PRL 112, 185301 (2014)

PHYSICAL REVIEW LETTERS

week ending
9 MAY 2014

£

Observation of Dipole-Induced Spin Texture in an 3Rb Bose-Einstein Condensate

Yujiro Eto,' Hiroki Saito,” and Takuya Hirano'
1Department of Physics, Gakushuin University, Toshima, Tokyo 171-8588, Japan
2Department of Engineering Science, University of Electro-Communications, Chofu, Tokyo 182-8585, Japan
(Received 26 February 2014; published 9 May 2014)

We report the formation of spin texture resulting from the magnetic dipole-dipole interaction in a spin-2
87Rb Bose-Einstein condensate. The spinor condensate is prepared in the transversely polarized spin state
and the time evolution is observed under a magnetic field of 90 mG with a gradient of 3 mG/cm using
Stern-Gerlach imaging. The experimental results are compared with numerical simulations of the Gross-
Pitaevskii equation, which reveals that the observed spatial modulation of the longitudinal magnetization is
due to the spin precession in an effective magnetic field produced by the dipole-dipole interaction. These
results show that the dipole-dipole interaction has considerable effects even on spinor condensates of alkali

metal atoms.
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Dipolar interactions have attracted much attention in a
wide variety of materials due to their long-range and
anisotropic properties. One example is the pattern forma-
tion in magnetic systems, in which the dipolar interactions,
together with other interactions and geometries, form
various patterns such as stripes, bubbles, and vortices
[1-3]. Microscopic control of dipolar particles can be
applied to quantum information processing [4,5] and
quantum simulations [6].

Recent experimental creation of Bose-Einstein conden-
sates (BECs) of >>Cr [7-11], '%*Dy [12], and '9®Er [13]
atoms having 6, 7, and 10 up magnetic dipole moments,
respectively (up is the Bohr magneton), have stimulated
theoretical and experimental studies of magnetic dipolar
BECs [14,15]. Tt is theoretically predicted that the interplay
between the dipole interactions and spin degrees of
freedom yields various intriguing phenomena, such as
the Einstein—de Haas effect [16—19] and ground-state spin
textures [20,21]. The magnetization dynamics induced by
the magnetic dipole-dipole interaction (MDDI) in spin-3
2Cr BECs was observed experimentally, in which the
external magnetic field was suppressed to below 1 mG
so that the dipolar effects were not destroyed by Zeeman
effects [22]. Although most spinor dipolar effects are
typically obscured by Zeeman effects for a magnetic field
of >1 mG, the weak MDDI in 8’Rb, which has a magnetic
moment of yg/2 or ug, is expected to induce spin textures
for a specific spin preparation, even in a magnetic field of
about 100 mG [23]. These spin textures originate from the
spatially inhomogeneous spin precession in an effective
magnetic field produced by the MDDI.

Spin texture formations in spinor BECs have been
observed by several groups. Spin domain structures have
been developed by coherent spin exchange dynamics
[24,25] and quantum phase transitions through quenching
of the quadratic Zeeman energy [26,27]. The spontaneous
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formation of periodic spin patterns was observed in
Ref. [28]. The spontaneous decay of a helical spin structure
to a modulated structure in Refs. [29,30] may be ascribed to
the MDDI, which is yet to be explained theoretically [31].

In this Letter, we report the observation of spinor dipolar
effects predicted in Ref. [23] using a spin-2 3’Rb BEC. The
magnetic moment of the spin-2 hyperfine state is twice as
large as that of the spin-1 state. In our scheme, the helical
spin structure is created by a Larmor precession subject to
an external magnetic field of about 90 mG, with an external
field gradient of 3 mG/cm. The helical spin state is then
modulated by its own MDDI. The time evolution of the
spin distributions is observed using Stern-Gerach (SG)
absorption imaging, and is then compared with the numeri-
cal simulation of the Gross-Pitaevskii (GP) equation with a
MDDI. The observed spatial modulation of the longitudinal
magnetization is thereby identified as the effect of the
spin precession in the effective magnetic field produced by
the MDDL

The energy of the dipole-dipole interaction between
magnetic dipoles p and p’ located at r and # has the form

o/ (4zlr =Pl - ' = 3(u - €) (' - €)].

where p is the magnetic permeability of the vacuum and
e = (r —r')/|r — r'|. When an external magnetic field B, is
applied in the z direction and the Larmor precession with
frequency uB_/#f is much faster than the other character-
istic dynamics, we can take a time average of Eq. (1),
giving [23,32]

6]

o (1 =3e2)/Balr —r'PP)|Bup —p-w'). ()

which is the effective MDDI observed in this Letter.
In the mean-field theory for BECs, the magnetic dipole
density is described by gugf = gup ZmF.m;w;FSmF,mF/wm/F,
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FIG. 1 (color online). Schematic illustration of the distributions
of the spin vectors f and the effective magnetic field b.¢ produced
by the magnetic dipoles. The ellipsoids on the z axis indicate
the shape of the BEC. (a) Initially, f and b have the same
direction. (b) By an external magnetic field gradient in the
z direction, f is twisted and b deviates from f, which causes
precession of f around bg;-.

where ¢ is the Landé€ g factor for the hyperfine spin, y,,,, is
the macroscopic wave function (mp = -2, —1,...,2), and
S is the vector of spin-2 matrices. From Eq. (2), the mean-
field energy of the Larmor-averaged dipoles is written as

Egqi = — [ gugf - begrdr, where

_ Hogks i ,
b =" [ 4 L3 -0

is the effective magnetic field produced by the dipoles, with
Z being the unit vector in the z direction.

Let us consider a situation in which all spin vectors are
aligned in the x direction. It follows from Eq. (3) that the
effective magnetic field b s has the same direction as the
spin vectors f [23], as illustrated in Fig. 1(a), and hence
the Larmor precession around b does not change the spin
direction. Applying a magnetic field gradient dB,/dz, we
can twist the spin vectors along the z axis [33]. In such a
helical spin structure, b deviates from f, as depicted in
Fig. 1(b). As a result, b,y causes spin precession that
depends on the position r, and a spin pattern is expected to
be formed.

The outline of the experimental setup and the timing
diagram are shown in Figs. 2(a) and 2(b), respectively.
We produce an 8’Rb BEC containing 3.9(2) x 10° atoms
in the hyperfine state |F = 2, my = 2) in a crossed far-off-
resonant optical dipole trap (FORT) with axial and radial
frequencies of w_/(27) =20 Hz and w,/(27) = 120 Hz
(see Ref. [34] for a more detailed description). In order to
control the external magnetic field, the whole experimental
setup is installed inside a magnetic shield room, the walls of
which consist of permalloy plates. The external magnetic

FIG. 2 (color online). (a) Schematic illustration of the exper-
imental setup. The BEC is confined in the crossed FORT and a rf
pulse prepares the initial spin state as shown in Fig. 1(a). After a
hold time T4, the atoms are released from the FORT and the
spin components are separated by the SG method. (b) Timing
diagram for texture formation and its measurement. The envelope
of a n/2 rf pulse has a Gaussian shape with a standard deviation
of 58 us.

field of B, =92.6 mG with a gradient of dB,/dz =
3 mG/cm is aligned with the axis of the trap (z direction).

The transversely polarized spin state is prepared by
applying a resonant z/2 rf pulse, and thereby the
z-dependent Larmor precession in the x-y plane induces
spin dynamics. After holding for a variable time, T},,4, the
BEC:s are released from the FORT. Each my component is
spatially separated along the z direction by the SG method.
After a time of flight (TOF) of 15 ms, the atomic
distribution of each mjy component is measured using
absorption imaging.

The texture formation is clearly observed, as shown in
Figs. 3(a)-3(c). The double peaks are generated along the z
direction in mg # 0 components as T}gq 1s increased.
In contrast, when dB,/dz is almost zero—in which b
always has the same direction as the spin and does not
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FIG. 3 (color online). Absorption images of condensates taken
at (a) Tpolg = 0 ms, (b) Tho1q¢ = 100 ms, (¢) Tpoq = 140 ms, and
(d) Tpog =400 ms. In (a), (b), and (c), the magnetic field
gradient of dB,/dz = 3 mG/cm is applied along the z direction.
In (d), the magnetic field gradient is almost zero.
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affect the spin dynamics [see Fig. 1(a)], apart from the
decrease in atomic number due to the photon scattering
from the trap light—no clear changes are observed, even
with T}oq = 400 ms [Fig. 2(d)]. For a TOF of 15 ms, the
atomic distributions in the absorption images, such as the
double peaks in Fig. 3, reflect the spatial distributions in
the FORT rather than the momentum distributions [35].

In order to investigate the effect of the MDDI on the spin
texture formation, we numerically solve the three-
dimensional GP equation

ihOy,, (r.t)/0t = 6E/dy;, (r.1), 4)

where the right-hand side stands for the functional deriva-
tive. The mean-field energy E in Eq. (4) has the form

E- / drS i =2 2M)V2 4V, (1)), + B+ Eai
(5)

where M is the mass of ®Rb and V, =

Mw}(x* +y*) + @22°]/2 + mpug B, (2)/2 — (mpupB.)*/
(4E,;), with Ep; being the hyperfine splitting energy. The
uniform linear Zeeman term is eliminated from Eq. (5) in
the spin space rotating at the Larmor frequency. In the
TOF stage, the harmonic potential in V,, is switched
off. The s-wave interaction energy in Eq. (5) is given by
Es = fdr4ﬂfz2(b0p2 +b]_f2 —+ b2|A0‘2)/(2M), where bo =
(4612 + 3614)/7, bl = (a4 — az)/7, bz = (700 - 10612 —+
3ay)/7 with a, being the s-wave scattering length with
the colliding channel of total spin f, p = 3, |, |*, and

Ao = uy_, — 2y w_, +w3)/V/5. The initial state is
prepared by the imaginary-time propagation method, and
the time evolution is obtained by the pseudospectral
method, where the convolution integral in the MDDI is
calculated using a fast Fourier transform. The atomic loss
due to the inelastic collision of F = 2 atoms hardly affects
the dynamics, and is neglected.

The experimentally observed and numerically simulated
atomic distributions of each my component at various 7}, 4
are shown in Figs. 4(a)-4(e) and Figs. 4(f)—4(j), respec-
tively. The distances traveled by each component during the
SG measurement are subtracted from z. The features of the
experimental results, including the double-peak structures,
are well reproduced by the numerical results with the
MDDI [the solid curves in Figs. 4(f)—4(j)]. On the other
hand, when the MDDI is not included in the GP equation
[dashed curves in Figs. 4(f)-4(j)], the experimentally
observed double-peak structures cannot be reproduced.
The left (right) side peaks in the my = +1 and +2 (-1
and —2) components are due to the spin current generated
by the magnetic field gradient, and the other peaks originate
from the MDDI.
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FIG. 4 (color online). (a)—(e) Experimentally observed atomic
distributions. The absorption images are integrated over y. The
distances traveled by each component during the SG measure-
ment are subtracted from z. (f)—(j) Numerically obtained atomic
distributions. The density is integrated over x and y. The solid and
dashed curves indicate the results with and without the MDDI.

The longitudinal magnetization is obtained from the data
in Fig. 4 by using

F.() = [WZFmFNmAz)] / {;Nmz)], ®)

where N, (z) is the atom number density in component 71
integrated over x and y. Figures 5(a)-5(c) show the z
dependence of F.(z) for Tpgq = 0 ms (dotted curves),
100 ms (dashed curves), and 140 ms (solid curves). The
spatial modulations of F_(z) are clearly observed in the
experimental data [Fig. 5(a)] and the simulation with
the MDDI [Fig. 5(b)]. In the numerical simulation without
the MDDI [Fig. 5(c)], on the other hand, F,(z) is
monotonically decreased with z due to the spin current
generated by the magnetic gradient force.
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FIG. 5 (color online). The spatial distributions of spin orienta-
tion. (a)—(c) F.(z) at Thoq = 0 ms (dotted curves), 100 ms
(dashed curves), and 140 ms (solid curves). (a) is calculated
from the experimental results in Figs. 4(a), 4(c), and 4(e). (b) and
(c) are the numerical results with and without the MDDI,
respectively. (d) and (e) are the numerically obtained spin vectors
on the z axis at Tygq = 140 ms. The color represents the
magnitude of F,. The dotted circles mark where the effect of
the MDDI is significant.

The double-peak structures in Fig. 4 and the modulation
of F,(z) in Fig. 5 can be understood from the spin
dynamics. Figure 5(d) shows the spin-vector distribution
F(r) = f(r)/p(r) along the z axis obtained by the numeri-
cal simulation with the MDDI. The spin orientation twisted
by the magnetic field gradient produces the effective
magnetic field b, as shown in Fig. 1(b). As a result of
the Larmor precession around b, the spin vectors acquire
the 4z (—z) component for z > 0 (z < 0), which is marked
by the dotted circles in Fig. 5(d). At the same time, the spin
current generated by the magnetic field gradient accumu-
lates the 4z spin components at the Fz edges of the BEC.
Thus, there appear two regions of F, > 0 (red, dark gray)
and two regions of F, < 0 (yellow, light gray) in Fig. 5(d),
which is the origin of the double-peak structures in Fig. 4
and the modulation in Figs. 5(a) and 5(b). From the
simulation, the magnitude of b,y is found to be in the
order of 10 uG. Figure 5(e) shows the spin-vector distri-
bution F(r) obtained by the simulation without the MDDI,
in which F, monotonically decreases with z.

A possible reason for the quantitative differences
between the experimental and theoretical results in
Figs. 4 and 5 is a finite temperature effect. The thermal
fraction of about 10% causes diffusion of each spin
component, which affects the spin texture. In fact,

Higbie et al. reported that the thermal diffusion drastically
reduced the spin coherence under a magnetic field gradient
[33]. In addition, the trap potential has slight asymmetry in
the axial direction due to the experimental imperfection.
This would also cause the deviations between the exper-
imental and theoretical results.

In conclusion, we reported the observation of spinor
dipolar effects in an 8Rb BEC, in which the effective
magnetic field induced by the MDDI forms the modulated
helical spin texture. The observation is in good agreement
with the numerical simulation of the GP equation including
a MDDI. These experimental results show that MDDIs
have considerable effects on the BECs of 3’Rb for specific
spin states, even though the isotropic contact interaction
and Zeeman energies dominate the MDDI energy.
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