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Spontaneously Modulated Spin Textures in a Dipolar Spinor Bose-Einstein Condensate
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Helical spin textures in a ’Rb F = 1 spinor Bose-Einstein condensate are found to decay sponta-
neously toward a spatially modulated structure of spin domains. The formation of this modulated phase is
ascribed to magnetic dipolar interactions that energetically favor the short-wavelength domains over the
long-wavelength spin helix. The reduction of dipolar interactions by a sequence of rf pulses results in a
suppression of the modulated phase, thereby confirming the role of dipolar interactions in this process.
This study demonstrates the significance of magnetic dipole interactions in degenerate 3Rb F = 1 spinor

gases.
DOI: 10.1103/PhysRevLett.100.170403

In a wide range of materials, the competition between
short- and long-range interactions leads to a rich landscape
of spatially modulated phases arising both in equilibrium
and as instabilities in nonequilibrated systems [1,2]. In
classically ordered systems such as magnetic thin films
[3] and ferrofluids [4], short-range ferromagnetic interac-
tions are commonly frustrated by the long-range, aniso-
tropic magnetic dipolar interaction, rendering homogene-
ously magnetized systems intrinsically unstable to various
morphologies of magnetic domains [5]. Long-range inter-
actions are also key ingredients in many models of strongly
correlated electronic systems [6] and frustrated quantum
magnets [7].

In light of their relevance in materials science, strong
dipole interactions have been discussed as an important
tool for studies of many-body physics using quantum gases
of atoms and molecules, offering the means for quantum
computation [8], simulations of quantum magnetism [9]
and the realization of supersolid or crystalline phases
[10,11]. However, in most ultracold atomic gases, the
magnetic dipolar interaction is dwarfed by the contact
(s-wave) interaction. Hence, experimental efforts to attain
dipolar quantum gases have focused on nonalkali atoms,
notably >>Cr with its large magnetic moment [12], and on
polar molecules [13].

In this Letter, we demonstrate that magnetic dipole
interactions play a critical role in the behavior of a quan-
tum degenerate F = 1 spinor Bose gas of 8Rb. In this
quantum fluid, s-wave collisions yield both a spin-
independent and a spin-dependent contact interaction
[14,15], with strengths proportional to @ = (2a, + ay)/3
and Aa = (a, — ay)/3, respectively, where the scattering
length ap describes collisions between particles of total
spin F. In 3'Rb, with ay(a,) = 5.39(5.31) nm, the spin-
dependent contact interaction is far weaker than the spin-
independent one; nevertheless, it is a critical determinant
of the magnetic properties of degenerate F = 1 3’Rb gases
[16—18]. The magnetic dipole interaction strength may be
parameterized similarly by a length a;, = uogiuim/
(127h?), where u is the permeability of vacuum, gp =
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1/2 the gyromagnetic ratio, up the Bohr magneton and m
the atomic mass [19]. Given a;/Aa = 0.4, the F =1
spinor Bose gas of 8’Rb is an essentially dipolar quantum
fluid [20].

In our study, the influence of dipolar interactions on the
spinor gas is evidenced by the spontaneous dissolution of
deliberately imposed long-wavelength helical spin tex-
tures, in favor of a finely modulated pattern of spin do-
mains. We ascribe the emergence of this modulated phase
to the magnetic dipole energy that disfavors the homoge-
nously magnetized state and drives the fluid toward short-
wavelength spin textures. To test this ascription, we reex-
amine the behavior of spin helices in condensates in which
the dipolar interaction is tempered using a rapid sequence
of rf pulses. The suppression of the modulated phase
observed in this case confirms the crucial role of dipolar
interactions.

For this work, spin-polarized 8’Rb condensates of up to
2.3(1) X 10° atoms in the |F = 1, mp = —1) hyperfine
state and at a kinetic temperature of 7 =50 nK were
confined in a single-beam optical dipole trap characterized
by trap frequencies (w,, ®,, ®,) = 2m(39,440,4.2) s~
The Thomas-Fermi condensate radius in the § (vertical)
direction (r, = 1.8 um) was less than the spin healing
length &g = (87wAany)~"/? = 2.4 um, where ny, = 2.3 X
10" cm™3 is the peak density of the condensate. This
yields a spinor gas that is effectively two-dimensional
with regard to spin dynamics.

The condensate was transversely magnetized by apply-
ing a 77/2 rf pulse in the presence of an ambient magnetic
field of By = 165(5) mG aligned to the 2 axis. Stray mag-
netic gradients (curvatures) were canceled to less than
0.14 mG/cm (4.3 mG/cm?). A helical spin texture was
then prepared by applying a transient magnetic field gra-
dient dB_/dz for a period 7, = 5-8 ms. Larmor preces-
sion of the atomic spins in this inhomogeneous field
resulted in a spatial spin texture with a local dimensionless
spin of F = cos(kz + w )% + sin(kz + w 1), where
K = (grmp/h)(dB,/dz)T,Z is the helix wave vector. The
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fast time variation at the w; /27 =~ 115 kHz Larmor pre-
cession frequency will be henceforth ignored by consider-
ing the spin at a particular instant in this rapid evolution.
The helix pitch A = 27/k ranged between 50 and
150 wm. Given A > &g, the kinetic energy per atom in
this spin texture, E, = h*x*/4m, was always negligible
compared to the ferromagnetic contact-interaction energy
[21].

The helical spin texture was then allowed to evolve in a
homogenous magnetic field for a variable time before the
vector magnetization was measured using a sequence of
nondestructive phase contrast images. Because of Larmor
precession, a sequence of images taken with circularly
polarized light propagating along the § direction can be
analyzed to determine the column-integrated magnetiza-
tion perpendicular to the ambient field [22,23], with vector
components M, , = (gpup)iiF,,, where /i the column
number density. Subsequent to this imaging sequence, a
7r/2 pulse was applied to rotate the longitudinal spin F,
into the transverse spin plane, and a second sequence of
images was obtained. A least-squares algorithm comparing
data from the two imaging sequences allowed the longitu-
dinal magnetization M . to be determined [24].

The evolution of helical textures is portrayed in Fig. 1.
While uniform spin textures (A >> 2r,) remain homoge-
nous for long times, helical textures (A < 2r,) spontane-
ously develop short-wavelength modulations of the
magnetization. This modulated phase is characterized by
spin domains with typical dimensions of = 10 wm, much
smaller than the pitch of the imprinted helix, with the
magnetization varying sharply between adjacent domains.

To quantify this behavior, we considered the power
spectrum of the spatial Fourier transform of the vector
magnetization, |M(k,, k,)|?, where (k,, k) is the spatial
wave vector in the image plane. This spectrum was found
to consist of two distinct components: a central component
that quantifies the long-range order of the helical texture,
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FIG. 1 (color).

150 200 250ms

and a second concentration of spectral power at a discrete
set of wave vectors of magnitude kg = 27/(10 wm)
representing the short-range order of the final modulated
texture. After subtracting out the background representing
image noise, we divided spatial Fourier space into regions
indicated in Fig. 2 and defined the integrated spectral
power in the central region (annular region) as the parame-
trization of long-range (short-range) spatial order in the
quantum fluid.

The formation of the spontaneously modulated texture is
reflected in the reduction of the long-range order parameter
and the concomitant rise of the short-range order parameter
(Fig. 3). During this process, the total spectral power was
found to be roughly constant indicating that the bulk of the
quantum fluid remains fully magnetized even as the long-
range order is reduced. Further, the longitudinal magneti-
zation M, was found to be much smaller than Mx,y
throughout this process. The growth rate vy of the short-
range order parameter determined from such data was
found to rise monotonically with the wave vector « of
the initial helical texture. While the long-range order was
found to decrease after sufficiently long evolution times
even in condensates prepared with nearly uniform magne-
tization, we note that stray magnetic field inhomogeneities
of ~5 G across the axial length of the condensate would
by themselves produce a helical winding across the con-
densate over a period of 300 ms, constraining our ability to
test the stability of homogenous spin textures.

Another measure of the spontaneous short-range modu-
lation in the condensate is the appearance of polar-core
spin vortices throughout the gas. Such vortices were iden-
tified as in Ref. [18] by a net winding of the transverse
magnetization along a closed two-dimensional path of
nonzero magnetization in the imaged gas. The number of
identified spin vortices was roughly proportional to the
short-range order parameter, with no vortices identified
in the initially prepared spin helix and up to 6 vortices/
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Spontaneous dissolution of helical textures in a quantum degenerate 3’Rb spinor Bose gas. A transient magnetic field

gradient is used to prepare transversely magnetized (b) uniform or (a),(c) helical magnetization textures. The transverse magnetization
column density after a variable time T of free evolution is shown in the imaged x-z plane, with orientation indicated by hue and
amplitude by brightness (color wheel shown). (b) A uniform texture remains homogeneous for long evolution times, while (c) a helical
texture with pitch A = 60 um dissolves over ~200 ms, evolving into a sharply spatially modulated texture.
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FIG. 2 (color online). Power spectrum of the spatial Fourier
transform and the two-point correlation function G(x, z) for the
initial spin helix (a),(c) and the spontaneously modulated phase
(b),(d). These data are derived from the same image sequence
shown in Fig. 1(c). The images (a),(c) correspond to an evolution
time 7 = 0 ms while (b),(d) correspond to an evolution time
T = 250 ms. The short-range spatial order is defined as the
integrated spectral power in the annular region shown in (b).

image identified in the strongly modulated texture pro-
duced after free evolution. In each instance, the number
of vortices with positive and negative charge was found to
be approximately equal.

A striking feature in the evolution of spin textures is the
significant rise in the kinetic energy of the condensed
atoms, reaching a value of A%k ,/8m = h X 6 Hz per
atom given that roughly half the spectral weight of the
texture’s magnetization is at the wave vector k.. One
expects the total energy per atom in the condensate to be
constant during this evolution, or even to diminish through
the transfer of energy to the noncondensed portion of the
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FIG. 3 (color online). Growth of the spontaneously modulated
phase (@) coincides with a reduction in the integrated energy in
the low spatial frequency region (). The data shown correspond
to an initial helical pitch of 60 wm. Inset: The initial growth rate
v of the modulated phase as a function of the helix wave vector.
These were extracted from linear fits of the short-range order
parameter at short evolution times.

gas. Yet, in examining the energy of the initially prepared
spin helix, we find the local contact-interaction energy is
minimized, the quadratic Zeeman energy is just g/2 =
h X 1 Hz at the ambient magnetic field, and the kinetic
energy of the spin helix is just £, < h X 0.5 Hz for a helix
pitch of A > 50 pum.

This apparent energetic deficit of the spin helix state
can be accounted for by the magnetic dipole interaction.
The on-axis magnetic field produced by a spin helix in
an infinite axial column of gas with a Gaussian trans-
verse density profile can be simply calculated. From
this calculation, we estimate that a gas with uniform
transverse magnetization possesses an excess of E; =
M08 ming/2 ~h X 5 Hz compared to the energy of a
tightly wound helix, a figure that is close to the excess
kinetic energy of the finely modulated texture.

To confirm the role of magnetic dipolar interactions in
the evolution of these spin textures, we employed a modi-
fication of the NMR technique of spin-flip narrowing [25]
to eliminate effectively the dipolar interactions. The inter-
action energy of two magnetic dipoles separated by the
displacement vector r is proportional to F; - F, — 3(7 -
F,)(7-F,). If both dipoles experience rapid, common
spin rotations that evenly sample the entire SO(3) group
of rotations, the interaction energy will average to zero
regardless of the relative orientations of the spin vectors
F,, and of the displacement vector r. We note that such
spin rotations also annul the quadratic Zeeman shift.
However, since the nature of the spontaneously modulated
phase was observed to be unchanged as g was varied over a
factor of 5 (0.8 < g/h < 4 Hz), we suggest this annulment
is inconsequential.

Experimentally, after the initial spin texture had been
prepared as before, we effected such spin rotations by
applying a rapid sequence of 7r/2 rf pulses to the Larmor
precessing atoms at random intervals, and thus, along
random rotation axes, at a mean rate of 1-2 kHz. We
confirmed that such a sequence of 7/2 pulses led to an
uniform sampling of the rotation group and that each pulse
was spatially homogenous across the extent of the conden-
sate. The spin helix was allowed to evolve under the
constant action of these dipole-cancellation pulses until
the pulses ceased and the sample was imaged as described
earlier. In this case, the short-range order parameter grew at
a similar rate at early evolution times, but reached a lower
plateau at late times, demonstrating a suppression of the
modulated phase (Fig. 4). The reduction of the excess
kinetic energy of the final spin texture in the spin-rota-
tion-averaged sample supports our identification of the
dipole energy as its source.

To account for the residual (but weakened) appearance
of short-length scale features in the power spectra
[Fig. 4(b)], we note that this technique of spin-flip narrow-
ing is most effective in the case of static dipoles. It is
possible that motion of the gas, either coherent or thermal,
prevents the 77/2 pulse train from completely eliminating
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FIG. 4 (color online). Spatial power spectra (a) without or
(b) with the application of rapid rf pulses during the 200 ms
evolution following the preparation of the helical spin texture,
are averaged over four experimental repetitions. Eliminating the
dipolar interactions suppresses the short-range spatial modula-
tion of the final spin texture. (c) The average number of detected
spin vortices and (d) the short-range order parameter are shown
vs evolution time. Square symbols indicate data obtained when
the dipolar interaction is spatially averaged. In all cases, the
initial helical pitch was A = 80 um.

dipolar interactions. The suppression of the modulated
phase was less evident for large helix wave vectors (x >
110 mrad/um), presumably due to the faster growth of the
spontaneously modulated phase. Further, we note that
recent predictions of nondipolar instabilities in helical
textures [26] do not apply for our experimental conditions
(1<q/h<4Hz,0< k<015 um™1).

Finally, we note the presence of distinct features in the
spatial Fourier spectrum of the spontaneously modulated
phase [Fig. 2(b)]. The interpretation of these features is
aided by considering the spatial correlation function of the
magnetization, which we define as

> M(r + 8r) - M(r)
(grmp)* Y filr + 81)ii(r)”

For the initial spin helix, this correlation function shows
the long-range sinusoidal variation of the transverse mag-
netization at the corresponding pitch. In contrast, the final
texture shows significant short-range correlations in both
the % and Z directions, with regions of opposite alignment
arranged in the form of a checkerboard with a lattice
spacing /,, = 10 um [Fig. 2(d)]. While these correlations
are strongest at short range, they persist, albeit with dimin-
ished strength, even for separations 6r >> [,,. This lattice
structure is suppressed in helices evolving under the active
cancellation of dipolar interactions.

In conclusion, we observe a magnetic-dipole-mediated
instability resulting in the emergence of spontaneously
ordered spin domains in a quantum degenerate spinor
Bose gas. The demonstration of the significance of mag-
netic dipolar interactions in a 3’Rb spinor gas presents a

G(ér) = (D

particular interest is the influence of such anisotropic in-
teractions on the true ground state of these spinor gases and
the question of whether this self-organized modulated spin
texture represents an unforeseen equilibrium phase of this
dipolar quantum fluid.
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