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Spin-1 quantum walks
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We study the quantum walks of two interacting spin-1 bosons. We derive an exact solution for the time-
dependent wave function, which describes the two-particle dynamics governed by the one-dimensional spin-1
Bose-Hubbard model. We show that propagation dynamics in real space and mixing dynamics in spin space are
correlated via the spin-dependent interaction in this system. The spin-mixing dynamics has two characteristic
frequencies in the limit of large spin-dependent interactions. One of the characteristic frequencies is determined
by the energy difference between two bound states, and the other frequency relates to the cotunneling process of a
pair of spin-1 bosons. Furthermore, we numerically analyze the growth of the spin correlations in quantum walks.

We find that long-range spin correlations emerge showing a clear dependence on the sign of the spin-dependent

interaction and the initial state.
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I. INTRODUCTION

Classical random walks play an important role in random-
ized algorithms that have been developed to achieve superior
performance when solving various hard problems in computer
science [1]. It is thus quite natural that quantum walks (QWs)
[2-5], which are the quantum mechanical counterparts of
classical random walks, become a powerful tool for building
quantum algorithms, providing versatile applications such
as quantum search algorithms [6,7] and universal quantum
computation [8—10]. Two theoretical QW models have al-
ready been proposed: the discrete-time QW [11,12] and the
continuous-time QW [13]. In discrete-time QWs, the dynamics
of a walker is determined by flipping the coin state via a
unitary operator at each discrete step. On the other hand, in
continuous-time QWs, a walker evolves continuously on the
basis of the Schrodinger equation without flipping any coin
states. These two models have revealed the unique features of
QWs. A walker generates a coherent superposition state as a
result of multiple interferences and propagates ballistically,
showing a bimodal profile of the probability distribution,
which is in sharp contrast to classical random walks.

Implementations of QWs have been reported in a series of
experiments using magnetic resonance, trapped ions, trapped
neutral atoms, and some photonic systems [14]. In particular, in
recent years, continuous-time QWs including two walkers (i.e.,
two indistiguishable particles) have been attracting consider-
able attention [15-18]. Experiments with an array of coupled
nanophotonic waveguides showed that nontrivial correlations
emerge in the QW dynamics of two identical photons as
a consequence of Hanbury-Brown-Twiss interference [16].
In Ref. [17], Lahini et al. precisely analyzed how such
correlations are modified in the presence of interactions
between the walkers. Using the Bose-Hubbard (BH) model
as a basis, they revealed that the dynamical evolution of two
walkers changes greatly depending on both the interaction
strengths and the initial state. This study sheds light on another
important role of QWs, as a fundamental building block of
quantum simulators for many-body dynamics [19,20].
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Quite recently, the continuous-time QWs of two interacting
particles were demonstrated using bosonic ultracold atoms in
a one-dimensional (1D) optical lattice [18]. In this experiment,
the high controllability of interatomic interactions is a great
advantage when we investigate the dependence of particle
correlations on the interaction strengths. Furthermore, the
advanced technique provided by a quantum gas microscope
[21,22] allows us to access directly the dynamics of QWs by
resolving each atom over lattice sites [18,23]. The measured
data quantitatively agree with theoretical calculations based
on the BH model. These features convince us that ultracold
atoms can offer a promising platform on which we develop
quantum simulations via multiparticle QWs.

We further expect that ultracold atoms will advance the
study of QWs to the unexplored region where walkers contain
internal degrees of freedom. The atom manipulation technique
currently provides us with the multicomponent many-body
system referred to as a spinor Bose gas [24-29]. It is known
that this system exhibits diverse and complex quantum phases
caused by the interplay between interactions and spin degrees
of freedom [30-40]. In particular, the spin-1 bosonic atom
system has been intensively studied as the simplest spinor
Bose gas. The spin-dependent interaction of spin-1 atoms
generates transitions among the spin states that preserve the z
component of the total spin [41]. This phenomenon is called
spin-mixing dynamics and has been observed using a spin-1
Bose-Einstein condensate in a single optical trap [42-44] and
also in an optical lattice [45—48]. Therefore, the QW's of spin-1
bosons present an intriguing problem, namely, clarification of
the dynamical evolution of walkers that are interfering and
interacting and mixing of spins under conditions where the
total energy and total spins are both conserved.

In this paper, we study a continuous-time QW including
two spin-1 bosons trapped in a 1D optical lattice. We focus
mainly on spin-mixing dynamics, which is one of the most
intriguing features of spin-1 systems. Furthermore, spin
correlations as well as spatial correlations [17] can be studied
with this model. Exploring the evolution of spin correlations
helps further our understanding of the dynamics involving
spins in spin-1 lattice systems.

This paper is organized as follows. In Sec. II, we introduce
the spin-1 BH model and explain the spin-mixing dynamics in
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a single-site system. In Sec. III, we derive the exact solution of
the two-particle dynamics governed by the spin-1 BH model.
Using the results in Sec. III, we discuss the spin-mixing
dynamics in quantum walks in Sec. IV. The dependence on the
interaction strength is discussed in detail. In Sec. V, we explain
how the spin-dependent interaction affects the evolution of
spin correlations. Finally, we conclude the text in Sec. VI.
In the Appendix, we derive the spin-mixing dynamics in an
alternative way based on the effective Hamiltonian.

II. MODEL

We consider spin-1 bosons in a 1D optical lattice. These
atoms are well described by the spin-1 BH Hamiltonian,

ﬁ=ﬁ1+ﬁUO+I:IU2, (1)
Hy=—J 3 (bl bia+He), o)
i,0=0,%1
N U, A
Hy, = 70 Z”"(”" -1, 3)
N U. N
Ay, == (F7 — 24,), )

i

where Ejﬂ (13,-,0() is the bosonic creation (annihilation) operator
at the ith site with the hyperfine spin state «(=0,%1),

and 74; = ), 4 Eiaéi,a is the corresponding local number

operator. F; denotes the hyperfine spin operator at the ith
site defined in terms of 3x3 spin-1 matrices F*Y% as
I:*l?‘ = Za’ﬁ IBZQ(F")O,,,gl;L,g, etc. H, I:IUO, and ﬁUZ represent
the nearest-neighbor hopping, spin-independent interactions,
and spin-dependent interactions, respectively. I-AIU2 induces a
transition among states, which preserves the z component of
the total spin ), Ff. The spin dependence of the interactions
arises from the difference between the scattering lengths for the
total spins F = 0 and F = 2. To obtain an exact analysis, we
restrict the discussion to a two-particle system. Furthermore,
we set i and the lattice constant at unity throughout this paper.

It is useful in relation to our later discussions of quantum
walks that we briefly explain the dynamics of two interacting
spin-1 bosons localized at a certain single site with only I-AIU0
and I-AIU2 (i.e., J = 0). In the absence of an external magnetic
field, we can discuss the intriguing spin-mixing dynamics
without loss of generality in a limited case where the quantum
state of spin-1 bosons is given by the superposition of two spin
states with the same z component of the total spin,i.e.,mp = 0.
Such states are |F = 0,my = 0) = ((b})> — 2b15' )[0)/v/6
and |F = 2,mp = 0) = ((b})2 + b5 )|0)/+/3, and the cor-
responding eigenenergies are Ep_og = —2U, and Ep_; = U,,
respectively [49,50]. The time evolution of the quantum
mechanical average of an operator O is evaluated via state
[ (7)) at time 7:

(0) = (Y(®IOlY @),
= Y EEN N [(Fump|O|F im)y)
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FIG. 1. Spin-mixing dynamics in the single-site system (J = 0).
Solid and dashed lines represent the populations as a function of time
in the spin state @ = 0 and the sum of the populations in spin states
o = %1, respectively.

Let us consider a case where two atoms stay in the
hyperfine spin state of o« = O at the initial time t = 0: [/(0)) =
(b)) /3210y = VT/3|F =0,mp = 0)+/2/3 |F =2,mp =0).
Using Eq. (5), we obtain the average number of atoms in the
hyperfine spin state « = 0,%£1 at time ¢:

N 10 + 8 cos(3U5t)
(No), = %

~ 4 — 4 33U .
(R): = # — (R )

Figure 1 shows the time evolution of the spin-state populations
calculated from Eqgs. (6) and (7). The spin-mixing dynamics
emerges owing to the HU2 term in the Hamiltonian. The
oscillation frequency 3U,(=E p—, — E p—() corresponds to the
energy difference between the two states that we consider here.

In the following sections, we show how such regular
spin-mixing dynamics is modified by the intersite hopping
processes (J # 0).

(6)

III. EXACT SOLUTION

In this section, we analyze the quantum dynamics of two
spin-1 bosons based on the Hamiltonian in Eq. (1). We derive
the time-dependent wave function exactly by employing the
method developed by Deuchert ef al. in Ref. [51].

The hopping of spin-1 atoms does not change their internal
spin states; i.e., the two states |F =0,mp =0) and |F =
2,mp = 0) are not connected to each other via the hopping
process. This allows us to straightforwardly generalize the
bases |F,mp) in the single-site system to the bases in the
lattice system:

1 4 At A R o
Woav,)ij = —=1bl bt o — B, BT, —b]_ 5% 1110),  (8)

V6
1 [ . BB +B b
|1/,U2>i,j:ﬁ[blob}0+ 1b;, 12 it lo

Here the orthonormality is satisfied such that ; ; (Y [Vy )k, =
83 (8i k8¢ + 8i¢8j1)/2, where A and A’ take —2U, or U,.
These bases also span all the eigenstates of the Hamiltonian
in Eq. (1). Furthermore, in each spanned space represented
by the quantum number A = —2U, or U,, the Hamiltonian

063625-2



SPIN-1 QUANTUM WALKS

becomes equivalent to the spinless BH Hamiltonian H; + I—AIU0
by replacing U, with Uy — 2U, for Eq. (8) and with Uy + U,
for Eq. (9). This means that the dynamics of two interacting
spin-1 bosons is essentially identical to that of spinless bosons,
which greatly simplifies the theoretical treatment. Since the
two-particle dynamics governed by the spinless BH model
is exactly solvable by introducing center-of-mass coordinates
R = (i + j)/2 and relative coordinates r =i — j [51], we
can calculate the exact dynamics for the spin-1 BH model.
The eigenenergies and eigenstates in each space specified
by A consist of scattering states and bound states. Hence the
Schrodinger equations are written as

Al k) = EfK}WB )

A3 ki) = Ex o[ k) (10)
where K and k represent the center-of-mass and the relative
quasimomenta, respectively. We obtain the eigenenergies and
eigenstates

EP ¢ = sgn(Up + MV (Up + 1% +

_ Z/ 1 KR _V [
Ryr Y 27 (u)?,K + 1)1/4

x [tk — sgn(Uy + M) JUZ  +1]"

X |\Ya) Rtr/2.R—r2 (12)

16J2[cos(K /2)]1?, (11)
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for bound states and

EK = —4J cos(K /2)cos(k), (13)

1 elKR
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Uy x
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(k)

for scattering states. Here we employ the abbreviations
Jx =2J cos(K /2), Uk =Uo+n1)/2Jg, and Y, =
> rez 2rerzt X rezi12 2rezii1- Note that the energies of
the scattering states are independent of interactions. Figure 2
illustrates the energy spectra as a function of the center-of-mass
quasimomentum K. The band of bound states is split into two
depending on the spin-dependent interaction U, and located
above the continuum of scattering states when Uy/J > 0 and
Uy > 2U,. If we take U,/ Uy = 1/2 or —1, one of the bands
disappears.

Eigenstates satisfy the following orthonormality relations:

(WE o |wf ) = 88K — K, (15)
(WS oo |[¥S ko) = 808K — KNSk — K, (16)
(v wlvEc)=0. (17)
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FIG. 2. Energy spectra for U,/U, = 0.3 and U,/J =10 as a
function of the center-of-mass quasimomentum K. Thick solid and
dashed lines correspond to the energy bands for bound states with F =
2 and F = 0, respectively. The bundle of thin solid lines represents
the scattering continuum. The energy is defined in units of J.

Now the initial state at time ¢t = 0 is generally written as a
superposition of eigenstates Eqgs. (8) and (9),

W(0) = Z/ dK [ax,KWﬁK)Jr/O dkbx,x,kllhs,&k)],
A -7
(18)

where the coefficients a, x and b, g satisfy the proper
normalization condition

WOIWO) =Y / dK[|aA,K|2+ / dkuu,x,kﬁ}
\ - 0

=1 19)

When two atoms are initially located at the same site, the
normalized number of atoms in the bound states of the
subspace A [first term of Eq. (19)] becomes

i 2 Up+ A 16J2
Nmzf dK|a, kP == —5— G| == ). @0
_r T E,\Y0 Ex,o

Here, G(m) = ”/ 2 Wd@ represents the complete ellip-

tic function of the first kind and c;, is the normalized number
of atoms in the subspace A, which is determined by the choice

Np A, Ns, 2

Uy/J

FIG. 3. Normalized number of bound states and scattering states
in each space spanned by Egs. (8) and (9) as a function of the spin-
dependent interaction. Thick and thin lines represent the normalized
number of atoms in bound states and scattering states, respectively.
Solid and dashed lines correspond to the indices A = U, and
A = —2U,, respectively. We assume a condition where two o = 0
atoms occupy the same site and we choose Uy/J = 1.
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of the initial state. If we start from two o = 0 atoms at the
same site, ¢y, = 2/3 and c_py, = 1/3. Figure 3 shows the
normalized number of bound states and scattering states in
each space with respect to the spin-dependent interaction.
Because of Eq. (19), the normalized number of atoms in the
scattering states of the subspace A becomes Ng ; = ¢, — Np,,.
Clearly, the normalized number of atoms in the bound states,
Eq. (20), increases with the absolute value of the interaction in
each space. This is natural because the bound states are created
by the interaction.

By definition, the state at time ¢ is straightforwardly given
by

vy = 3 [ ak|axeteuty)
A -7

+/ dkbx,K,keiE’%ktW,\S,K,k>:|
0

=) Y WG iDL @D
ij A

This result enables us to calculate any physical quantities of
the two-particle dynamics governed by the spin-1 BH model.

IV. SPIN-MIXING DYNAMICS IN QUANTUM WALKS

In this section, we discuss the spin-mixing dynamics in
QWs. We show in detail that the intersite hopping of atoms
in the lattice system greatly changes the simple oscillation
behavior of spin-mixing dynamics discussed in Sec. II.

A. Analytical results

The spin-mixing dynamics is described by the total number
of atoms in a hyperfine state «. The quantum mechanical
average at time ¢ ({-); = (W(¢)| - |W(¢))) of the corresponding

~

operator N, = Y b! b; 4 is calculated to be

i Via

N 2
Moy =2 > (|Woaw (0| + 2| W ()|

3 i,j
+2v2Re[ W, (i, j. )Wy, i, j.1)]), (22)

. 1

(R = 3 3 @G + WG]

iJ
—2V2Re[W*,, (i, /.00, (i, j,1)]) = (N_1),. (23)

The function defined in Eq. (21) can be expressed using the
initial state |y (0))

WG =Y oy Wl WO W (), (24)

"' |

(Uo —2U05)(Up + Us) [T dK EE,, x+ED ¢
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where
A
WR,r;R’,r’(t)

_ [T 4K ik-r)[, B / s /
= / E [wf ¢ (r.r' ) + w3 (rr' D], (25)
-

is a matrix element of the time evolution operator in the
space A. Here, we introduce R’ = (i’ + j')/2and ¥’ =i’ — j'.
wf g (r,r',1) and w§ , (r,r',1) correspond to the contributions
of bound states and scattering states, respectively. The explicit
formulas of these functions are

By Ukl i
wk,K(rvr J) = ————¢ MK
JI+U
X [Z/{A,K —sgn(Up + A)M]Irlﬂr’\’
(26)
Tdk _, /
wf o= [ it Lr OB )
, o T 1+ {’{x,K
sin2(k)
with
Uk .
fr.xk(n) = cos(kn) + — sin(k|n)). (28)
sin(k)

When two atoms in the hyperfine state « = O are initially
located at the origin of a 1D lattice, the projection of this initial
state onto each space is given by

2

i (o, [ (0) = \/;5,'/,05 .05 (29)
1

i (W20, [ W(0)) = ﬁ«sw,oam. (30)

Hence the total number of « = (0 atoms at time ¢ becomes
] 1 / —2U, x
(No)i = 9 (10 +3 Z Re[WR!Zr%’O (I)Wg,zr;o,o(f)]>
R,r

[10 + 8(X (1) + X5 + Xps(1)]. €2y

O —

From Eq. (25), the matrix element W is the sum of the
contributions of the bound states [Eq. (26)] and scattering
states [Eq. (27)]. We can thus separate the time-dependent
term of (Np), into three parts: the product of the contribution
of the bound states, Xp, the product of the contribution
of the scattering states, Xs, and the interference between
the contributions of the bound and scattering states, Xps.
Specifically,

Xp(t) = EB — EB 1], 32
5(0) 20Uy — U, _x 2w E§2U2,KEU2,K o [( B Uz’K) ] ¢y
2 1 Uy + U,)? 16J2 Uy — 2U,)? 16J2
Xs=1-7 U[(OB : 32>+(03 : G( 2 2)] 49
72U — U2 Eg, o Eg, o EZ 0 EZ 0
TdK (Tdk[A Uy —2U A U, U
XBS(t):?’UZf E/ ;[ Kk ( ou2 2) Ak ;2+ 2):|’ (34)
_ Uy, K 22U, K
g 0 1+ sinzz(k) + sin2(k)
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(b)

FIG. 4. Interaction dependence of Xp, X, and Xps att = 0. (a) U,/ Uy = 0.3. Solid and dashed lines represent X 5 and X, respectively.
(b) Interference term X z5(0) for three U,/ U, values. Solid, dot-dashed, and dashed lines correspond to U,/ U, = 0.3, 1, and 5, respectively.

with
Up+ A

(Uo+ 2 — Eij) cos [(EﬁK — E,S(’k)t]

Agr(A) =

Here the function G(m) represents the complete elliptic
integral of the first kind. The time-independent nature of X
comes from the interaction independence of the energy of the
scattering states. X is calculated via the product of w*,;, &
and wy, g, and its time dependence is determined by the dif-
ference between the energies in the exponential part included
in the w;_ g function. However, E,S( « in Eq. (13) clearly shows
that this energy difference vanishes and therefore X g becomes
independent of time. Regarding X and Xpg, it is difficult to
derive their expressions as a function of time ¢ by analytically
dealing with the integrals with respect to quasimomenta in Egs.
(32) and (34). Instead, at ¢t = 0, we can perform the integrals
and obtain the following useful expressions:

X5(0) = 2 (Up + U2)(Ug —2Ua)
B - T 2U0 — U2

1 G 16J2 N 1 G 16J2
X 9
Egz,() EII-IJ;z,O2 E§2U2,0 EEZUZ,O2

(36)
sy o230 [Uh=20: 16J°
BS\ =4 20U, — U, Efzyz,o Eé’zuz,o2
Uy + U 16J2
_ 0;: G . ) 37)
EUZ,O EUz,O2

Then we can immediately find X5(0) + Xs + Xps(0) = 1,
which is consistent with the choice of the initial condition. A
similar calculation shows

(Nl>t

5[4 — 4X (1) + X5 + Xps())]
(N_1).

We note that Eq. (31) [Eq. (38)] has the same form as Eq. (6)
[Eq. (7)] because the constant term comes from the norm of the
wave functions in each space, which does not change with time.

(38)

Ef ¢ 16J2[cos(K /)1 + (Uo+ A+ E ;) (Uo+ 1 — E£ )

(35)

[
B. Numerical results

We carried out numerical calculations to reveal the proper-
ties of the spin-mixing dynamics in a lattice system. Although
the ratio U,/ Uy is rather low in experiments such as **Na
(positive) and 87Rb (negative), i.e., less than a few percent,
here we choose U,/Uy = 0.3 to demonstrate the effect of
spin-dependent interactions more clearly. Figure 4 shows
X3, X, and Xpg at the initial time ¢+ = 0 as a function of
the normalized interaction strength Uy/J. In Fig. 4(a), the
contribution of the bound states X g(0) gradually increases
with the interaction, while the contribution of the scattering
states X ¢ decreases with the interaction. This reflects the fact
that the interaction reduces the number of particles in the
scattering states [see Eq. (14)]. Since the energy of the initially
localized state must be conserved, the interaction suppresses
the dissociation of the pair [52]. On the other hand, the
interference term X p5(0) exhibits a nonmonotonic dependence
on the interaction, reaching a maximum at around Uy/J ~ 1
[see Fig. 4(b)]. However, X ps(¢) rapidly decreases with time
as shown in Fig. 5. This characteristic time dependence can
be interpreted by considering the evolution of the bound and
scattering states. The wave functions of the scattering states
spread over the lattice with time, while the wave functions of
the bound states remain localized. The overlaps between these
two kinds of states decrease with time. Hence we neglect X gg
in the following discussion.

Next we analyze the spin-mixing dynamics based on
Egs. (31) and (38). Figure 6 shows the time evolution of the
total number of atoms in the hyperfine state o corresponding
to four U,/J values. We see that the spin-mixing dynamics
is highly sensitive to the interactions. For a large U,/ J, there
are two distinct frequencies and the amplitude of the slower
oscillation gradually decreases with time. We elucidate the
dependence of the two frequencies on the interactions from the
results of a spectral analysis: the higher frequency wpign coin-
cides with the characteristic frequency of spin mixing in the
single-site system 3U, and the lower frequency wj,, is reduced
as the interaction decreases. For alow U, /J with the fixed ratio
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FIG. 5. Time dependence of the interference term Xps. We
choose three sets of interactions Uy and U, in the vicinity of the
maximum point of X 55(0) in Fig. 4(b). Solid, dot-dashed, and dashed
lines correspond to (Uy/J,U,/Up) = (1,0.3), (2,1), and (0.5,5),
respectively.

U,/ Uy = 0.3, the spin-mixing dynamics is highly suppressed.
This behavior stems from the fact that the coefficient of X z(¢)
becomes small in the vicinity of Uy — 2U, = 0 or Uy + U, =
0. In these situations, the number of atoms in the bound states
decreases. Moreover, the reduction in the frequencies wpign
and wy,y [see Fig. 7(b)] around U, = 0 makes it difficult to
observe the spin mixing. Finally, all results discussed in this
section are completely applicable when the U, sign changes
while the ratio U,/ U is maintained, because of the symmetry
of the dynamics governed by the 1D spinless BH model [51].

C. Discussion

Here, we reveal why two frequencies appear in the spin-
mixing dynamics by taking the limits of both Uy + U, > 4J
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and Uy — 2U; > 4J. In these limits, X g(¢) becomes
Xp(t) >~ Jo(2et) cos[(3U, — 2¢)t], 39)

where 7,(x) denotes the Bessel function of the first kind.
€ = Jy,—2u, — Ju,+u, 1s related to the cotunneling process,
namely, the simultaneous hopping of two particles at the
same site to an adjacent site. Jy =2J2/U is the effective
hopping of the cotunneling process in the large interaction
limit, U/J > 1 [53]. Using the addition theorem of the
Bessel function, J,,(x —y) =Y e Tu(xX)Tn-m(y), with
|x| > |y|, the factor Jy(2€¢) can be rewritten as

Joet) =Y Tu(2Jup-20,1) T (2Tvg40,t)

- Z ijUU*ZUz (n’t)l//JUowz (n,1). (40)

Here, ¢;(n,t) = i‘”‘j|n|(2jt) is the wave function of the
continuous-time QW (dynamics of a single particle initially
located at the origin, governed by Hj) at the nth site at time ¢
[54]. Hence, one can say that the Bessel function in Eq. (39)
represents the overlap of the bound-state wave functions in
different bands. In the limit of Uy/J — 0o, € becomes 0
and thus the Bessel function becomes 1. Since Xg and Xpg
disappear in this limit, Eq. (31) [Eq. (38)] coincides with
Eq. (6) [Eq. (7)]. Note that Eq. (39) can also be derived by using
the effective Hamiltonian for bound states (see the Appendix).

Since Eq. (39) is the product of periodic and quasiperiodic
functions, the frequencies of the spin-mixing dynamics are
determined by the sum and the difference between the
frequencies of each function. The sum w, = [(3U; — 2¢) +
2e] = 3U, is identical to the frequency in a single-site system
[see Egs. (6) and (7)]. Because the approximation in Eq. (39)

(b) 2.0

FIG. 6. Spin-mixing dynamics in a 1D optical lattice for four U,/J values under the condition U,/ Uy = 0.3: (a) U,/J = 6, (b) U,/J =3,
(c) Uy/J = 1.5, and (d) U,/J = 0.3. Solid and dashed lines represent populations in spin state « = 0 and the sum of the populations in spin

states o« = %1, respectively.

063625-6



SPIN-1 QUANTUM WALKS

PHYSICAL REVIEW A 93, 063625 (2016)

(b) -
10} e 1
S o
g I
S0 010
g |
8 001} 1
0.001} o L ]
0.1 0.5 1.0 50100 500
UolJ

FIG. 7. (a) Time dependence of the bound-state term X z(¢). Interactions are Uy/J = 10 and U,/ U, = 0.3. Envelope functions plotted by
dashed lines correspond to +7,(¢'t). (b) Three characteristic frequencies of spin-mixing dynamics as a function of Up: wioy (circle), w_(¢€)

(dashed line), and w_(€") (solid line).

cannot be established for U/J ~ 1, the difference w_(€) =
[BU, — 2¢) — 2¢] = 3U, — 4¢ does not coincide with wjoy,
which is the lower frequency calculated from the spin-mixing
dynamics [see the dashed line and circles in Fig. 7(b)]. Since
4Jy coincides with the bandwidth of the bound states in the
large-interaction limit, we consider the exact bandwidth of the
bound states 4J/, = U — sgn(U)v/U? + 16J2, instead of 4Jy,.
Then € becomes

6, = |Jl//()—2U2 - J£]0+U2 | (41)
Substituting €’ for w_, w_(€”) coincides with wyyy, [see the solid
line and circles in Fig. 7(b)]. As shown in Fig. 7(a), +7(2¢'t)
well describes the envelope function of X g(). Surprisingly,

w; is always correct even for small interactions (compared
with a)high).

V. EMERGENCE OF LONG-RANGE SPIN CORRELATIONS

Quantum correlations in the 1D bosonic two-particle QW
are discussed in Refs. [17,18] on the basis of the spinless BH
model. It has been clarified that the time evolution of the two-
particle correlation depends strongly on both the interaction
strength and the initial condition of the QWs. When two bosons
are initially localized at the same site, the relative motion is
suppressed with increases in interactions. In contrast, when
two bosons are initially located at adjacent sites, the relative
motion is enhanced as the interaction increases. These dynam-
ical properties can be understood by noting the energy conser-
vation of the system. Let us consider a case where two bosons
are localized at the same site. The repulsive (attractive) inter-
action makes the energy of this boson pair higher (lower) than
the energy of the other states. The two bosons therefore tend
to maintain their localized states to conserve energy [52]. For
the same reason, the spatially separated bosons rarely occupy
the same site, leading to the enhancement of relative motion.

In the spin-1 boson system, we observed the similar two-
particle correlations mentioned above. Thus we focus on the
evolution of two-particle spin correlations given by (. i E it
To elucidate the role of spin-dependent interaction, we choose
the initial state, which does not have nonlocal spin correlations
(i # j)for U, = 0. This state corresponds to the superposition
of a parallel spin state and an antiparallel spin state with an
equal ratio,

! ,0) = 4, B]©)B]©)10), 42)

where A; ; =1/(,/4+ 25, ;) is a normalization factor and
E;(Q) = E;l + ei(’l;}_l is a corresponding creation operator
with an arbitrary angle 6. From Egs. (8) and (9), and also
by introducing the spin states [11); ; = ET]IQ;IIO)/ﬁ and

1
)i = Ei_ll;}_l |0)/+/2, we can rewrite the initial state in
a more informative way:

i‘l’i&,j(o)) = ‘/zAi,j|:|TT>i,j +e* )i+ \/;emhpUz)i,j

— iei%/f ) (43)
ﬁ —20a; j |+

Here [11)i,,14{)i,j and [y,); j correspond to the three basis
states of the total spin F' = 2 states with an interaction energy
of Uy + U,, and they give the positive spin correlations. On
the other hand, |¥_5y,);,; is the basis of the F' = 0 state with
an interaction energy of Uy — 2U,, and it gives negative spin
correlations. All these four states evolve separately over time
while keeping their spin states as discussed in Sec. III. There-
fore, the time dependence of two-particle spin correlations is
determined by the quantum-mechanical superposition of spins
during dynamical evolution in QWs. Under the condition of
a finite U,, we can expect the emergence of nonlocal spin
correlations owing to the difference in interaction energy
mentioned above.

Figure 8 shows simulation results for spin correlations at
t = 5/J calculated with Uy/J = 2 and 6 = 0. We further as-
sume the spin-dependent interaction U, = 0.3U in Figs. 8(a)
and 8(c) and U, = —0.3Uj in Figs. 8(b) and 8(d). We find
that the long-range spin correlations depend strongly on the
sign of U, and the initial states, which is a characteristic of
two-particle QWs of interacting spin-1 bosons.

First, we consider a case where two spin-1 bosons are ini-
tially localized at the origin |\118’0(O)). Long-range spin correla-
tions (|i — j| > 1) are negative for U,/ Uy > O [see Fig. 8(a)]
and positive for U,/ Uy < 0 [see Fig. 8(b)]. We can understand
this property as follows. The interaction greatly suppresses
the relative motion of two spin-1 bosons for this initial state,
which is similar to the spinless case. On the other hand, a spin-
dependent interaction decreases the whole interaction energy
and then enhances the relative motions for the F =0 (F =2)
states when U,/ Uy > 0 (U, /Uy < 0). Correspondingly, long-
range spin correlations become negative (positive).
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FIG. 8. Two-particle spin correlations at t = 5/J calculated with Uy/J = 2 and 6 = 0. The vertical and horizontal axes represent the lattice
site indices. (a), (b) Spin correlations starting from the initial state |‘I/(()),o(0)> where two spin-1 bosons are placed at the origin. (c), (d) Spin
correlations for the initial state |\Il8_l(0)) where two bosons are placed at the origin and at the first site. We assume a positive U,/ Uj in (a) and

(c) and a negative U,/ U, in (b) and (d).

Next, we start from the spatially separated initial state
|\D84 1(0)),1.e., each spin-1 boson s initially located at the origin
and the first site. Long-range spin correlations become positive
for U,/ Uy > 0 [see Fig. 8(c)] and negative for U,/ Uy < 0 [see
Fig. 8(d)]. For this type of initial state, the interaction enhances
relative motions. By noting the spin-dependent interaction,
the relative motions of F =2 (F = 0) states are relatively
enhanced for U, /Uy > 0 (Uy/Up < 0), leading to positive
(negative) long-range spin correlations.

Note that two-particle spin correlations do not show any
dependence on the angle 8. Therefore, we show the results for
6 = 0 only.

VI. CONCLUSION

In this work, we have studied the QWs of interacting spin-1
bosons on the basis of the 1D spin-1 BH model. We derive
an exact expression for the time-dependent wave function
by extending the method developed in Ref. [51] to a case
including the spin degrees of freedom. Using this expression,
the spin-mixing dynamics in QWs is discussed in detail both
analytically and numerically. We show that the spin-mixing
dynamics is characterized by two frequencies in the limit of
large spin-dependent interaction. One of the two frequencies
is determined by the energy difference between two bound

states and coincides with the characteristic frequency of the
spin-mixing dynamics in a single-site system. The other
frequency is related to the cotunneling process, which is the
simultaneous hopping of a pair of atoms between lattice sites.
These properties indicate that the dynamics in the spin space
is strongly correlated with the dynamical evolution in real
space via spin-dependent interactions. We find that the spin-
mixing amplitude is suppressed in the vicinity of interactions
satisfying Uy — 2U, = 0 or Uy + U, = 0 because the number
of spin-1 bosons in bound states is greatly reduced there.

We also numerically investigate two-particle spin corre-
lations in the present system. Long-range spin-correlations
emerge and the signs of the spin correlations can be controlled
by changing the sign of the spin-dependent interaction and/or
the initial condition. This owes to the fact that the spin-
dependent interaction effectively shifts the spin-independent
interaction in accordance with the subspace specified by the
total spin F =0 or F = 2.

Experiments with ultracold atoms have been making rapid
progress in recent years. The results presented here will be
demonstrated experimentally in the near-future. An interesting
idea for future work is to extend the present study to a
case including quadratic Zeeman effects, which are induced
by magnetic fields [55] or microwaves [47], and examine
how the spin-mixing dynamics is modified. Although we
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focus on a system of interacting spin-1 bosons in this paper,
generalization to other spinful boson systems can be realized
by performing similar calculations. On the other hand, from the
viewpoint of two-particle dynamics, spin mixing is a universal
phenomenon in various spinful systems except for spin-1/2.
It might be another intriguing problem to study spin-mixing
dynamics in fermionic systems and determine the qualitative
difference between bosons and fermions.

Our study paves the way for exploring continuous-time
QWs including the internal degrees of freedom. This opens up
the possibility of searching novel algorithmic applications of
QWs by utilizing spin degrees of freedom. Furthermore, the
nontrivial QW dynamics in combination with spin mixing that
we elucidate in this paper will offer a clue to understanding the
equilibration or thermalization processes in spinful systems.

ACKNOWLEDGMENT

This work was supported by Japan Society for the Promo-
tion of Science KAKENHI Grant No. 25287104.

APPENDIX: THE EFFECTIVE HAMILTONIAN

Here we derive Eq. (39) in an alternative way. We intro-
duce the following effective Hamiltonian, which describes a

PHYSICAL REVIEW A 93, 063625 (2016)

strongly correlated boson pair in the bound state,

Ab=dy S RIR 1 +He) + U +200) Y RIR;, (A
i j

where Jy is the cotunneling amplitude, and Iéj = i)/ V2
represents the annihilation operator of a boson pair at the
jth site. Note that in deriving Eq. (A1) we should retain
the constant energy shift, which explicitly depends on the
interaction strength. On the basis of this Hamiltonian, we
obtain the dynamical evolution of the atom pair that is initially
located at the origin:

WE(R,r,1) 2= 8, g~ ViIMe= 200t i=R 702 Jy1). (A2)

This is the wave function of single-particle continuous-time
QWs. Then it is straightforward to derive

Xp(1) = Z Re[W(, o0, (ROVG Ly, (Ro1,1)]

R,r

>~ Jo(2et) cos[(BU, — 2¢)t]. (A3)
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