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We consider quasi-one-dimensional dipolar spinor Bose-Einstein condensates in the homogeneous-local-spin-
orientation approximation, that is, with unidirectional local magnetization. By analytically calculating the exact
effective dipole-dipole interaction, we derive a Landau-Lifshitz-Gilbert equation for the dissipative condensate
magnetization dynamics, and show how it leads to the Stoner-Wohlfarth model of a uniaxial ferromagnetic
particle, where the latter model determines the stable magnetization patterns and hysteresis curves for switching
between them. For an external magnetic field pointing along the axial, long direction, we analytically solve
the Landau-Lifshitz-Gilbert equation. The solution explicitly demonstrates that the magnetic dipole-dipole
interaction accelerates the dissipative dynamics of the magnetic moment distribution and the associated
dephasing of the magnetic moment direction. Under suitable conditions, dephasing of the magnetization
direction due to dipole-dipole interactions occurs within time scales up to two orders of magnitude smaller
than the lifetime of currently experimentally realized dipolar spinor condensates, e.g., those produced with the
large magnetic-dipole-moment atoms SEr. This enables experimental access to the dissipation parameter I in
the Gross-Pitaevskii mean-field equation, for a system currently lacking a complete quantum kinetic treatment
of dissipative processes and, in particular, an experimental check of the commonly used assumption that I" is a

single scalar independent of spin indices.
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I. INTRODUCTION

Ever since a phenomenological theory to describe the be-
havior of superfluid helium 11 near the A point was developed
by Pitaevskii [1], the dynamics of Bose-Einstein condensates
(BECs) under dissipation has been intensely studied (see,
e.g., Refs. [2-8]). Experimentally, the impact of Bose-Einstein
condensation on excitation damping and its temperature de-
pendence has for example been demonstrated in Refs. [9-12].

Dissipation in the form of condensate loss is defined by
a dimensionless damping rate I" entering the left-hand side
of the Gross-Pitaevskii equation, replacing the time deriva-
tive as id; — (i — I')d;. While a microscopic theory of con-
densate damping is comparatively well established in the
contact-interaction case, using various approaches (cf., e.g.,
Refs. [5,13-15]), we emphasize the absence of a microscopic
theory of damping in dipolar spinor gases. While for scalar
dipolar condensates, partial answers as to the degree and
origin of condensate-excitation damping have been found
(see, e.g., Refs. [16—19]), in spinor or multicomponent gases
the interplay of anisotropic long-range interactions and in-
ternal spinor or multicomponent degrees of freedom leads
to a highly intricate and difficult-to-disentangle many-body
behavior of condensate-excitation damping.

In this paper, we propose a method to experimentally
access I' in a dipolar spinor condensate by using the dynam-
ics of the unidirectional local magnetization in a quasi-one-
dimensional (quasi-1D) dipolar spinor BEC in the presence
of an external magnetic field. To this end, we first derive an
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equation of motion for the magnetization of the BEC that
has the form of a Landau-Lifshitz-Gilbert (LLG) equation
[20-22], with an additional term due to the dipole-dipole
interaction between the atoms. The LLG equation is ubiqui-
tous in nanomagnetism, where it describes the creation and
dynamics of magnetization. The static limit of this equation is,
in the limit of homogeneous local spin orientation, described
by the well-known Stoner-Wohlfarth (SW) model [23-25] of
a small magnetic particle with an easy axis of magnetization.
We then investigate the magnetization switching after flipping
the sign of the external magnetic field, and demonstrate the
detailed dependence of the switching dynamics on the dissi-
pative parameter I".

For a quasi-two-dimensional (quasi-2D) spinor BEC with
inhomogeneous local magnetization, Ref. [26] has studied
the magnetic domain wall formation process by deriving a
LLG type equation. Here, we derive the LLG equation in a
quasi-1D spinor BEC with unidirectional local magnetization
in order to establish a most direct connection to the original
SW model. In distinction to Ref. [27], which studied the
effective quasi-1D dipole-dipole interaction resulting from
integrating out the two transverse directions within a simple
approximation, we employ below an exact analytic form of
the dipole-dipole interaction.

In Sec. II, we establish the quasi-1D spinor Gross-
Pitaevskii (GP) equation with dissipation, and equations of
motion for the magnetization direction (unit vector) M.
Section V shows how the LLG equation and the SW model
result, and Sec. VI derives analytical solutions to the equations
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of motion for M when the external magnetic field points along
the long, z axis. We summarize our results in Sec. VIL.

We defer two longer derivations to the Appendixes. The an-
alytical form of the effective dipole-dipole interaction energy
is deduced in Appendix A, and the quasi-1D GP mean-field
equation with dissipation is described in detail in Appendix B.
Finally, in Appendix C, we briefly discuss to what extent
relaxing the usual simplifying assumption that dissipation
even in the spinor case is described by a single scalar changes
the LLG equation, and whether this affects the SW model and
its predictions.

II. GENERAL DESCRIPTION OF DAMPING IN BECs

The standard derivation of the quantum kinetics of Bose-
Einstein condensate damping [5] starts from the microscopic
Heisenberg equation of motion for the quantum field operator
1/;(r, t), for a scalar (single-component) BEC in the s-wave
scattering limit. We use the results of Ref. [28], which ob-
tained a mean-field equation to describe the dissipation of a
scalar BEC, whose form is

(i—l“)h% =Hy, 6]
ot
where ¥ is (in the large-N limit) the dominant mean-field part
upon expanding the full bosonic field operator /.

In Ref. [1], Pitaevskii obtained a similar but slightly dif-
ferent form of the dissipative mean-field equation based on
phenomenological considerations, ih% = —-iT")Hy, by
parametrizing the deviation from exact continuity for the
condensate fraction while minimizing the energy [1]. The
latter deviation is assumed to be small, which is equivalent to
assuming that I" remains small. This provides a clear physical
interpretation of the damping mechanism, namely, one based
on particle loss from the condensate fraction. The version of
Pitaevskii can be written as

(i — F)h% =1 +THHy. 2)
It can thus be simply obtained by rescaling time with a
factor 1+ I'> compared to Eq. (1). Hence, as long as one
does not predict precisely I', the two dissipative equations
(1) and (2) cannot be distinguished experimentally from the
dynamics they induce. From the data of Ref. [11], employing
the results of Ref. [29], the estimated typical values are I =~
0.03 for a scalar BEC of 2*Na atoms at T ~ T./10 [4]. At
low temperatures (7" — 0), the latter reference derived I'
T3/2eCr=10)/ksT for a BEC in a harmonic trap, where y is the
chemical potential of the condensate and wy its nonconden-
sate counterpart (also compare the discussion in Ref. [12]).
Assuming that indeed I is of order 1072 demonstrates that
to distinguish between Eqgs. (1) and (2) experimentally the
theoretical predictions of I' would need to be precise to
order 107%.

How Egs. (1) and (2) can be generalized to the dipolar
spinor gases is comparatively little investigated. Using a
symmetry-breaking mean-field approach by writing the quan-
tum field operator Yr,t) as ¥(r, 1) =y 1)+ 85U 1),
with Y@, 1) = (Y (r,t)) and (8Y(r,1)) =0, Refs. [5,28]
showed that I" can be derived from the three-field corre-
lation function (8v/F(r, £)8v (r, 1)8Y(r, 1)) in a basis where

(8 (r, )8y (r, 1)) = 0. Then, I' cc A(T)/T for a homoge-
neous scalar BEC, where A(T') is of order unity for 7 /T, >
0.5 and A(T) — 0 when T — 0. From this microscopic ori-
gin, based on correlation functions, it is clear that in principle
I" might depend on the spin indices in a spinor BEC and hence
become a tensor (see Appendix C for a corresponding phe-
nomenological generalization). Nevertheless, it is commonly
assumed (cf., e.g., Refs. [26,30]) that I does not depend on
spin indices, and the scalar value found specifically in Ref. [4]
for a scalar BEC of 2*Na atoms is commonly used, while a
clear justification of this assumption is missing.

Extending the microscopic derivations in Refs. [5,28] to
the spinor case would be theoretically interesting, but it is
beyond the scope of the present paper. Here, we instead focus
on the question whether the standard assumption that the
damping of each spinor component can be described by the
mean-field equation [28] leads to experimentally falsifiable
dynamical signatures. It will turn out that this assumption
introduces an additional strong dephasing in the spin degrees
of freedom, amplified by the dipolar interaction. Hence, even
on time scales on which the decay of the condensate frac-
tion according to Eq. (1) can be neglected, the relaxation
of the magnetization of the BEC potentially offers valuable
insights whether the scalar-I" assumption is justified. Indeed,
in Ref. [31] it was shown experimentally that on the time scale
of the switching dynamics of the magnetization the number of
particles in the condensates remains approximately constant.
One might wonder, then, which dissipative mechanism is left.
However, as we show, by assuming the same GP equation for
each component of the spinor as for scalar bosons, additional
dephasing occurs that is in fact much more rapid than the
decay of condensate density due to dephasing accelerated by
the dipole-dipole interaction.

III. MEAN-FIELD DYNAMICS OF DAMPING
IN DIPOLAR SPINOR BECs

For a spinor BEC, linear and quadratic Zeeman interactions
are commonly included in the Hamiltonian. The quadratic
Zeeman interaction is related to a second-order perturbation
term in the total energy that can be induced by the interaction
with an external magnetic field (gg) as well as with the
interaction with a microwave field (gyw) [32]. Specifically, by
applying a linearly polarized microwave field, one can change
gmw without changing gp [33,34]. Hence, we assume that
the quadratic Zeeman term can be rendered zero by suitably
changing gnw.

Following Ref. [26], we thus assert that, for a dipolar spinor
BEC without quadratic Zeeman term, the mean-field equation
can be written as

Y (r.1) [_ i

(i = Dhi— — V2 + V() + colyr (r, )]

2m

— 1i{b — baa(r, 1)} ~i]w<r, 1)

s
+ Z Cak Z
k=1

Vi,V25000 Vk=X,),2

FV],”Z ..... Vk(rvt)

X foifon - oW, 1), 3)
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where ¥ (r,t) is a vector quantity whose ath component
in the spinor basis is ¥, (r, t) (spin-space indices from the
beginning of the greek alphabet such as «, 8, y,... are
integers running from —S to S). In this expression, hf
is the spin-S operator where the spin ladder is defined
by f:la) = aja) and («|B) = u g, While F,, ,, ., (r t) =
Vi) fv, fvz e kaw(r, t) are the components of the expec-
tation value of fvl fvz .- ka. The Larmor frequency vector
reads b = gpupB/h (with Landé g factor gr, Bohr magneton
wup, and the external magnetic induction B), and hb,,(r,t) -
e, = C4q fd3r’ ZU,ZW’Z Ov.v(r—1r)F, (¥, t). Here, cgg =
wo(grmp)*/(4m) and e, is a unit vector along the v axis
[32] (by convention, indices from the middle of the greek al-
phabet such as «, A, u, v, ... = x,y, z denote spatial indices),
and Q,, is the spin-space tensor defined in Eq. (A2) of
Appendix A. Finally, m is the boson mass, ¢y the density-
density interaction coefficient, and cy; the interaction coef-
ficient parametrizing the spin-spin interactions, where k is a
positive integer running from 1 to S [26]. For example, c; is
the spin-spin interaction coefficient of a spin-1 gas (S = 1).

To develop a simple and intuitive physical approach, we
consider a quasi-1D gas for which one can perform analytical
calculations. We set the trap potential as

Valx, 3, 2) = gmol (@ +y*) +V (2), “4)

so that the long axis of our gas is directed along the z axis and
the gas is strongly confined perpendicularly.

For a harmonic trap along all directions, i.e., when V(z) =
mw?z?/2, we set w; > w.. For a box trap along z, i.e., when
V(z) =0 for |z] < L; and V(z) = oo for |z| > L,, our gas
will be strongly confined along z as long as the quasi-1D
condition is satisfied; we discuss below whether the condition
is satisfied, in Sec. VI A.

Single-domain spinor BECs have been already realized,
for example, using spin-1 ’Rb [35]. This single-domain ap-
proximation is common in nanomagnetism (see, for example,
Ref. [24]), by assuming magnetic particles much smaller than
the typical width of a domain wall. The local magnetization is
related to the expectation value iF (r,t) = hyr' (r, t)fI//(r, t)
of the spatial spin density operator by d(r,t) = grugF (r,t).
A unidirectional local magnetization d(z, t) is then given by

d.(z,t) =d(z,t)sin0(t)cos ¢(t),
dy(z,t) = d(z,t)sin0(t)sin (),
d.(z,t) = d(z,t)cosO(t), (5)

where d,(z,t) =d(z,t) - e, is the vth component of d(z, 1),
d(z,t) =|d(z,1)|, 6(t) is polar angle of d(z,t), and ¢ () is
azimuthal angle of d(z, t). For an illustration of the geometry
considered, see Fig. 1. For a single-component dipolar BEC,
F(r,t) has a fixed direction. To study the relation of the
Stoner-Wohlfarth model, in which F(r,t) changes its direc-
tion, with a dipolar BEC, a multicomponent dipolar BEC
should therefore be employed.

In the quasi-1D approximation, the order parameter
Yo (r, t) is commonly assumed to be of the form

e—P*/C)

W‘I’a(z, 1), (6)

%("J) =

FIG. 1. Schematic of the considered geometry in a quasi-1D gas
(shaded ellipsoid). The length of the red magnetization arrows, all
pointing in the same direction (homogeneous local-spin-orientation
limit), represents |d(z, t)|.

where [ is the harmonic oscillator length in the x-y plane

and p = v/x? + y%. Assuming our gas is in the homogeneous
local spin-orientation limit, we may also apply a single mode
approximation in space so that W, (z, t) = Wyni(z, )¢, (¢). The
time-dependent spinor part is

La(t) = (ale PO H00)| ) (7

for spin-S particles [26,32] and the normalization reads
1C()|? := ¢T(1)¢ (¢) = 1. Finally, due to the (i — I') factor on
the left-hand side of Eq. (3), for ease of calculation, we may
make the following Ansatz for the ¥, (r, t) (cf. Ref. [36]),
e—P/C1)

Nz

From our Ansditze in Egs. (7) and (8), one concludes that the
expectation value of the (spatial) spin-density operator is

Yalr,1) = W(z, 1)gy (1) TP/ - (g)

2/[2

RE(r, 1) = hS S |W(z, 1)Pe 2o/ 04T

X sin Q(t)cos o),

e_p /ZL 2
hF,(r,t) = iS |W(z, 1)[2e~2F@st/1+T?)
i
x sin@(t)sing(t),
2/12
hF,(r,t) = hS [W(z, t)|2€*2qu/(1+r )
i}
x cosO(t). )

The above equations lead to unidirectional local magnetiza-
tion, which has been assumed in Egs. (5), in the quasi-1D
limit (after integrating out the strongly confining x and y
axes). Note, however, that our Ansatz in Eq. (8) is sufficient,
but not necessary, for the homogeneous-local-spin-orientation
limit, and the homogeneous-local-spin-orientation Ansatz is
thus designed to render our approach as simple as possible.

Because we are not assuming any specific form of W(z, t)
in our Ansatz in Eq. (8), we cover every possible time behavior
of [y (r,)” 1= ¥ () (0):

2,2

[y, ) = [W(z, 1) Pe 20/ (10)

Equation (10) explicitly shows that Eq. (8) does not imply
an exponentially decaying wave function with time since
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|W(z, t)[> can be any physical function of time r. However,
the Ansatz (8) simplifies the resulting equation for W(z, 7),
Eq. (11) below.

J

R 92
—— =+ V@) +

: H{W(z, 1)a(1)}
(z—F)h—z{ 9

ot 2 12

+h[—b+ S{M(t) — 3M_(1)e:}Pya(z,1)] -

s
+ ;:1: 2jTL];in(z, 1) Z

VI,V2,. VE=X, 0,2

where we defined the two functions

MU],Uz ..... uk(t) ==
o,p=

Pia(z,t) :=

n@.1) = [dp [y .0l =
where  [d?p = [ dx [*_dy.
Finally, the function G appearing in Py, is defined as

G\ == \/g(ﬁ + 1)e‘2/2erfc<%> — (14)

We plot G(A) as a function of A in Fig. 2.

Equation (11) represents our starting point for analyzing
the dynamics of magnetization. We now proceed to show how
it leads to the LLG equation and the Stoner-Wohlfarth model.

with the axial density
Wz, D)e 2T o/ (),

IV. EFFECTIVE LAGRANGIAN DESCRIPTION

To provide a concise phase-space picture of the condensate
magnetization dynamics, we discuss in this section a collec-
tive coordinate Lagrangian appropriate to our system.

Let M(t):=d(z,t)/d(z,t) where the magnetization
d(z,t) is defined in Eq. (5). Explicitly, the local

G(N)

1.2
1.0
0.8
0.6
0.4
0.2
H A
1 2 3 4 5

FIG. 2. The function G()) defined in Eq. (14). Note that G(A) =~
2/A3 4+ O(A73) for A > 1, so G(A) is always positive for A > 0.

By integrating out the x and y directions, the GP equation
for a quasi-1D spin-S BEC can be written as (for a detailed
derivation see Appendix B)

S t)}‘lf(z 1)8a(1)

N
> Fap¥lz. )Ep(0)
S

B=—
S A~ A A
SMay e 3 D (Fofor - o)y g ¥ DG . (D)
p=-S
S A A~ A
Z ;I(r)(fv,fuz~--fuk)a,,3;,s(r), (12)

Cdd |z — 7| 4 (z—7
2 d”(z ’){ ( I >_§8< L )} (4

(

magnetization direction reads M(t) = (sin6(t)cos ¢(),
sin@(t)sing(t), cosO(t)). Then, from Eqgs. (9) and (10),
F(r,t) =SM(@)|y(r, t)|2 and one obtains (for a detailed
derivation see Appendix B)
oM
o

where the renormalized interaction function A/, (¢) reads

oM
=M x {b+SAy,(OMec) = TM x —=. (15

3 oo
Ayy(t) = m/_ dzn(z, 1)Paa(z, 1), (16)

and  N@):=[&r |y, 0 = [7 dzn(z,1). From
Egs. (A9), (Al12), and (13), Al,(t) is connected to the
dipole-dipole interaction contribution V4, (¢) by

Vaa(t) = %ﬁSz{sinze(t)— %}/ dzn(z, t)Psq(z, 1)

—00

ho, 1
= 3 NOALD)) 3 —cos o)} (17)

We note that in order to obtain the effective quasi-1D dipolar
interaction (17), we did not use, in distinction to Ref. [27], any
simplifying approximation. A detailed derivation is provided
in Appendix A.

Equation (15) is the LLG equation with the external
magnetic field in the z direction modified by the magne-
tization in the z direction due to the dipole-dipole inter-
action. The corresponding term in units of magnetic field,
hSA!,,(t)M.e./(gF L), can be seen as an additional magnetic
field that is itself proportional to the magnetization in the z
direction, and which leads to an additional nonlinearity in the
LLG equation.

From Egs. (13) and (16), to get how A/, (t) depends on
time ¢, one has to calculate the double integral

/dz/dzn(z Hn(Z, t){ ('Z_”)—ga(Zl_Z,)}. (18)
1
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To achieve a simple physical picture, we assume that n(z, t)
does not depend on time ¢ within the time range we are
interested in. Then we may write A}, () = A},,. The lifetime
of a typical dipolar BEC with large atomic magnetic dipole
moments such as %Dy [37], '®’Dy and '**Dy [38], or '°Er
[31] is of the order of seconds. Since taking into account
the time dependence of n(z, t) generally requires a numerical
solution of Eq. (11), we here consider the case where n(z, t)
is constant in time ¢ as in Ref. [26], to predominantly extract
the effect of magnetic dipole-dipole interaction per se.

We also neglect the possible effect of magnetostriction.
The latter effect, amounting to a distortion of the aspect ratio
of the condensate in a harmonic trap as a function of the angle
of the external magnetic field with the symmetry axis of the
trap, was measured in a condensate of chromium atoms [39]
(with a magnetic moment of 6up, comparably large to those
of Er, 7up, and Dy, 10up). The magnetostriction effect in that
experiment was of the order of 10%. For alkali-metal atoms
with spin 1 the effect should be a factor of 6> smaller. In
addition, theoretical analyses in the Thomas-Fermi limit show
that magnetostriction in harmonic traps becomes particularly
small for very small or very large asymmetries of the trap
[40,41].

More specifically, Ref. [42] has shown that magnetostric-
tion is due to the force induced by the dipole-dipole mean-
field potential ®,,(r, ). In Appendix D, we apply the ap-
proach of Ref. [42] to a dipolar spinor BEC. From Egs. (16),
(17), (A1), and (D5), A},,(t) contains ®44(z, t) [the quasi-1D
form of ®,4,(r, t) defined in Eq. (D5)] by

[e¢]

SP{1 = 3MZ()IN(RA,, (1) = 3/ dzn(z, 1)Paa(z,1).

—00

19)

Hence, our LLG-type equation in Eq. (15) effectively contains
the dipole-dipole mean-field potential which causes magne-
tostriction and the form of Eq. (15) itself will not be changed
whether the effect of magnetostriction is large or not. Only
the value of A/, ,(¢) will be changed because magnetostriction
changes the integration domain. Furthermore, we show in
Appendix D that, for our quasi-1D system, the effect of
magnetostriction is smaller in a box trap than in a harmonic
trap. In fact, for the box trap, this effect can be neglected if
L./l is sufficiently large. Thus, we may neglect the effect
of magnetostriction under suitable limits for both box and
harmonic traps.

To get a simple physical idea of the dynamical behavior of
our system, let us, for now, assume that there is no damping,
I' = 0. When the external magnetic field is chosen to lie in the
x-z plane, B = (By, 0, B;), Eq. (15) becomes

do by sin &

— =b,sing,

dt

d¢ :

I = b,cotfcosp —b, —SA,,cos0, (20)

where we already defined the Larmor frequency vector b =
grupB/h below Eq. (3).

By using the Lagrangian formalism introduced in
Ref. [43], the Lagrangian L of this system then fulfills

L . S
7= ¢ cos6 + by, sinf cos¢ + b, cosd + ZA;M cos(26),

2D
where ¢ = d¢/dt. The equations of motion are
LOL jing + by cos b. sin6
50 ¢ sin . COS 6 cos ¢ . Sin
S
- EA;,d sin(20),
oL 10L ) . 10L
— =0, —— = —b,sinfsing, —— =cosh. (22)
a6 hogp oo

One easily verifies that Eq. (21) is indeed the Lagrangian
which gives Egs. (20). Let p: be the conjugate momentum
of the coordinate &. Since ps = 0 and ps = ficos 6 (% times
the z component of M), the Hamiltonian H is given by

"2 —2p2
H = —b./Ii* — phcos¢ —b.py + T(PSA;M.

Note that the energy £ := H — iSA/,,/4 is conserved. Hence,
if we put py = (pg),, and ¢ = 7 /2 at some time ¢ = 1,
E = —b.(pg);, — SA;d(pqg)fn/Zh. We can then express ¢ as
a function of py as

(23)

E+b.py + 3:SA,,pP5

bx,/ﬁ2 —pé

(Pg)in+Pp.
bz + SA:Id ¢2fl : . (24)

b,/ h* —pé

The canonical momentum p, remains the initial (pg),, when
by = 0, implying that 8 does not change when b, = 0, con-
sistent with Egs. (20). If |b,| is larger than |b, £ SA/ |, we
can have py # (py),, with | cos ¢| < 1, which allows for the
switching process of the magnetization. Below a threshold
value of |b,| that depends on b, and SA/,,, ps has to remain
constant for Eq. (24) to be satisfied, which corresponds to
simple magnetization precession about the z axis.

When pg is a function of time, there are two important
cases:

cos¢p = —

= {(pp)in — Ps}

b, (Pg)in — D¢
b.|> SN, : — L e
(@) |b)|>SA,;: cos¢ bx\/h2_—2
Dy
SN, (Pp)i — P3
(0 [b| < SAL, : cosd = ~mdd P00 T P65y

2b, m

We plot the corresponding phase diagrams (6 vs ¢) in Fig. 3.

Let (pg),, = ficos6y, b, =bsinf, and b, = bcosbh.
When case (a) holds |b;| > SA/,, one concludes that
cos Oy cos 6 + sin Gy sin 6 cos ¢ = cos Gy cos b;,, which is con-
stant. Since d -b = db(cos 6y cos b + sin by sin b cos ¢), in
case (a) the magnetization d precesses around the external
magnetic field B, as expected. When case (b) holds, SW
switching can occur, to the description of which we proceed
in the following.
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ps/h = cos@
1.0¢f

0.5t

-0.57

-1.0
(Pg)in = /2 and ¢in = /2

ps/h = cos @
1.07
0.5t

N

| | | | -
ofs 10 15 20 ¢/

-0.5¢t
N 2

10— —— -

(pg);, = —h/2and ¢in = /2

FIG. 3. py/h vs ¢/m when I' =0 (no dissipation), with ini-
tial values (py)in = fi/2 and ¢, = 7 /2 (top) and (py)in = —h/2
and ¢;, = 7 /2 (bottom). Dashed blue line, b,/b, = 0.2 and |b,| >
SA/,,; black line, b, /b, = 0.2 and SA},/b, = 0.6; dash-dotted red
line, SA},,/b, = 0.6 and |b,| < SA/,,;; dotted orange horizontal line,
b, =0.

V. CONNECTION TO STONER-WOHLFARTH MODEL

The phenomenological SW model can be directly read off
from the equations in the preceding section. From Eq. (23),
H := H + hSA/,,/4 is given by

H _ SAL,
7= —b,sinf cos¢p — b,cosO +
Let (b)), be the value of b, at the stability limit where

0H /30 = 0 and 9>H /36> = 0. Then one obtains the critical
magnetic fields

(by)er cOSp = SA/,, sin’ 6,

sin?6.  (26)

(b)er = =SSN, cos’ 0, (27)
which satisfy the equation
{(Bercos )7 + ()T = (SN ). (28)

We coin the curve in the (b,, b;) plane described by Eq. (28)
the switching curve, in accordance with the terminology
established in Ref. [44]. Because ¢ changes in time [see
Egs. (20) and Fig. 3], the switching curve depends in general
on the timing of the applied external magnetic fields. We note
that, for ¢ = 0, Egs. (26) and (28) are identical to the SW
energy functional

Hsw
h

and the SW astroid [44], respectively, if we identify K =
SA,/2.

= —b,sin@ — b,cos6 + K sin* @ 29)

The LLG equation in Eq. (15) has stationary solu-
tions with M parallel to the effective magnetic field
h{b+ SA),,(t)M.e.}/(grmp). Since we set b to lie in the xz
plane, ¢ will go to zero for sufficiently large times. Thus
Eq. (26) leads to the SW model (29) due to the damping
term in Eq, (15) if I' > 0. In Appendix C, we demonstrate
that a more general tensorial damping coefficient I introduces
additional terms on the right-hand side of the LLG equation
(15), which involve time derivatives. While these will thus not
affect the SW phenomenology, which results from the steady
states as a function of the applied magnetic fields, and which
is thus governed by the vanishing (in the stationary limit) of
the first term on the right-hand side of the LLG equation, they
affect the detailed relaxation dynamics of the magnetization
and its time scales. These deviations can hence can be used to
probe deviations from assuming a single scalar I".

Before we move on to the next section, we show the
characteristic behavior of A/, defined in Eq. (16), for a box-
trap scenario defined by n(z,t) = N/(2L;) for —L, <z < L,
and n(z,t) = 0 otherwise (N is the number of particles).

We stress that due to the finite size of the trap along the
“long” z direction, in variance with the Hohenberg-Mermin-
Wagner theorem holding for infinitely extended systems in
the thermodynamic limit, a quasi-1D BEC can exist also at
finite temperatures [45]. This remains true up to a ratio of
its proper length to the de Broglie wavelength [46], beyond
which strong phase fluctuations set in [47]. In fact, such
strongly elongated quasi-1D BECs at finite temperature were
first realized already long ago (cf., e.g., Ref. [48]).

For the box trap, A/, = Agqa(L; /1), where

3Ncgg 1 (% 2
AggO) = 2}%"1{/0 dv (1 - %)G(v) - 3}. (30)

From Eq. (14), G(v) ~ 2/v> + O(v~>) for v > 1, so that

NCddl
- for A=1L;/I 1. 31
205 X or S>> (31

Aga(A) =

Hence Ay4()) is a slowly decreasing function of the cigar’s
aspect ratio A (keeping everything else fixed). We see below
that for the parameters of experiments such as in Ref. [31],
the effective magnetic field due to dipolar interactions greatly
exceeds the externally applied magnetic fields (in the range
relevant for SW switching to be observed) [49].

VI. ANALYTICAL RESULTS FOR AXITALLY DIRECTED
EXTERNAL MAGNETIC FIELD

Without dissipation, when b, =0, py = licos = iM, is
rendered constant [see Eq. (20)]. However, in the presence
of dissipation, M, changes in time even if b, = 0. By em-
ploying this change, we propose an experimental method to
measure I".

For simplicity, we assume that the number density is con-
stant in time (also see Sec. IV) and the external magnetic field
points along the z direction, B = B.e,. Let a critical (see for a
detailed discussion below) value of the magnetization be

b

2 (32)

M) == —
(Mo = — -
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Then Eq. (15) can be written as

oM oM
W = SA:ldM x e{M; — (M;)er} — TM x W

oM
=M x (b + SAyuM:) = TM x ——. (33)

Since M - % = 0, by taking the cross product with M on both

sides of Eq. (15), one can derive an expression for M x %—Af:

oM ISA/
aj=—ijm—waMW—U
F /
= _1+—F2(bz +SALMY(ME—1). (39

Since M is the scaled magnetization, |[M| = 1 with a conden-
sate. Hence, —1 < M, < 1. Also, according to the discussion
below Eq. (26), the generally positive SW coefficient (with
units of frequency) K is SA/,, /2.

From Eq. (34), for time-independent A/, ;, one concludes
that there are three time-independent solutions: M, = (M,),,
and M, = +£1. For a box-trapped BEC and constant number
density, A/, = A4q which is always positive in the quasi-
1D limit [cf. Eq. (30) and the discussion following it]. For
some arbitrary physical quasi-1D trap potential, in which the
number density is not constant in space, from Eqgs. (13) and
(16) and Fig. 2 one can infer that A/, > 0, due to the fact
that the quasi-1D number density n(z,t) > 0, n(z, t) has its
maximum value near z =0 for a symmetric trap centered
there, and then G(X) also has its maximum value near A = 0.

Then, if |(M,).| < 1, M; = (M;),, is an unstable solution
and M, = £1 are stable solutions. When |[(M;),| <1 and
-1 <M, < (M;),, M; goes to —1. Likewise, M, goes to
1 when (M;), < M, < 1. This bifurcation does not occur
if |(M;).,| > 1. For simplicity, we assume that |(M_).| < 1.
This is the more interesting case due to the possibility of a
bifurcation of stable solutions leading to SW switching.

Let (M.);, be the value of M, atz = 0. The analytic solution
of Eq. (34) satisfies

t = 1 + FZ |: 1 1 {(Mz)in - (Mz)cr}
TTSAL LMo —1 | M. — (Mo

1 { 1-M, }
— In
2{1 — (M)cr } I = (M)in

1 { 1+ (M) ”
+ In
21+ M)} | 1T+M,

R SAL, b, + SN, (M )in
= In
I 62— (SA),)? b, + SN M,

1 | { 1 — M. }
— n
20, + SN, 1= M)

B 1 In 1+ (Mz)in
2(b, — SA),) 1+M, ||
The above equation tells us that, if (M), # (M), and

(M), # £1, M, goes to its stable time-independent solution
(|M;| = 1) attime ¢t = oco. Thus, we define a critical switching

(35)

timet,; to be the time when |M,| = 0.99. Also, note that
the form of the LLG equation [Eq. (33)] does not change
whether the BEC is confined in a quasi-1D, quasi-2D, or a
three-dimensional (3D) geometry. This is because one can
find a connection between A’,; and the effective dipole-dipole
interaction potential V¢, so one can measure I' even if the
BEC is effectively confined in a space with dimension higher
than one, using Eq. (35).

We point out, in particular, that z., is inversely proportional
to A/,,. Hence, for a constant-density quasi-1D BEC confined
in —L, <z< L, A, =Aga(L;/l1), and thus f, is also
inversely proportional to the linear number density along z.
This follows from the relation between Ag4(L;/l;) and the
linear number density along z displayed in Eq. (30).

For large dipolar interaction, the asymptotic expression for
ter 18, assuming I' < 1,

I IV Gt )
n

B FSA;M |(Mz)in - (Mz)cr|

tCl’

provided SAL, > |b.| < |(M.)o| < 1. (36)

The above ¢, diverges at (M), = (M;),, or 1, as expected,
since M; = (M), and M, = %1 are time-independent solu-
tions of the LLG equation. We stress that Eq. (36) clearly
shows that the magnetic dipole-dipole interaction accelerates
the decay of M. Hence, by using a dipolar spinor BEC with
large magnetic dipole moment such as produced from '®Dy
or '%FEr one may observe the relaxation of M, to the stable
state within the BEC lifetime, enabling the measurement
of I'.

Before we show how the critical switching time 7., depends
on (M,),, and I', we qualitatively discuss when our quasi-1D
assumption and homogeneous-local-spin-orientation assump-
tion are valid. Typically, spin-spin-interaction couplings are
much smaller than their density-density-interaction counter-
parts, by two orders of magnitude. For a spin-1 2*Na BEC or a
spin-1 ’Rb BEC, ¢y =~ 100|c,| [32,35]. Thus we may neglect
to a first approximation the S times ¢y terms in Eq. (11) (see
the discussion at the end of Appendix D). We also require
|(M;).| < 1. Thus, we may additionally neglect the b term
compared to the P;;(z, t) term since, forb = b.e., SA),, > |b|
should be satisfied to make |(M;).| < 1 [see Eq. (32)] and
A, is related to Pyy(z, 1) by Eq. (16). When T = 0, using our
Ansatz in Eq. (8) and integrating out the x and y directions,
Eq. (D4) can be approximated by the expression

282

w(t)W(z, 1) = {_EB_ZZ +V(@)

+

Co 2
5 W(z, 1) +<I>dd(z,t)}‘lf(z,t), (37)
2wl
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where, from Egs. (D5), (A1), and (17), the dipole-dipole interaction mean-field potential reads

Dya(z, 1) = BS*{1 — 3MZ (1)} Paa(z, 1)

Cdd

From Fig. 2, the function G(A) is positive and decreases
exponentially as A increases. Thus, if /; is small enough such
that |W(z + zl,, 1)|* does not change within the range |Z| < 5,
one may conclude that

2 c
Paule.) = TS0} W@ 0P (39)
1

due to the property [, dA G(A) = 1.

A spinor (S = 6) dipolar BEC has been realized using
16Er [31]. For this BEC, ¢y = 4/i*a/m, where a ~ 67ag
(ap is the Bohr radius) and 275%c;;/3 = 0.4911¢y. Due to
M, (¢)| < 1 from the definition of M (¢), the maximum value
of the chemical potential w(¢) is achieved when M, (¢) = 0,
where

2 n(z, t)
n) =V + (Co + TSZCdd> 27l (40)

From above Eq. (40), we may regard the 3D number
density as n(z,7)/(2wi?). In Ref. [31], N =1.2x 10°,
w, /Q2mr)=+/156 x 198 = 175.75Hz, w,/(2m) = 17.2Hz,
[1 = 0.589 um, and the measured peak number density 7ipeax
is 6.2 x 10 m~3. Using Egs. (37) and (39), by denoting L.
as the Thomas-Fermi radius along z, (—L, < z < L;) with
V(z) = mw?z?/2, one derives

3 278%c,0/3)N 1
Lzz{ (co + 27 S%cqq4/3) } ’ @1

272
drmw?l]

and the mean number density 7# = (N/2L;)/ (anf_) =
6.721 x 10 m~3 as well as chemical potential u/(fiw,) =
mw?L?/(2hiw, ) = 23.22. Note that /i > 1.17ipeq. Because p
is not less than /iw, , the experiment [31] is not conducted
within the quasi-1D limit.

The homogeneous-local-spin-orientation approximation is
valid when the system size is on the order of the spin
healing length & or less, which has been experimentally
verified in Ref. [35]. Using ¢y 2~ 100|c;|, & =~ 10&,, where
£, = /I*/(2mcon) is the density healing length and & =
Vh?/(2m|c,|it) is the spin healing length. Thus, if L, is on
the order of 10£,;, the homogeneous-local-spin-orientation
approximation is justified.

Using the S = 6 element '°°Er, we can provide numerical
values which satisfy both the quasi-1D and homogeneous-
local-spin-orientation limits, as well as they enable us to
explicitly show how ?, depends on (M.);, in a concretely
realizable setup. We consider below two cases: A box trap
along z [50] and a harmonic trap along z.

_ Cdd a1y a2 < PN -zl 4. (-2
_2115{1 3Mz(t)}/_oodz |W(, 1) {G( o ) 33( o )}

> 4
= sl - 3M3<r>}{ / dz I\If(z+zzL,r)|zG(|2|)——|W<z,r)|2}. (38)
22 3

—0Q

(

A. Box traps
We set V(z)=0 for |zl <L, and oo otherwise.
Then n(z,t) =N/(2L,) and we estimate [ =~

(co 4+ 27 S%cqa/3)N/(Am 3 L,) from Eq. (40). In this case,
A, = Aga(L;/11) as is calculated in Eq. (30). Fixing
B, = —0.03mG and N = 100, we consider the following two
cases:

() w/@r)=24x10"Hz and L,=23.125um.
Then L./I; =62.03, w/(hwy)=0.1692, and L /&; =
29.55. Thus, the system is in both the quasi-1D and
homogeneous-local-spin-orientation limits. SAg4(L;/l1) =
4.074 x 103 Hz, hASAgq(L./11)/(grms) = 0.3969 mG, and
Ocr = cos™! (M,),, is 85.67°.

2) w1/2r)=1.2x 10*Hz and L, = 6.250 um. Then
L/, =8772, wu/(hw,)=0.0846, and L /&; = 29.55.
Thus, again the system is in both the quasi-1D and
homogeneous-local-spin-orientation limits. SAgq(L;/l1) =
1.028 x 10 Hz, ASAgq(L./11)/(grup) = 0.1002mG, and
O = 72.57°.

Figure 4 shows the relation between 7, and (M.);,.

B. Harmonic traps

We set V(z) = mw?z? /2. Using the Thomas-Fermi approx-
imation, from Eq. (40), u = mw?L?/2, where L. is given
by Eq. (41). (co + 278%cqa/3)n(z, 1)/ (w1%) = mo?(L? — 22)
for |z| < L, and n(z,t) =0 for |z| > L,. From this n(z, 1),
we performed a numerical integration to calculate A/, in
Eq. (16). Fixing B, = —0.03 mG, we consider the following
two cases:

(1) N=240, w,/Q2m)=2000Hz, and w,/(27)=
50Hz, for which L,=5.703um and L,/l; = 32.68.
We obtain again the quasi-1D and homogeneous-local-
spin-orientation limits since u/(fiw;) = 0.3337 and
L./&; =17.85. Furthermore, SA/, =1.644 x 103 Hz,
hSA!,/(grms) = 1.602 x 107" mG, and 6., = 79.21°.

(2) N=340, w,/Q2m)=1000Hz, and w.,/(27)=
25Hz, where L, = 8.070 um and L,/l; = 32.70. Again, we
have the quasi-1D and homogeneous-local-spin-orientation
limits fulfilled due to u/(hw,) = 0.3341 and L,/&; = 17.87.
In addition, SA/, =8.230 x 10°Hz, ASA!,/(grig) =
8.019 x 1072 mG, and 6., = 68.03°.

Figure 5 shows for the harmonic traps the relation between
ter and (M,);,.

C. Measurability of critical switching time

Figures 4 and 5 demonstrate that the critical switching time
t.r is much smaller than the lifetime of a BEC (several seconds

013315-8
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1.0 -05 : 05 1.0

wi/(2m) = 2.4 x 10" Hz, L. = 3.125 ym, and 1, = 0.0504 m
where N/ (47w L.17) = 10.03 x 10*°m~* ((M:),, = 0.0756).

ter (8)

(M)

in

P
.
-
.=

=
==

-1.0 -0.5 0.5 1.0
wi/(2m) =1.2x% 10*Hz, L. = 6.250 um, and [; = 0.0712 ym
where N/ (4 L.17) = 2.508 x 10°°m™* ((M.),, = 0.2995).

cr

(‘]‘/[Z)in

FIG. 4. ¢ as a function of (M,),, when B = B.e,, where B, =
—0.03 mG and particle number N = 100. From top to bottom: Red,
I' = 0.01; black, I' = 0.03; and blue, I' = 0.09. Solid lines are from
the exact analytic formula in Eq. (35), and dot-dashed lines are from
the asymptotic expression in Eq. (36). Generally, 7., decreases as
I increases. Also, note that f., diverges as (M.),, — (M.),. For
larger mean number density N/(47L.I?) (top), the asymptotic ex-
pression of 7., is essentially indistinguishable from the exact analytic
formula of t... Top: @, /(27) = 2.4 x 10*Hz, L. = 3.125 um, and
I, = 0.0504 um, where N/(4wL,?) = 10.03 x 10®° m=3 [(M,),, =
0.0756]. Bottom: ,/(27) = 1.2 x 10*Hz, L. = 6.250 um, and
I, =0.0712 um, where N/(4rL.1?) = 2.508 x 10 m~® [(M.),, =
0.2995].

[31]) and thus, by measuring f., by varying (M.);,, one will
be able to obtain the value of I', provided I' indeed does
not depend on spin indices as for example Refs. [26,30] have
assumed. Conversely, if one obtains from the measurements a
different functional relation which does not follow Eq. (35),
this implies that I' may depend on spin indices.

Note that both Figs. 4 and 5 show that t. is inversely
proportional to the mean number density N/ (471Lzli).
Equation (36) states that f, is inversely proportional to A, ,
but except for the box trap case, in which one can analytically
calculate Al,, = Agq(L;/11) in Eq. (30), the dependence
of A/, and the mean number density N/ (4 L,1%) is not
immediately apparent. Thus, at least for harmonic traps,
and in the Thomas-Fermi approximation, one may use the
box trap results of Eq. (30) to provide an estimate of the
behavior of ¢;.

ter (s)

0.4

-
==

(]L[Z)in

10 -05 0.5 1.0

N =240, w, / (2m) = 2000 Hz, and w./ (27) = 50 Hz.
L, =5.703 um and [, = 0.1745 um where
N/ (4rL.17) =1.010 x 10*° m~* ((M:),, = 0.1873).

cr
ter (s)

-
.=
—
=

(Afz)in

10 -05 1.0

N =340, w, / (2m) = 1000 Hz, and w./ (27) = 25 Hz.
L. =8.070 pm and [; = 0.2468 um where
N/ (4wL-17) = 0.550 x 10°°m~* ((M.),, = 0.3741).

FIG. 5. t, as a function of (M;),, when B = B,e,, where
B, = —0.03 mG, for two particle numbers N as shown. From top
to bottom: Red, I' = 0.01; black, I' = 0.03; and blue, I" = 0.09.
Solid lines are from exact analytic formula in Eq. (35), and
dot-dashed lines are from the asymptotic expression in Eq. (36).
Generally, 1., decreases as I" increases. Also, note that 7, diverges as
(M,),, — (M.),,. For larger mean number density N/ (4w L [?) (top),
the asymptotic expression of 7. is essentially indistinguishable
from the exact analytic formula of ¢,. Top: N = 240,
0, /(2r)=2000Hz, and ®,/27)=50Hz. L,=5.703 um
and [, =0.1745pum, where N/(4mLJI?)=1.010 x 10* m~3
[(M,). = 0.1873]. Bottom: N =340, w,/(27) = 1000Hz, and
w,/(2r)=25Hz. L, =8.070um and [, = 0.2468 um, where
N/(@rL13) =0.550 x 10 m~3 [(M,),, = 0.3741].

VII. CONCLUSION

For a quasi-1D dipolar spinor condensate with unidi-
rectional local magnetization (that is in the homogeneous-
local-spin-orientation limit), we provided an analytical
derivation of the Landau-Lifshitz-Gilbert equation and the
Stoner-Wohlfarth model. For an external magnetic field along
the long axis, we obtained an exact solution of the quasi-
1D Landau-Lifshitz-Gilbert equation. Our analytical solution
demonstrates that the magnetic dipole-dipole interaction ac-
celerates the relaxation of the magnetization to stable states
and hence strongly facilitates observation of this process
within the lifetime of typical dipolar spinor BECs. Employing
this solution, we hence propose a method to experimentally
access the dissipative parameter(s) I".
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We expect, in particular, that our proposal provides a viable
tool to verify in experiment whether I' is indeed independent
of spin indices, as commonly assumed, and does not have to
be replaced by a tensorial quantity for spinor gases. We hope
that this will stimulate further more detailed investigations
of the dissipative mechanism in dipolar BECs with internal
degrees of freedom.

We considered that the magnetization along z, M., has con-
tributions solely from the atoms residing in the condensate, an
approximation valid at sufficiently low temperatures. When
the magnetization from noncondensed atoms is not negligible,
as considered by Ref. [5] for a contact interacting scalar BEC,
correlation terms mixing the noncondensed part and the mean

field, such as Zfﬁ,:fs Y5 (r, 1)(8% (r, 1)8Y5(r, 1)), will appear
|

on the right-hand side of Eq. (3). Here, 8 (r, 1) is the ath
component of quantum field excitations above the mean-field
ground state in the spinor basis. Considering the effect of these
terms is a subject of future studies.
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APPENDIX A: DERIVATION OF THE EFFECTIVE POTENTIAL V¢

The dipole-dipole interaction term V,,(¢) in the total energy is given by [32]

vdd(t)=% / d’r / Ir' Y R 00wy r— )R 1), (A1)

vV'=x,3,2

where ¢4y is the dipole-dipole interaction coefficient, F,(r, ) = ¥ (r, 1) ﬁ,l//(r, t), and Q,,,/(r) is defined as the tensor

Qv,v’(r) L=

r28vﬁvr —3ryry

S (A2)

in spin space, where r = |r| and r, =r - e,, with e, being the unit vector along the v axis. From now on, we define p = (x, y)

such that dxdy = d?p = dedp p, where tan ¢ = y/x.

Using the convolution theorem, the dipole-dipole interaction term V,,;(¢) can be expressed by

Vya(t) = %(Zn)Dﬂ/cﬁk ik, Oi(—k, )05k, 1) (A3)

with the Fourier transform

Uaa(n, 1) = m v

> Ra.0)Quy(F 1),

W=X,Y,2

(A4)

where 3(k, 1) = (2m)~P/? f dr g(r,t)e™* ™ is the Fourier transform of the function g(r, ¢) in D-dimensional space r (in our case,

D=3),yg=r—r,andn(r,t) = |y, 1)

By denoting k = (k,, k), where k, = (ky, k;) with k, = Vk2 + k}z, and tan ¢, = ky/k,, with our mean-field wave function

in Eq. (8), one derives

= 1 1 2 Oo —(p/11)? iok, ik.z L —k212 /4
nik,t) = EW‘/L{ p/;wdze n(z, t)e et = En(kz,t)e oL (AS5)

where n(z, 1) := |W(z, 1)[2e~2F*L1/(+T*) Note the factor of (277)~" appearing, when compared to Eq. (12) in Ref. [27], which is

stemming from our definition of Fourier transform.

Denoting 1 = ||, by writing e, for the unit vector along , we obtain

1 /6

Uaa(n, 1) = - —[{¥(ey)e ™V + Y, 2 (e,)e ) S? sin® 0(1) — {1, (e)e ") — Y, ' (e,)e™ "} S? sin{20(1)} ]

5

1 /6 2 .
+ _ / ?Yzo(e,,)\/;SZB sin® 0(r) — 2}, (A6)
where Y," (e;) are the usual spherical harmonics. Its Fourier transform Uk, t)is
- 1 4n 3
Ugalk, t) = ————8*11 — =sin?0(t) ¢ | 3 —1
@l )= Gapr 3 { 2 ()}< Ry )
+ L 7 S§%sin® 0(r) cos {2k, — 2¢(1)} + \/Z koke $%sin{260(t)} cos{er, — (1)} (A7)
V2 k24 k2 ’ m k2 4 k2 ’ '
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By plugging Egs. (AS) and (A7) into Eq. (A3), we finally obtain V,,(¢) as

2
V() = ddd_/ dk, ii(k,, t)i(—k,, 1) 5_{1—;sinze(t)}{(kzzli/z)e":zli/zEl(kzzli/Z)—%}, (A8)

where E|(x) = fxoo du e™"/u is an exponential integral.
Note that Eq. (A8) can be also written as

o0
Vaatt) = 4o f ke ke, (ke Wit (ke 1)

Cdd/ dz/ d7 n(z, @, Ve (z — 7, 1). (A9)

Due to the fact that V. (k,, ¢) can be obtained by Eq. (A8), we can get Vi (2, t) by inverse Fourier transform. As a preliminary
step, we first write some integrals of Ej(x) as follows:

00 . ) o0 ) oS —(t—x?) R
/ dx ¢ E\(x})e ™ = / dx e~ / dt = ()2 erfe(|k|/2). (A10)
—o0 -0 x2 t
Differentiating Eq. (A10) with respect to k two times results in
/oo dx X2 E\(x¥)e* = — ()32 s + 1) e Herfe(lk|/2) — LI i(s(lc) (A1l)
e ! 2\ 2 NN

Therefore, Ve (z, t) can be calculated as
1 3 2 1 .
Vet (2, 1) = —_/ dk —_{1——sin29t H K212 )2) 02 E (K21? 2 —-}e'kzz
ﬁ‘( ) 27-[ . Zli 27[ B () (zj_/) l(ZJ_/) 3

2

S<(3 4
1—3{—sm 0(r) — 1}{G(|Z|/1L) - 58(z/h)}, (A12)

where G(x) is defined in Eq. (14), and §(x) is the Dirac delta function.
The Fourier transform of Eq. (A12) acquires the form

. 1 & ez 28%(3 o 2
Vege (k,, t) = E/ dz Ve (z, t)e"™* = l_z{_ sin? o) — 1}{/0 dv G(v)cos (k[ v) — 5}

2 (o)
= \/gf_z{g sin?6(r) — 1}[/ du {/mQu* + e erfe(u) — 2u} cos(v/2k 1 u) — ﬂ (A13)
0

1

From Ref. [51], the following integral involving the complementary error function is

o0 2 1 2
du e“ erfc(u) cos(bu) = ——e" /*E,(b*/4). (Al4)
/ i
By differentiating Eq. (A14) two times with respect to b, we get
/ood 20" exfe(u) cos(bu) = ———| + b2+1 PIEEW4) — 1+ (AI5)
u eric(u) cos(ou) = — — (-
A ue 2 «/_ 1 B2

Hence, Eq. (A13) becomes

i 28%(3 . 1 2p 1 1 e )
Vetr (k1) = \/;l—z{zsmze(t) - 1}[—{5(19?11 +1)NPE (K217 /2) = 14+ —— e } + 2 MR (K212 )2) + e 5]

1
252 3 - 1
=——"__l1— Zsin®0(@ K212 /2)e5H2E (K212 )2) — = 3. Al6
li«/ﬁ{ 2s1n ()}{(zl/ )e l(zJ_/) 3 ( )

Comparing Eq. (A8) with Eq. (A16), one verifies that Eq. (A12) is the correct result for the effective interaction of the quasi-1D
dipolar spinor gas.

APPENDIX B: QUASI-1D GROSS-PITAEVSKII EQUATION WITH DISSIPATION

By introducing an identical damping coefficient for each component of the spinor (cf., e.g., Refs. [26,30]) (i.e., as if each
component effectively behaves as a scalar BEC [28]), and neglecting a possible quadratic Zeeman term, the GP equation for a
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spin-S BEC can be written as [26]

I (r, n? il .
(i — F)hw = {—%VZ + Ve (r) + col ¥ (r, t)lz}wa(r, 1) — hﬂ;S {b—baa(r,1)} - (f)a.p¥pr, 1)
S S L R
+Y o Y Fumen 0 Y (fofu ), Ve ), (B1)
k= VI, V2, k=X, 0,2 p==S

where ¥, (r,t) is the ath component of the mean-field wave function ¥ (r, t) (the spin- space index « is an integer taking
25 + 1 values running from —S to S), Fy, . . 1) = ¥ (r, t)fvlfU2- kaw(r 1), sz is the spin-S operator, and b =
grupB/h (gF is the Landé g factor, up is the Bohr magneton, and B the external magnetic field). Finally, by, (r,t) - e, =
Caa [ a3r Zv,:x!m Qv (r—r)F,(r,t), where e, is the unit vector along the v axis (v = x, y, z) [32]. Applying the formalism
of Ref. [1] to a spinor BEC assuming that I does not depend on spin indices, one just needs to transform t — (1 + I'?)¢ in
Egs. (B1) and (8). We then integrate out the x and y directions in Eq. (B1) to obtain the quasi-1D GP equation.

From Eq. (8) in the main text, we have

e—P* 1)

[ Z e basr)- P ptr. 0

Cdd |z — 2] 4 (z—7 S 5.
_213/ d7 n(Z, t){ ( I )—58( I )}\D(z,t)e 14T S{M(t)—3MZ(t)ez}-ﬁ;s(f)mﬁg‘ﬁ(t), (B2)

where [d?p = [ dx [* dyandn(z,1) = [d®p [y (r,0)]* = |¥(z, 1)Pe2Tet/0+T),
For a spin-S BEC, from Eq. (B1), for the trap potential given in Eq. (4) and if we use Eq. (8), by integrating out the x and y
directions, one acquires the expression

{W(z, )u (1)} _{ n* 92

(i—TD)h -

m a2 +V@+ 2nan(Z l)}\l’(z,t)ia(l)

S
+ [—hb + ASIM (1) = 3M-(1)e}Paa(z, )] - § Y (Flap¥(z, 1)¢p(0)
B=-58

N S

+Z;lz"<w> Yo SMy O Y (Fuf e Fu) Y@ DGO (B3

VI, V2,00, VE=X,),2 p=—S

where M,, y,. ., (¢) is defined in Eq. (12) and

lz—21\ 4 [(z—7 Cdd /m C ,
d t — =0 = d Werr(z — 2, 1), (B4
2hl3 Zn(z, ){ ( n ) 3 ( I )} RSB sin? 61) — 2] J_o, 0 G V@m0, (B

with Vg defined in Eq. (A12). It is already clear from Eq. (B3) that, besides particle loss from the condensate encoded in a
decaying |\W(z, t)|, dissipation also leads to a dephasing, i.e., the decay of ¢ (¢) due to the term —I"9¢(¢)/0¢.

From now on, if there is no ambiguity, and for brevity, we drop the arguments such as x, y, z, ¢ from the functions. From
Eq. (B3), we then get

Pii(z, 1) =

. ) ) s
h% = —éaa—\f Y — 1F++F’2 (‘%é% +V+— o 12 )Ca I 1_‘2{ﬁb S(M — 3M,e,)hiPyy} - ﬁ;s(})a'ﬂgﬁ
T+i < on s A
-1 ; W"Z:yw ..... " ﬁ;s (Fafor For) g { - (B5)
Since am = 0 due to the normalization |¢|* = 1, we then have

0— R K ow r B 102w PRV N i R 0%W 1 92w+
= ey —WH/743™m>m—-——- —n —_— - - —
v ot 1472\ 2mW 972 2n1? 14+T22m\W¥ 9z2 W+ 972

or oo L
s b = SM = 3M.e )P} - SM — 1+r2 szﬁ” SNooosmE, . (B6)

Vi,V2,..0, Vk=X,),2
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Hence the dynamics of the magnetization direction follows the equation

oM, S 3¢5
Y = 2Re aﬂX::_SCO,(fv)a.ﬂ< E)

N

2r 2r Cok
= _ S2M b — S(M — 3M,e )iP;;} - M M, S3M?
1+ { ( e) dd} +1+F2 X;Zﬁlin Z Vi,V2,..., Vi

V1LV, E=X, Y52

+ 1o r2 > by — S(M, — 3M.5,, ) iPya}S {8, + (25 — DM, M, }

M=X,,Z

> {hb, — S(M,, — 3M.8,, )iPyg)€ . SMi

1+ FZ
U K=X,Y,Z
F+i < ¢ 5
2k 22 2
—2Re 5D 5o Yy SMu e D (At ) le (B7)
1+T 2rly '
k=1 V1, V2, VE=X, 0,2 o,f=-S

since the scalar product ¢7(f, f5 + fo.fu)¢ = S{8a.p + (28 — )M, Mg} [26].

By direct comparison, we can identify Eq. (B8) below as being identical to Eq. (B21) in Ref. [26], the only difference
consisting in the definition of M,, ,, .., : We employ a scaled version of M,,, ,,. .., which is normalized to S in Ref. [26]. From
Eq. (7) in the main text,

Z le,vz,...,vk Z C(I(ﬁ}ﬁ)lﬁ/z o 'ﬁﬂk)a”g;ﬂ = Z Mf] V..., kaZMUv (BS)

VI, V2w, k=X, 0,2 a,f=-S§ VI, V2,ee, VE=X, 0,2

which is real. Therefore, Eq. (B7) can be written in the form

oM r 1
— = M X [M x {b—S(M —3M.e;)Pya}] + ———M x {b — S(M — 3M.e;)Pyq}
ot 14T 1+T
1 r
= 1_’_r12M><(b+3SPddMeZ) T Mx[Mx(b+3SPddMe)]
oM
=M x (b+3SP;;M,e,) —T'M x a0 (B9)

since M - % = 0 holds.

As P is a function of z and ¢, but M is independent of z [M is the scaled local magnetization and our aim is to study a dipolar
spinor BEC with unidirectional local magnetization (the homogeneous-local-spin-orientation limit)], by multiplying with n(z, t)
both sides of Eq. (B9) and integrating along z, we finally get the LLG equation

oM , oM
— =M xb+SA;Me)—TMx —, (B10)
ot ot
where A/, is defined in Eq. (16). Note here that A/, becomes Ayy(L./l,) defined in Eq. (30) when n(z,t) = N/(2L,) for
—L, <z < L, and n(z, t) = 0 otherwise.

APPENDIX C: MODIFICATION OF THE LLG EQUATION FOR T, A SPIN-SPACE TENSOR
When I' depends on spin indices, i.e., is a tensor, Eq. (B3) can be generalized to read
: MW NG} _ 5
Y (ap — Tap)im——2 = 3™ Hy g Wz, )85 (). (1)
s

dat
p==S B=—

“ 2
The spinor part of the wave function is normalized to unity, |£|*> = 1. Hence, we know that % = 0. Therefore, from Eq. (C1),
we derive the expression

§S R r, , 2% Low 1y g Re| L | Z o (2)
el — a, - Iy —~ a —Ref —— | =0
= alapy —aTaplog 5 ~ g Salles Vs v or
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This then leads us to

S
oM, 2 . ~ g, . ~ 1 oW 1 ~ 1 oW
= - Re| —ic*(f)a 8T8, —== — iZ*(f))a.s — — — i —C"(f)a gHg ¥ —2Re|M,—— . (C3
Y Saﬂ%:—S e[ i (fV)ap gy o iy (fV)ap ,s,yé“y\y o lhqj;“a(f) sHgpy ;y:| e[ v at} (C3)

For scalar I', 'y g — I'd, g, the equation above becomes Eq. (B7).

From Eqgs. (C2) and (C3), one concludes that the stationary solution M,, of Eq. (C3) is independent of I'. In other words,
whether I" depends on spin indices or not, the SW model (29) is left unaffected (also see the discussion in Sec. V of the
main text).

APPENDIX D: DESCRIPTION OF MAGNETOSTRICTION

For a dipolar spinor BEC without quadratic Zeeman term, when there is no dissipation (I' = 0), the mean-field equation in
Eq. (3) can be written as

N

hZ 5 A
HaOValr,1) = § ==V Ver) o Y 1, OF (¥alr,0) = ilb = baa@, D)+ D (Daptrp(r, 1)
p=—5 p==5

S N
+ > e Y Yo Fafo Py (P Fi)g Wi (s DV, (r, DY (r, 1), (D)
k=1 V1,V2,., VE=X,0,2 ap, B1,B=—8

where we have substituted ih% = Ua @)Yy (r, t).
Since we consider the homogeneous-local-spin-orientation limit, we may write ¥, (r, t) = Wyni(r, 1) (¢). In this limit, we
have

s
WO =9 e 0vEn =) Yl v, 1) = Wi, 0, (D2)
a=—5
since Zi:—s |£(t)]> = 1 from the definition of ¢, (¢) in Eq. (7). Thus |Wy;(r, D is equal to the number density. Then Eq. (D1)

can be written as

Fl2 5 A
(0 () Woi (r, 1) = {—%vz Vi) + o Wi 7, r)|2};a(r>wum<r, 0= hb = baa@ 0} > Paplp (Wi, 1)
pB=-S

N S
+SZC‘2k Z Z MV],Vz YYYY Vk(t)(fulfvz"'ka)a.ﬂCﬁ(thjuni(r,t)|2qjuni(r,t)~ (D3)
k=1

V1, V2,00 E=X, 0,2 f=—S

Now, we decompose the chemical potential u(¢) as u(t) := Ziz_ s M ()]s (t)|2. Then one obtains

n? 5
u(r)wum(r,r)z[—ﬁv2+vu(r>+{co+522c2k > Mfl,uz,...,vm}|wum<r,t>|2}vum(r,t)

k=1 Vi, V2,00, VE=X, 0,2
+ [ ®aar, 1) = Sh{b - M(1)}]Wni(r, 1), (D4)
where
Dya(r, 1) 1= $>caa / &Y MuOQu (=P IMy(0) § [Yuni (1) (D5)
v,V'=x,y,2

is the dipole-dipole mean-field potential [42] following from the definition of b, below Eq. (3) in the main text.
Due to M,(t) = sinf(t) cos ¢(t), My(t) = sin6(t) sin ¢(¢), and M,(t) = cos 0(t), from Eqs. (A4) and (A6), we have

Y MuOQuu My (1) = —%,/ 6?”[{1/22(&,)[2"*”(’) + Y, 2 (ey)e” ) sin* 0(r)

v,V'=x,y,z

) ) 1 /6 2
— {1, (e)e ™V — ¥, (e))e?V } sin 20(1)}] + =/ ?”Yzo(e,,)\/; {(3sin?0(t) — 2}, (D6)
n
where Y," (e,) are the usual spherical harmonics.
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By using Eq. (A2), an alternative form of Eq. (D6) can be obtained:

28\)1}’_311\1’ 2M 2_3 -M 2
S MO My = 3 O I gy = PMOE = S M)

5 5
V,V'=x,y,2 V,V'=x,y,2 n n
2 2
n*—3{n -M@))}
Thus, ®4,4(r, t) can be written as
Sr=rPP=3{r—r)- M
Dy (r, 1) = $*caa [f d’r r—rp |Wani (7, 1))
PP =3{F—F) M)} _
= Szcdd [/ d’F F—Fp | Wi (7, t)lz
32 ) 3= ool o — = 2
= _ES cqasin”0@) | d°n [Wuni(§ +F, 1) ﬁ[” — 72 — 2{f, sinp(1) — 7, cos p(1)}°]
. _ _ N, _ .
—38%c4q sin {20(1)} / A’ | Wi (3 + F, r>|27_7—§{nx cos (1) + iy sin g (1)}
1 1
+ ESzcdd{l —3cos”0(1)} / d*7 Wi () + 7, ,)|z$(3,—73 - %), (D8)

where 7 := r/L with L a given length scale (so that 7 is a dimensionless vector). For example, in the quasi-1D setup with trap
potential being Eq. (4), L = [, . Note that, in the special case where M (¢) = M,(t)e;, the form of Eq. (D8) becomes identical to
Eq. (6) in Ref. [41].

Since we concentrate on quasi-1D gases, with trap potential given by Eq. (4) in the main text, we explicitly compute the form
of ®,,4(r, t) for the quasi-1D setup. By writing

2_€ 7' 2
[Wani (r, D" = ——W(z, DI, (D9)
wly
and integrating out x and y directions, one can get the quasi-1D dipole-dipole interaction mean-field potential ®,,(z, t) as follows
[which is in Eq. (38)]:
Cdd 2 < = 20415 4 2
Daa(z, 1) = 581 = 3M2(1)} dz [W(z+zl, D176z — 3 [W(z, )] ¢ (D10)
207 S 3
Now, let us consider a box trap in the quasi-1D case, i.e., V(z) = 0 for |z| < L, and V (z) = oo for |z| > L, where V(z) is in
Eq. (4). Then we may write

N
N <L

WP =2 2l < L, (D11)
0 for |z] > L,,

since V(z) = 0 for —L, < z < L,. Thus, ®,4,4(z, t) can be written as

Su) [ a2 Gzl — 4} for [z < L

= L.—z)/1 _ _
Baa(t) [0 dZ Gz for |z > L.,

Du4(z,t) = (D12)

where ®44(1) := NcgaS*H{1 — 3M2(t)}/(2L.17). Puqy(z, 1) is discontinuous at z = £L, because of the sudden change of the
density at the boundary (z = £L;) due to the box-trap potential.

Defining the scaled density-density mean-field potential ®,4(z) := ®yq(z, 1)/ Pyy(t), we obtain Fig. 6 for two different axial
extensions, L,/I; = 10 and 30. As Fig. 6 clearly illustrates, in a box-trapped quasi-1D gas, ®,,(z, t) becomes approximately
constant for |z| < L. and L. — L, for L;/l; > 1. Depending on the value of M(¢), ®4,(r, t) will introduce either a repulsive or
an attractive force. This force will, however, exist only near the boundary for a box trap, where it can lead to a slight modification
of the density of atoms. Its relative influence decreases with increasing extension of the trapped gas along the z axis, and can
therefore be consistently neglected in the approximation of constant particle-density.

However, to assess whether significant magnetostriction occurs, one has to consider, in addition to ®4,, the trap potential Vi,
and the “quasi”-density-density interaction mean-field potential ®( defined as

S
o(r, 1) = Jco+ S cu D Mp,, ()W, ). (D13)

k=1 VI,V VE=X, 0,2
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FIG. 6. Scaled dipole-dipole mean-field potential ®,,(z) as a function of z for a quasi-1D box trap. Left: L./l; = 10. Right: L./, = 30.

We can coin ®(r, t) a quasi-density-density interaction mean-field potential because only ¢y is a density-density interaction
coefficient (cy are interaction coefficients parametrizing the spin-spin interactions for a spin-S gas where k is an integer with
1 < k < S. For example, c; is the spin-spin interaction coefficient of a spin-1 gas). In our quasi-1D case, this ®(r, t) potential
is ®y(z, 1), where

(D14)

Z Ml%],l)z ,,,,, Uk(t)}lly(z’tﬂz

V1, V2,0eey VEk=X,y,Z

S
Co ) Cok
dp(z, 1) = S
o1 :2nz§+ ;2nli

(t). For spin-1 **Na or 87Rb, § = 1 and ¢y ~
100|c2| [32,35], so this is an appropriate assumption (note that |[M(z)| = 1). The values of the ¢y are not yet established for '**Er.
We therefore tacitly assume in the main text, when calculating concrete numerical examples for '°Er, that the above condition
also still holds, despite the prefactor S enhancing the importance of spin-spin interactions in ®¢(z, #). When this assumption is
not applicable, one is required to take into account the time dependence of ®q(z, t) due to M (¢) together with magnetostriction
due to ®,44(z, t), which will change the system size L, as a function of . This will in turn change the integration domain and
quasi-1D density n(z,t) = |¥(z, 1) in Eq. (19), and incur also a changed time dependence of A/,,(¢), and the solution of the
coupled system of Eqgs. (B10) and (D4) needs to be found self-consistently.

For a harmonic trap, due to the resulting inhomogeneity of |W(z, t)|?, ®44(z, t) will have more significant spatial dependence
than its box-trap counterpart shown in Fig. 6. Here, we note that Ref. [41] has already shown (for a spin-polarized gas, cy
couplings not included) that magnetostriction occurs in a harmonic trap. The effect of magnetostriction is generally expected to
be larger in a harmonic trap when compared to a box trap with similar geometrical and dynamical parameters for large relative

In the main text, we assume that ¢y > S2 Zle oY M?

Vi, V2,00, Ve=X,),2 V1,V2,..00 Vi

system size L./l; > 1, at least under the above condition that the S%cy; /¢ are sufficiently small.
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