|9191)p and |g2g2)s-

In order to connect the two-body physics to the many-
body physics, we plot in Fig. E|(a3) the mean-field con-
densate density profile. The condensate wave function is
obtained by minimizing the mean-field energy functional

Enp = /dx {N(@?@j)h(il)

N3%yg
R

(16)

(17)

4 4 2 2
(041" 4 [2,%) + Mg, |81 [@,] } ,



where ®; and ® are the condensate wave functions
of two spin components, and N is the total number
of atoms, which we take to be 1000 in the calculation.
Fig. [4(a3) shows that the condensate is in the so-called
stripe phase where the density profile exhibits a stripe
pattern. This stripe pattern can therefore be regarded as
a manifestation of the stripes in the two-body correlation
function shown in Fig. al), even though the two-body
density profiles are smooth.
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FIG. 5: (color online) (a) Von Neumann entanglement en-
tropy of the two-boson ground state, as a function of §. The
figure is plotted for the case with g1y = 0.6g and 2 = 50hwo.
(b) The boundary of entangled and non-entangled ground
states with g3 = 0.6g, as a function of § and €. In the "en-
tangled" region , ground states are strongly entangled and
thus exhibit stripes in density-density correlations. In the
"unentangled" region, ground states are not entangled and
show smooth density-density correlations. Other parameters:
qr = 10v/mhwo, w = 2wo, g = 0.16Awo.

Finally, let us consider the effect of finite two-photon
detuning §. A finite & breaks the degeneracy of the
single-particle ground state. Hence one may expect that
for a large |4, the ground state of the two weakly in-
teracting bosons corresponds to an unentangled state
with both bosons occupying the non-degenerate single-
particle ground state. For this unentangled ground state,
C? ., (z1,x2) turns to be smooth. However, for a suffi-
ciently small |§|, the two-boson ground state still roughly
takes the form of Eq. (14), with |g1), |g2) representing the
ground and first excited single-particle states, and thus
C? ., (z1,22) still exhibits stripes. To demonstrate the
variation of the entanglement, we plot in Fig. (a) the
entanglement entropy S of the two-boson ground state,
where S = —Tr[p1 Inpq] with p; = Tra[|¥,)(¥,|] being
the reduced density matrix for particle 1. State repre-
sented by is maximally entangled with S = In2.
Using the numerically obtained ground states with finite
|6], we find that S is very close to In2 for |§] < 0.03kw,
and beyond this range, S quickly drops to 0, indicat-
ing an unentangled ground state. The range of § within
which the ground state is entangled is shown in Fig. (b)
as a function of Q. As  tends to Q£1)7 this range ap-
proaches zero. In Fig. b), The "entangled" ("unen-
tangled") region manifests itself in oscillating (smooth)
density-density correlations.

Phase II — When QY < Q < 0P, AE, = 0 indi-
cates that the ground states have two-fold degeneracy.

6

Here QEQ) ~ 160hwy is very close to the critical Raman
coupling strength ). at which the single-particle ground
state changes from degenerate to non-degenerate. Our
result shows that the two degenerate two-boson ground
states can be approximately represented as

(Wg1) =~ |g191)y, = |91)1 191)5 (18)

[Wy2) = [9292);, = |92)1 192)5 -

Hence the two bosons occupy the same single-particle
ground state. In Fig. (bl) and (b2), we plot C? (0, z)
and n® (x) for |¥,1), respectively, whose explicit expres-
sions in terms of the single-particle ground states are ap-

proximately given by:

Ch (w1, m2) ~ 297 (21)97 (22) ; (19)
CY\ (w1, m9) ~ 295 (x1)¢5(x2);
CYy (w1, m9) ~ 297 (w1)¢5(w2) ;
Chi(z1,22) ~ 2¢7(22)e5(21),
n(z) = 2¢7(x);
ni(z) = 2¢3(x).

In this regime, both the density-density correlation func-
tions and the spin density profiles are smooth functions
of the position. In addition, the total magnetization
M = [dz [nt (z) — ny (z)] # 0 in this phase. The corre-
sponding mean-field condensate density profiles are plot-
ted in Fig. (b3). Here the condensate is in the so-called
plane-wave phase and the density profiles for the two spin
components are smooth. The condensate in this phase
also exhibits the finite magnetization.

Note that the two degenerate states |¥g1) and |Ugo)
represented in Eq. are unentangled states. However,
due to the degeneracy, any superposition state of |¥y)
and |¥40) is still the ground state of the two-body sys-
tem, and such a superposition state is entangled. How-
ever, this entanglement is not robust against a finite two-
photon detuning ¢§: any finite § will force both atoms to
occupy the same non-degenerate single-particle ground
state, and hence destroy the entanglement and result in
the smooth 03102 (z1,22). This represents an essential
difference for the ground state entanglement property be-
tween Phase I and II.

In Phase II, we note that the first excited state is
non-degenerate as shown in Fig. a2) and roughly cor-
responds to |g1g2)p. Hence the ground state of Phase I
corresponds to the first excited state of Phase II, and vice
versa. These two phases result from the competition be-
tween the following two factors: (1) The quantum statis-
tical property of bosons favors identical bosons to occupy
the same single-particle state; and (2) the smaller inter-
species interaction (gy; < g) favors the bosons to occupy
different spin states, and the smaller Raman coupling
strength Q induces more difference between the spins of

l91) and |g2).



Phase III — When Q > ng), the gap reopens as AFE,
becomes finite again. In this regime, the single-particle
ground state |g), whose wave function is given in Eq. (§),
is also non-degenerate. The two-boson ground state can
then be approximately represented by

Wy) ~ 99), = 19)119)2 (20)

which features a smooth C?T (0,z) ~ C%’ 1 (0,2) and iden-
tical nf’r(x) = ni(x), as shown in Fig.(cl) and (c2). The
explicit expressions are approximately given by:

C (1, 2) = CY| (w1, m2) =~ 33 (x1)BF(x2);  (21)
CR (1, w2) = Cly (w1, 22) = 55 (1) B (22) ;
n2(x) = nf(z) = ¢g(x) .

The corresponding mean-field condensate density profiles
are plotted in Fig. 03). As in the two-body case, the
condensate is smooth and features identical density pro-
files for the two spin components.

In this Phase, all the two-boson eigenstates are non-
degenerate, as well as all the single-particle eigenstates.
The weak interaction only causes small shifts of the
eigenenergies, but does not affect the degeneracies.

B. Effects of g1, on two-body phase diagram

The above discussion demonstrates that, with g4 =
0.6g, the ground state exhibits three phases separated
by two critical Raman coupling strengths le) and ng).
Now let us discuss how the two-body phase diagram is
changed when the inter-species interaction strength g
is varied, while the intra-species interaction strength is
fixed at value g.

In Fig. (a), we also plot the energy difference between
the two lowest energy states for several other values of
g1, The dependence of o and 0
ted in Fig. b) From these plots, we see that le)
vanishes for g1, > g. In other words, when the inter-
species interaction strength exceeds the intra-species in-
teraction strength, Phase I, and hence the stripe phase
in the mean-field many-body regime, no longer exists.
We have checked that this property is independent of the
trap frequency w.

on gy are plot-

As gy, decreases from g, QY increases from zero and

approaches QEQ), while QEQ) remains almost unchanged.
Correspondingly, the parameter space where Phase II ex-
ists shrinks. At a critical value of g4, the two critical Ra-
man coupling strengths merge, and for g4 smaller than
this value, the two-body ground state is no longer degen-
erate for any values of 0, and AFE} is always positive (see
the curve in Fig. a) with g1 = —0.4g).

IV. TWO-FERMION GROUND STATE

The physics of the two-fermion ground state is quite
different from that of two bosons, because of the anti-
symmetric nature and the Pauli exclusion principle for
the quantum states of identical fermions. The Hamilto-
nian, the density-density correlation functions, and the
spin density profiles of the two-fermion system are given
by Egs. @ .7 and (|13)), respectively, where |¥ ) de-
notes the two-fermion ground state. As we are only con-
sidering s-wave contact interaction, there is no intra-
species interaction between two fermions. To investi-
gate the properties of this system, we expand the Hamil-
tonian onto the antisymmetric two-particle basis states
lij)r = %(|2>1|3>2 — |#)1]1)2), and then follow a similar
procedure as above for the two-boson case.

AE, I haw,

0 50 100 150 200 250 300
Q/hw,

FIG. 6: (color online) For the case of two weakly interacting
fermions, energy difference between the first excited state and
the ground state, as a function of Q with g, = ¢,0.69, —
The parameters: § = 0, ¢» = 10v/mhwy, w = 2wy, Wi =
100wo, g = 0.16hwo.

Through exact diagonalization of the Hamiltonian in
Eq. @D with § = 0, we obtain AFEy, the energy difference
between the two lowest-lying states, and plot it in Fig. [0]
as a function of Q) for several different values of gy;. As
(2 increases from zero, AE} first decreases and reaches a
minimum near €. (the critical value of the Raman cou-
pling strength at which the single-particle ground state
degeneracy is lifted), and then starts to increase again.
The essential difference with the two-boson case is that
here AFEy is always positive and never becomes zero. Fur-
thermore, since in the weak interaction regime we are
concerned, the interaction strength g4 does not have a
significant effect on the system.

In Fig. [7 we display the properties of the two-fermion
ground states for two Raman coupling strengths, one
smaller and the other larger than Q.:

Q < Q. — For this case, the single-particle ground
states, |g1) and |g2), are two-fold degenerate, and the
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FIG. 7: (color online) (a)(b) Density-density correlations of
two-fermion ground states, which satisfy C’{T(O7 z) = Cf ,(0,)
and .CTfL(O, x) = CfT(O, z). (c)(d) Spin density profiles of two-
fermion ground states. The figures are plotted for the cases
with Q/hwo = 130,250, g+, = 0.6g and § = 0.

two-fermion ground state can be approximately repre-
sented as

|Wy) = |g192); = % (lg1)1lg2)2 = lg2)1lg1)2) . (22)

from which the correlation functions and density profiles
can be straightforwardly calculated as

C{T(l'l,l'g) = Ca(xl,xg) ~ Ay — Bcos 2k (z1 — z2)] ;
C{i(ml,xg) = CfT(xl,xg) ~ Ay — Bcos 2k (x1 — 22)] ;
nf(2) = n{(2) = 63 (z) + d3(x), (23)

with Ay, Az, and B given in Eq. . The numerical
results are displayed in Fig. [fj(a) and (c). For this case,
the density-density correlation function C’CJ:NQ (z1,22) is
characterized by oscillations (or stripes) which arise from
the sinusoidal terms in Eq. .

Q > Q. — For this case, the single-particle ground
state |g) is non-degenerate. The two-fermion ground
state can be approximately represented as

1
[Wg) = |ge); = 7 (Ig)1le)2 = le)1lg)2) (24)
where |e) denotes the non-degenerate single-particle first
excited state. The density-density correlation functions
and spin density profiles are displayed in Fig. b) and

(d), respectively. In contrast to the single-peak struc-
ture in the previous case, here the spin density profile
exhibits a double-peak structure because the real space
probability profile of |e) features double peaks.

V. MEASURING THE INTERACTION
INDUCED ENERGY GAP

In Sec. [Tl we have demonstrated that, for the two-
boson case with 6 = 0, the energy gap AFEj, in Phase I
with Q < Qt(:l) is induced by the spin-dependent interac-
tion. For fixed values of 2 and g in this regime, g4+, and
AFE} have a one-on-one mapping relation, and hence one
can obtain the value of gy through measuring AEp.

In this section, we propose an experimental scheme to
measure ALy for the two-boson case. In the Q < le)
regime, we consider |¥,) as an initial state perturbed by
a harmonic trap with periodically modulated trapping
frequency w(t) = w [l — asin (w,t)], where w is the orig-
inal trap frequency, w, is the modulation frequency, and
a < 1. The time evolution of the two-boson state | (¢))
is then determined by the Schrédinger equation

., 0

i W (1) = H, (0)]% (1), (25)
where the time-dependent Hamiltonian

H, (t) = hy (t) + b3 (t) + V, (26)

where hY(t) take the form of Eq. with w replaced
by w(t). We study the time evolution of the system by
solving Eq. using the Crank-Nicolson method.

The measurement of AFE, can be conducted by mak-
ing use of the resonant excitation of the system. We
investigate how the periodic perturbations with various
w, influence the probability P, (¢) for the ground state
being excited to the first excited state. In the follow-
ing discussion, we consider gy = 0.6g and 2 = 80hwy,
and hence define AE, = AE;, (2 = 80fiwy). For an on-
resonance modulation with w,, = AFEj, we see in Fig. a)
a significant growth of P., whereas for an off-resonance
modulation with w, = 0.8AFE,, P. never exceeds 0.5%.
We plot in Fig. b) the excitation probability P, as a
function of the modulation frequency w, at wot = 15000,
where a typical resonance peak is clearly seen.

In order to visualize the above resonant excitation pro-
cess, we examine the time evolution of the total den-
sity profile which is defined as n (z) = nf (z) + nf (x).
For the on-resonance case with w, = AFE}, n,(x) de-
velops a stripe pattern as a function of ¢, as shown in
Figs. [§(c1)-(c3). The presence of this stripe pattern is
because |V (t)), becomes a superposition of the ground
state |¥,) and the first excited state during the time evo-
lution. However, for off-resonant modulation, the system
is almost unaffected by the periodic perturbation, and
the stripe pattern is not present in ny ().
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FIG. 8: (color online) Excitation of the two-boson ground
state in a harmonic trap with periodically modulated trapping
frequency w [l — asin (wyt)]. We fix gry = 0.6g, Q = 80fwo,
w = 2wp, a = 0.05, and choose the two-boson ground state
as the initial state. (a) Probability P. (t) on the first excited
state for the on-(off-)resonance case with w, = AE, (0.8AEy),
as a function of time ¢. (b) P. as a function of w, when
wot = 15000. (c1)-(c3) Time evolution of the total density
profile ny (z) for the on-resonance case with w, = AFE}.

VI. CONCLUSION

In this paper we have systematically investigated the
single-particle and two-body ground states of Raman-
induced spin-orbit coupled ultracold atoms in a 1D har-
monic trap. In the absence of the Raman coupling, all
single-particle eigenstates are two-fold degenerate. As
the Raman coupling strength increases, the degeneracy
of higher energy eigenstates start to be lifted first, and
eventually at a critical coupling strength, the ground
state (and hence all energy eigenstates) becomes non-
degenerate. The single-particle spectrum and wave func-
tions help us to understand the two-body properties of
the system for both bosons and fermions. For the two-
boson case, we point out three phases distinguished by
the behaviors of the degeneracy, density-density correla-
tion functions, and spin density profiles. Then we iden-
tify a regime where the two atoms in the ground state

are entangled and characterized by stripes in density-
density correlations. This regime corresponds to the
regime of the exotic stripe phase in the mean-field many-
body limit. Our work therefore establishes a connec-
tion among one-, few- and many-body physics of trapped
atomic systems with spin-orbit coupling.
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