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Abstract
Wedescribe a compact, robust and versatile system for studying themacroscopic spin dynamics in a
spinor Bose–Einstein condensate. Condensates of Rb87 are produced by all-optical evaporation in a
1560 nmoptical dipole trap, using a non-standard loading sequence that employs an ancillary
1529 nmbeam for partial compensation of the strong differential light-shift induced by the dipole trap
itself.We use near-resonant Faraday rotation probing to non-destructively track the condensate
magnetization, and demonstrate few-Larmor-cycle trackingwith no detectable degradation of the
spin polarization. In the ferromagnetic F=1 ground state, we observe the spin orientation between
atoms in the condensate is preserved, such that they precess all together like one large spin in the
presence of amagneticfield.We characterize this dynamics in terms of the single-shotmagnetic
coherence times 1 and 2* , and observe them to be of several seconds, limited only by the residence
time of the atoms in the trap. At the densities used, this residence is restricted only by one-body losses
set by the vacuum conditions.

1. Introduction

Spinor Bose–Einstein condensates (SBECs) are rich systems exhibiting coherentmatter-wave behavior together
with spin physics.When spatially extended, SBECs can show topological and kinematic features including
vortices [1], skyrmions [2], Diracmonopoles [3] andmagnon quasiparticles [4].Muchwork has been dedicated
to the emergence and dynamics of spin structures, including spontaneous symmetry breaking [5, 6], domain
formation [7, 8] and spin texture development [9]. Less studied is spin dynamics in the so-called ‘single-mode’
(SM) regime, inwhich low density and tight confinementmake spin structure energetically costly. In this regime
all spin states share the same spatialmode and the single-mode approximation (SMA) is adopted to simplify the
description of the system [10–12].

Prior workwith SMSBECs has focused on condensates with zeromean spin polarization. For example,
initial states withmF=0 give rise to twin Fock states [13], spin squeezing and entanglement [14–16], all relevant
for quantum information andmetrology. Studies with polarized SBECs in two-dimensional [17] and one-
dimensional [18] traps show coherence times that increase as the geometry approaches the SM scenario. Indeed,
onemay surmise that for a polarized ferromagnetic SMSBEConly onemagnetic domain is held and the
magnetic coherence, or the expected value of themacroscopic spin, is degraded only by atom losses, this is, no
depolarizationmechanismwill remain in the single domain SBEC (SD SBEC). This removes an important
limitation of neutral atoms, which otherwise suffer fromdecoherence resulting from coupling of their internal
and external degrees of freedom [19]. Decoherence is themost significant obstacle for applications in quantum
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information science [20–22] and therefore demonstrating long coherence and scalability of the quantum system,
make the SDSBEC interesting for long-lived entanglement [23–25], spin-squeezing [14, 26], and studies of
quantumnon-locality [27]. Additionally, one can profit from the small size of the condensate for applications
like high-resolutionmagnetic sensing [28, 29].

Here we confirm the SD SBEC showsmulti-secondmagnetic coherence, observing undetectably small
polarization relaxation in a ferromagnetic SBEC.We create spinor condensates with 4×104 atoms in the F=1
ferromagneticmanifold of Rb87 which occupy a single spatial spin domain. Using non-destructive Faraday
rotation probingwe observe spin dynamics where the quadratic Zeeman effectmodulates the Larmor
precession. This dynamics occurswithout dephasing, in contrast to similar experiments where the systembreaks
into different domains causing decoherence [18]. In our systemonly atom losses degrade themacroscopic spin
polarization, giving a spin coherence time equal to the trap lifetime. At the used densities, the lifetime is set only
by one-body losses. The trap lifetime time≈8 s can in principle be extendedwith better vacuum conditions up to
the three-body loss time≈70 s.

This work is organized as follows: section 2 describes our experimental approach to form a spinor
condensate in a polarized state. It is comprised of aminimalist design of the apparatus an all-optical evaporation
in an optical dipole trap (ODT).We also briefly describe our loading technique, which allows us to use the full
available power of theODTwhile also exploiting the large differential light-shift produced by theODT to create
an effective darkMOT.

In section 3we give evidence the system iswell described by the SMA. In section 4we describe the Zeeman
dynamics of an atomic ensemble in the presence of amagnetic field. In section 5we describe the non-destructive
Faraday rotationmeasurement implementation and characterization, whichwe employ to read out the spin
state of the atoms. Finally in section 6we show the spinor condensate is immune tomost decoherence
mechanismswhich allows the spin state to remain coherent on the scale of seconds.

2. Apparatus and state preparation

As shown infigure 1, the vacuum system consists of an all-glass, 9-window enclosure (Octagonal BECCell 4,
PrecisionGlassblowing) inwhich an ultimate pressure of 10−11 Torr can bemaintainedwith a single pumping
element (TiTan 25SVW,GammaVacuum). The glass cell is AR coated for 780 nmand 1560 nm to reach single-
window transmission of 97% and 99% respectively. The ion pump is shieldedwith a high-permeability
enclosurewhich reduces themagneticfield produced by itsmagnets by a factor of∼400, such that the field
around the glass cell ismainly due to the earth’smagnetic field. Rb87 is deposited in the chamber by sublimating
rubidium fromdispensersmounted inside (Alvasource-3-Rb87-C, Alvatec). Following activation of the
dispensers the pressure rises to 2×10−10 Torr, which is the typical pressure of the experiment.

The laser system is built up around a single ‘master laser’—a lownoise, narrow linewidth laser that serves as a
frequency reference for offset locking of the other lasers. Themaster laser is a 1560 nm fiber laser (Koheras
Adjustik, NKTPhotonics) amplified by an erbium-doped fiber amplifier to amaximumpower of 3W (Boostik,
NKTPhotonics), it is frequency-doubled in a periodically poled LiNbO3 (PPLN) crystal of 50 mm length. The
output at 780 nmhas amaximumpower of 170 mWandVoigt linewidth of about 4.75(6) kHz7. Themaster
laser is locked 80MHz to the blue side of the F F2 3= ñ  ¢ = ñ∣ ∣ cooling transition (see figure 2)using
modulation transfer spectroscopy [31]. The cooling and repumper lasers (‘slave lasers’) are extended-cavity
diode lasers (Toptica)which are offset locked to themaster laser using an optical phase-locked loop, as described
in [32], where the ultrafast photodiode is a PIN receiver (PT10GC, Bookham) and the digital phase-frequency-
discriminator chip is anADF4110 (AnalogDevices) in the case of the cooler and anADF41020 for the repumper.
The chips are interfacedwith amicro-controller that allows us to re-program the loops during the experiment,
thereby tuning the frequency of the slave laser.

In the glass cell, a 3Dmagneto-optical trap (MOT) is formedwith a gradient field of 11.2 G cm−1, generated
by anti-Helmholtz coilsmounted around the cell along the z axis. The biasfield is compensatedwith three pairs
ofHelmholtz coils in each axis. The six, circularly polarized beams of theMOThavewaists of 1 cm (propagating
along±x and±z directions) or 0.5 cm (propagating along the±y direction). Each beam contains both cooling
and re-pumping light withmaximum intensities of 14 mW cm−2 and 0.3 mW cm−2, respectively. The cooler
beam is 15MHz red detuned from the F F2 3= ñ  ¢ = ñ∣ ∣ cooling transition and the repumper is resonant
with the F F1 2= ñ  ¢ = ñ∣ ∣ transition. The steady state number of atoms in theMOT is 108 atoms at 200 μK.

7
The linewidthwas estimated from themeasurement of the linewidth of the 1560 nm laser in a self-heterodyne interferometer with a 0.5 ms

delay line. The analysis assumes themodel proposed in [30]where the noise ismodeled bywhite noise plus a 1/f component, which is due to
thermalfluctuations. Thefirst source of noise gives a Lorentzian character to the linewidthwhereas the second one is Gaussian to good
approximation. The convolution of both contributions results in aVoigt profile.
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Figure 1.Experimental setup. (Above)General setup of the experiment to form a spinor condensate: from Rb87 in a glass cell at room
temperature we form a 3DMOTand transfer to andODTwherewe perform all-optical evaporation. (below)Detailed setup to
polarize the atoms and performFaraday rotationmeasurements of the spin state. Continuous green lines represent the Faraday beam
and dashed blue lines the optical pumping beam.

Figure 2.Energy levels. (Left)Relevant energy levels of Rb87 in free space. (right) Illustration of differential light-shift as a function of
the position in the optical dipole trap. Detuning of the laser is defined as 2πΔ≡ωlaser−(ωF′−ωF) thus positive values ofΔ indicate
blue detunings from the transition. Gray line indicates the detuning of the cooling beam.Dashed lines indicate the light-shift at full
power ofODT1with no compensation beampresent, whereas continuous lines indicate the light-shift when the trap is partially
compensatedwith the 1529.22 nmbeam.
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From the 3DMOT, the atoms are transferred to anODT, formed at different stages of the experiment by up
to threeODTbeams. Each beam is linearly polarized, withwavelength 1560 nmandGaussian spatial profile.
ODT1 is focused to awaist of 45 μmat the center of theMOT,withmaximumpower of 11Wand is vertically
polarized.ODT2 andODT3havewaists 65 μmandhorizontal polarizationwithmaximumpowers 10Wand
7Wrespectively. ODT1 andODT2 propagate along the diagonals in the y–z plane, withODT3 at a 6° angle
relative toODT1 (figure 1). Acousto-opticmodulators are used to shift ODT2 (ODT3) by−40MHz (+40MHz)
relative toODT1, to avoid spatial interference, as well as for power stabilizationwhich is critical for proper
evaporation control. In addition, a ‘compensation’ beamat 1529.22 nmwith up to 6 mWof power,mode-
matched toODT1 but of orthogonal linear polarization, can be introduced.

Because thewavelength of theODT is close to the 5P3/2–4D transitions of Rb87 (1529 nm), the ac-Stark shift
of the excited state 5P3/2 ismuch stronger than that of the ground state 5S1/2, as first reported by [33–35]. The
ratio of these light-shifts is about 47, corresponding to the ratio of the scalar polarizabilities of the excited state
and ground state. As a result, an intensity-dependent differential light-shift is induced on theD2 linewithin the
ODT, giving the cooler and repumper lasers spatially dependent detunings (see figure 2).We exploit this fact to
form an effective darkMOT similar to that described in [33, 34, 36–38]: the atoms at the bottomof the potential
are very unlikely to be re-pumped back into the F=2manifold, and thus they accumulate in F=1, avoiding
light-assisted collisions and radiation trapping.

ODT1 atmaximumpower creates a differential light-shift of 312MHz at beam center, which is larger than
the unperturbed hyperfine splitting between the F 2¢ = ñ∣ and F 3¢ = ñ∣ states. As a result, it is not possible to
simultaneously address the cooling transitionwith red detuning in all spatial regions of theMOT, as shown in
figure 2. This constraint was also reported in [34], where it was accommodated by limiting theODTpower.
Here, in contrast, we compensate the excess differential light-shift with a 1529.22 nmbeam,which is blue
detuned from the 5P3/2–4D transitions. The trap-center light-shift induced by the compensating beam in the
5P3/2manifold ranges from95MHz to 109MHz for the different F m3, F¢ = ñ∣ sublevels, computed by Floquet
theory as in [39]. In the presence of both 1560 nmand the 1529.22 nmbeams, the differential light-shift at the
bottomof the trap is reduced to 210MHz.With this conditions, we are able to loadODT1 at full power and
simultaneously exploit the darkMOT technique.

In the partially compensated dipole trap amolasses phase is started: themagnetic field gradient is suddenly
switched off, the cooling laser is further detuned to 255MHz to the red of the unshifted F F2 3= ñ  ¢ = ñ∣ ∣
transition, and thus 45 MHz red-detuned at the bottomof the trap. The power of the repumper is lowered by a
factor of 2.5 without changing the frequency. This phase lasts 500 ms, limited by the lifetime of the cold-atom
reservoir. This strategy allows us to load up to 7×106 atoms in F 1= ñ∣ at 50 μK into the dipole trap.Using the
compensation beam therefore improves themaximumnumber of atoms loaded by a factor of three respect to
the non-compensating strategy of theODT1 at full power, and by a factor of two loadingODT1 at a lower power
forwhich the differential light-shift does not exceed the excited-state hyperfine splitting.

After theODT is loaded, the cooler and repumper beams are switched off and the power of the
compensation beam adiabatically lowered. At the same time, amagnetic field ofmagnitudeBz=1 G is applied
along the z axis. At thisfield, the atoms are optically pumped into the F m1, 1F= = + ñ∣ state using a beam (OP)
resonant with the F F1 1= ñ  ¢ = ñ∣ ∣ transition and propagating along the z axis withσ+ polarization.We
achieve 90% efficiency of pumping as confirmed by Stern–Gerlach imaging along the quantization axis defined
by themagnetic field. To avoid the effects of the spatially dependent differential light-shift on the atoms
distributed in the trap, the optical pumping is donewith three 20 μsOPpulses duringwhich theODT1 is
switched off. The pulses are separated by 10 ms intervals to allow the atoms to redistribute in the trap and avoid
shadowing effects.

Following optical pumping the atoms are allowed to thermalize for 500 ms, after which the cloud is
compressed in the longitudinal direction ofODT1 usingODT3.ODT3 boosts the collision rate without
reducing the large collection volume. Forced all-optical evaporation in this two-beam trap is possible and
efficient down to 2 μK. At that point the longitudinal frequency becomes insufficient to reach higher phase space
densities.We employ an extra beam,ODT2, to provide extra compression at the end of the evaporation.

The evaporation sequence is as follows: starting with all the three beams at full power, we perform forced all-
optical evaporation for 4 s, after which the system crosses the critical temperatureTcwith about 10

5 atoms. The
power ofODT2 is then increased for an additional 800ms to compress the atoms, resulting in the formation of a
pure condensate with typically 4×104 atoms. The relative populations do not change during the evaporation,
as discussed in section 6 below.Our experimental approach is similar to that recently described in [38].
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3. Single spin domain

Anaturalmeasure of the spatial extent of the condensate is the Thomas–Fermi radius. Themean can be
expressed in terms of fundamental constants, the number of condensed atomsN and the geometricmean
oscillation frequency of the harmonic trap w̄:

R
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1TF

0
2

2 2

1 5

w
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⎛
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where a0=5.38×10−9 m is the scattering length andM=1.44×10−25 kg themass of one Rb87 atom. The
number of atoms ismeasuredwith time-of-flight absorption imaging for dense clouds [40].

The relative low atomnumber prevented directmeasurement of the trap frequencies by parametric
excitation. Insteadwe estimate w̄ from the observable condensate fraction as follows: forN condensed atoms of
a totalNtot atoms, the condensed fraction cF=N/Ntot for non-interacting bosons obeys the relation:
c T Tmax 1 , 0F c

3= -[ ( ) ], where the critical temperature in a harmonic trap is [41]:
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kB is the Boltzmann constant and ζ(3)≈1.202. Time-of-flight absorption imaging and a bi-modalfit give direct
access toNtot,N (and thus cF), as well as toT, which is found from thewidth of the thermal component. Forfixed
beamgeometry and power, the trap frequencies are constant. The temperature is set by the potential depth at
T=54(13) nK, independent ofNtot.We can thus vary the critical temperature by changing only the number of
atoms, through the duration of theODT loading step. Figure 3 shows the condensed fraction as a function ofT/
C, where C Tc wº ¯ .Wefit the expected scaling of cFwhere w̄ is the only free parameter, to
find 2 50 5 Hzw p=¯ · ( ) .

ThemeanThomas–Fermi radius as given by equation (1)withN=4×104 atoms is then:
R 7.0 5 mTF m=¯ ( ) . From the geometry and power of theODTbeams the shape of the condensate is expected to
be a spheroid, and thus large errors inwhat follows are not expected.

To gain some intuition about the expected spin variations in space the RTF radius is compared to the spin
healing length, which is defined as M c n2s 1x = ∣ ∣ [42, 43], where c1=−2.39×10−53 J m3 characterizes
the spin-dependent contact interaction [44], and n is the density. In our experimental conditions,
n=2.7×1013 cm−3 and ξs=7.7 μm.With this parameters the density healing length is

Mc n2 0.5 mn 0x m= = for the spin-independent contact interaction parameter c c2160 1 ∣ ∣. Since
R nTF x¯ the quantumpressure becomes relevant only near the boundary and therefore can be ignored, which
implies the Thomas–Fermi approximation is reasonable. The spin healing length nevertheless, is such that

Rs TFx ~ ¯ , and the system is in an intermediate regime in regard to spin variations. Nonetheless, we observe no
spin structure in TOF absorption images in the time scales of the condensate lifetime at the reported densities,

Figure 3.Condensed fraction as a function of T/C. The condensed fraction cF=N/Ntot can befitted by themodel
c T Cmax 1 , 0F f

3w= -{ [ ( ¯ )] }, where the temperatureT=54 nK is constant andC is a function of the number of atoms Ntot(see
text). In thismeasurement only Ntot varies and therefore fw̄ is the only free parameter, yielding to 2 50 5 Hzw p=¯ · ( ) .
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suggesting no domain formation occurs. In addition, we have observed long coherence times of the
magnetization (section 6), which provides stronger evidence for this conclusion.

4. Excitation of spin oscillation and free oscillation

Within the SMA the order parameter can bewritten as r rjY Y=ˆ ( ) ( ) ˆ , where rj ( ) defines the spatialmode

which is commonbetween all the spin states.Wewrite the spinor as , , T
1 0 1y y yY º + -ˆ ( ˆ ˆ ˆ ) , where mF

ŷ are the
complex amplitudes describing themagnetic sublevels [11]. Singlemode SBECs have been extensively used to
study spin-mixing physics, inwhich collisional interactions produce interesting quantumdynamics and spin
correlations [7, 8, 45–49]. These works study condensates with zeromeanmagnetic polarization, in a regime in
which collisional and quadratic Zeeman energies compete [18, 46, 50]. In contrast, here we study themagnetic
coherence properties of a low-density condensate, precisely tominimize the effect of collisional interactions.

A single atom exposed to amagnetic fieldBx(t) along the x direction experiences the spinHamiltonian
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where fâ denotes the spin-1 operator for componentαä {x, y, z} [51],μB is the Bohrmagneton, gJ;2 is the
Land g-factor andΔ Ehf=2π ÿ×6.83 GHz is the hyperfine splitting [44].We note thatBx and thusωL,ωQmay

be time-dependent. Due to the f
x

2ˆ term the dynamics induced by theHamiltonian involves both the vector ‘spin
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which describe a pair oscillators, fy–fz and jzx–jxy, eachwith oscillation frequencyωL, andmutual coupling
frequencyωQ.

In particular, according to equation (6) the z projection of the spin evolves as f t t tcos cosz L Qw w=( ) ( ) ( ).
That is, the quadratic Zeeman shiftmanifests as amodulation of the Larmor precession.

The collective spin ofN condensed atoms is F fn
N n

1º å =
( ), where the superscript indicates the nth atom.

The dynamics of the collective spin then obeys

F t N t f t 7i i=ˆ ( ) ( ) ˆ ( ) ( )

which describes the coherent oscillation of amacroscopic spin, and its decay caused by the loss of atoms.
We observe this dynamics byfirst preparing the condensate in the initial state 1,0,0 T( ) (quantization axis

along theB-field direction z), i.e. all the atoms inmF=+1.We then rampup thefield componentBx, then ramp
to zeroBz, leaving the field along x. This is done slowly compared to the Larmor frequency defined by thefield
amplitude, and the spins adiabatically follow the field and the quantization axis is always along the B-field. To
rotate the spins to the y–z plane and form the state 1, 2 , 1 T1

2
( ) (quantization axis along x), aπ/2-RF pulse

along y is applied. This starts the precession dynamics around the x axis. The spin polarization is tracked by
performing non-destructive Faraday rotationmeasurements as described below.

5.Non-destructive probing of the spin polarization

Weperformnon-destructive Faraday rotationmeasurements of the spin state of the atoms, exploiting the spin-
dependent interaction of a linearly polarized off-resonant beamwith the vectorial component of the atomic
polarizability, as described and shown in [52–55]. The interactionwith the atoms causes the linear polarization
of this beam to rotate and therefore to acquire a diagonal component, which is detected using a shot-noise
limited polarimeter based on the differential photodetector (DFD) described in [56].We have demonstrated the
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DFD is shot-noise limited forμs pulses with 2×105 to 107 photons, having an electronic noisefloor equivalent
to the shot noise of a pulse with 2.6(5)×105 photons, as shown infigure 4.

The Faraday beam is red detuned 276MHz from the F F1 0= ñ  ¢ = ñ∣ ∣ transition and has linear
polarization of 54.7°with respect to the biasfield along x. At this ‘magic angle’ the tensorial ac-Stark shift
averages to zero over one precession cycle [57], enabling continuous probingwithout conversion of spin
alignment to spin orientation.

We perform continuous Faradaymeasurements that allow us to resolve a few Larmor cycles in a single pulse.
This is typically performed using τp=10–20 μs pulses containing N 5 10L

6= ´ photons. To compensate
probe power fluctuations,NL ismeasured by splitting a fraction of the power to an auxiliary PD and
transimpedance amplifier before entering the chamber. An example of the Faraday rotation signal is shown in
figure 5. The polarization rotation angle in the Poincaré spheref=G1Fz is proportional to the collective spin
component Fz, andwith a couplingG1 that depends on the overlap of the beam and the atomic cloud. For this
reason, the probing beam is focused at the atoms positionwith awaist of 18 μm. For the pure condensate, we
observeG1=10−7 rad/spin, bymeasuring the rotation angle caused by a fully polarized cloudwith a known
number of spins calibratedwith absorption imaging.

Figure 4.Noise characterization of differential photodetector.Variance of the output signal of the differential photodetector as a function
of total input number of photons (NL). The fit assumes the form N V Nvar e LdiffD = +( ) , the electronic noisefloor corresponds to
Ve=2.6(5)×105 photons, and the linear region 2×105 to 107 photons is the shot-noise limited range.

Figure 5.Example of Faraday rotation signal.We show the optical signalf(t) of a continuous pulse containing 5×106 photons
interacting with a fully polarized sample of atoms precessing around amagneticfieldwith Larmor frequencyωL=2π·300 kHz. This
signal is proportional to the projection of the atomic spin along the probing direction z, with proportionality constant
G1=10−7 rad/spin such thatf(t)=G1Fz(t) (green line).We added a sinusoidalfit to the spin precession (blue line).
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The known shot-noise scaling of the optical angle allows us to estimate for one pulsewith
NL=5×106 photons an optical angle noise of Nd 1 0.4 mradLf = = , which corresponds to an inferred

noise in the spin state F G Nvar 4 10 spinsz Lopt 1
1 3= ´- ( ( ) ) ( ) . The noise is larger than the projection

noise inherent to the atomic state, which is given by F Nvar 2 10 spinsz at
2= = ´( ( ) ) . The interactionwith

each pulse does not cause atoms to be lost from the trap, but it kicks atoms out from the condensate reducing the
condensed fraction by 25%. Reaching projection noise limitedmeasurements requires improvement to the
coupling factorG1 or the use ofmore photons if low damage is not required.

6.Magnetic coherence properties of the spinor BEC

To characterize the coherence properties of themacroscopic spin tFá ñ( ) of the single-domain SBEC, we use
standard nomenclature [58]which identifies various relaxation times for different spin components, relaxation
mechanisms, and scope of averaging. For a single-shot experiment withmany spins (condensed or otherwise),
the spin component along thefield direction (x), experiences the ‘longitudinal’ relaxation time 1 , defined by
F texpx 1á ñ µ -[ ]. Similarly, the transverse components, i.e., those orthogonal to the field direction, relax
according to F t tcos expz Lhom 2á ñ µ Q -[ ( )] [ ]or F t tcos expz Lfull 2*á ñ µ Q -[ ( )] [ ] (and similar for F Fz y ,

cos sin ), where t t tdL
t

L0ò wQ = ¢ ¢( ) ( ) is the accumulated precession angle. The averages homá ñ· and fullá ñ·
indicate, respectively, averaging over only ‘homogeneous’ effects, i.e., irreversible randomizations affecting all
spins in the sameway, and averaging over both homogeneous effects and ‘inhomogeneous’ effects, i.e., apparent
randomization due to reversible effects such as differences in the localfield [59]. As concerns these single-shot
relaxation times, the single-domain SBEC is expected to have 2 2 1*  = = : In the SMapproximation a single

spin state tŶ( ) describes the entire condensate, leaving no room for individual randomizations. There is in fact
only one relaxationmechanism, loss of atoms, and this affects both Fx and Fy, z in the sameway, is truly
irreversible, and affects all atoms in the sameway.We assign the rate 1 0 to this loss of
atoms: N t texpA 0µ -( ) [ ].

Beyond these single-shot coherences, wemust also account for the coherence of shot-to-shot averages. A
change in themagnetic field between repetitions of the experiment generates Fy, z(t)with a different phaseΘL

each time, and the average shows a relaxation-like behavior F t tcos expz Lss ss 2*á ñ µ á Q ñ -[ ( )] [ ]. In our system,
as inmost cold-atom experiments,Bx(t) exhibits large variations implying large phase slips and a rapidly
decaying average tcos L ssá Q ñ[ ( )] . This decaying is only weakly related to the processes described by 2* , and
should be considered a characterization of the environment rather than of the SBEC itself.

Atom losses: Atom losses are caused by collisions with the background gas and by three-body collisions. The
former knock condensate atoms out of the trap, or less frequently into the thermal cloud. The latter are strongly
exothermic and result in loss of all three atoms. The atomnumber in the condensate evolves as

N
N

K x n x td , , 83
3 3òt

= - -˙ ( ) ( )

where thefirst termdescribes loss frombackground collisions and the second from three-body losses [60, 61].
For condensed atoms of Rb87 ,K3;6×10−30 cm6 s−1 so that at our densities of n;3×1013 cm−3, the
three-body loss rate is of order;N/70 s. In contrast, the observed number decay,measured by absorption
imaging, ismuch faster, andwell described by one-body losses with 7.7 4 s0 tº = ( ) . The three-body loss can
thus be neglected in these conditions.

Longitudinal spin relaxation: In the SD-SBEC the longitudinalmacroscopicmagnetization is conserved.
Under theHamiltonian of equation (3) above, both fx and themagnetic quantumnumbermF (in the x-basis) are
constants of themotion, even for fluctuatingBx(t).We confirm F txá ñ( ) is also constant using Stern–Gerlach
imaging tomeasure the population in the differentmagnetic sublevels as a function of hold time: a condensate is
prepared in a stretched state 1, 0, 0 T( ) or 0, 0, 1 T( ) (quantization axes along x) and held in the dipole trap
during a time te, after which the atoms are released from the trap. During the time offlight a gradientfield of
∼20 G cm−1 is applied for 10 ms to spatially separate the different spin components, before performing
absorption imaging. The relative populations of the different spin states remain unchanged as a function of te, to
withinmeasurement precision, and therefore we identify 1 0 = .

We note that orthogonal acmagnetic fields at a frequency close toωL could resonantly excite transitions
amongmF levels. The influence of suchfields has limited the observation of spin dynamics in other experiments
[45]. In our experiment this effect becomes evident only at biasfields below 100 mG.

Transverse spin relaxation: Shot-to-shot fluctuations of the field environmentBenv(t) induce shot-to-shot
decoherence on F tz ssá ñ( ) over different preparations.We characterizeBenv(t) in our experiment as follows: using
a three-axisfluxgate sensor (Mag-03MCUP, Bartington) placed close to the vacuum cell, wemeasured the
spectrumof environmentalmagnetic noise, which is dominated by the earth field (at dc), themains frequency
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(at νmains=50 Hz), and its third harmonic (at 3νmains=150 Hz), and is well approximated by the form:
B t B B t B tcos 2 cos 3 2env dc 1 mains 2 mainspn pn= + +( ) ( ) ( · ). To estimate the fluctuations in themagnetic field
environment in typical conditions, wemeasure themagnetic field at the cycle rate of the experiment (every 40 s),
always after synchronizing with themains cycle. The observations are summarized in table 1.

We then compute the average F tz ssá ñ( ) byMonte-Carlo simulation of 200 traces using equation (6)withBx,
given byBenv(t)whereB1 andB2 drawn fromnormal distributions with themeasuredmean and standard
deviation.Bdc is taken to be normally distributedwith themeasured standard deviation and amean of 0.29 G,
due to an applied offset field. This normal randomnoise defines a shot-to-shot decay rate 1 2 , such that

t t tcos cos expL Lss
2

2
2á Q ñ ~ Q -[ ( )] [ ¯ ( )] [ ], where tL L ssQ = áQ ñ¯ ( ) . The amplitude of the F tz ssá ñ( ) oscillation

decays with 1.5 ms2 » .
In a similar waywe have estimated themagnetic field stability needed to have a stable phaseΘL over different

repetitions. 2 scales inversely with the field fluctuations and thus to increase it to the 1 s scale the field
fluctuationsmust be reduced by a factor of∼1000, i.e., to the few pT level.While this is comparable to the noise
of the fluxgate, small-volume atomicmagnetometers [62] can have noise levels orders ofmagnitude below this,
whichmay enable active cancellation to this level. Passive shielding of the chamberwith a high-permeability
enclosure can also provide such low-noise conditions [63].

To accuratelymeasure the relevant property 2* of our spin system in the describedmagnetic environment,
we take advantage of the non-destructive nature of the Faraday rotation probing, which allows us to probe
several Larmor cycles of Fz(t) during a single run and extract the amplitude via a sinusoidal fit. Because the
amplitude does not depend onΘL, this allowsmeaningful averaging in spite of the shot-to-shot fluctuations.
The quadratic phaseΘQ also varies shot-to-shot, but on a time-scale about four orders ofmagnitude longer than
doesΘL, implying that the average amplitudewill show effects of dephasing on the 10 s time scale.

We prepare the state 1, 2 , 1 T1

2
( ) and allow the atoms precess around the biasfieldBx=0.29 G for time te,

before Fz(t) ismeasured for 10 μs allowing several Larmor cycles to be resolved by fitting a sinusoidal function as
infigure 5.We performmeasurements at different values of te ranging from0 to 1 s, each one on a new
preparation of the state. The Larmor frequency is always (ωL=2π·200 kHz). To separate the relaxation and
decoherence signature from the atomic losses, we normalized the signal by the number of atomsmeasured by
absorption imaging at the end of each repetition.

Infigure 6we plot themean square amplitude of the sinusoidalfits for different repetitions, as a function of
te. To these data wefit a function A t tcos exp 2Q

2 w -( ) ( ), fromwhichwefindωQ=2π·5.95(1)Hz as
expected. As can be appreciated in the figure, the full visibility is always recovered and therefore 1 s  , much
longer than the observation time.

To directly demonstrate the persistence ofmacroscopic spin precession, and thus of themagnetic coherence

of the SDSBECon longer timescales, we prepare an initial state 1, 1, 0 T1

2
( ) by applying twoMWpulses to the

initial state 1,0,0 T( ) (quantization axis along themagnetic field along x): aπ/2 pulse resonant to the
F m F m1, 1 2, 0F F= = ñ  = = ñ∣ ∣ transition followed by aπ-pulse resonant to
F m F m2, 0 1, 0F F= = ñ  = = ñ∣ ∣ .We allow this state to precess beforemeasuring its Fz polarization by
Faraday rotation probing as described above. This state, in contrast to the fully polarized state
1 2,1 2 , 1 2 T( ) , does not produce amodulation due toωQ, because only the 1, 0 coherence is non-zero. As a

result, the single-atompolarization executes a pure oscillation f t tcosz Q L
1

2
w w= - +( ) ( ) . Infigure 7we

show the amplitude of the Faraday signal and the number of atoms (measured by absorption imaging) as a
function of the evolution time (te) up to 10 s. The decay of the amplitude ismeasured to be the same as the decay
of the number of atoms, towithin experimental uncertainty, this is 2 0* = . In the insets we plot examples of
the Faraday signal normalized by the number of atoms t N t F t N te z efullf µ á ñ( ) ( ) ( ) ( ). In thesewe observe the
normalized amplitude is constant although the signal to noise decreases due to the loss of atoms.

Table 1.Measurement results of themagneticfield
environment . Themeasurements were performed
with a fluxgate sensor located 20 cm away from the
atoms.

Mean amplitude (mG) Standard deviation (μG)

Bdc=451.5 σdc=200
B50=4.39 σ50=50
B150=2.09 σ150=20

9

New J. Phys. 20 (2018) 053008 S Palacios et al



Our results are consistent with the expectation of spin relaxation due solely to atom losses, which in our
typical vacuum conditions is limited by one-body losses 7.7 4 s2 2 1 0*    =   ( ) .

7. Conclusions

Wehave described a system capable of creating SBECs of Rb87 atoms in the ferromagnetic F=1 hyperfine state.
The experiment employs all-optical evaporation in a deep 1560 nmdipole trap, whichwe load by partially
compensating the large induced differential light-shift using a 1529 nm laser. This allows us to benefit fromboth
a high trap depth and a light-shift-induced darkMOT.Wedemonstrate non-destructive tracking of the
macroscopic spin state using Faraday rotation probing.

Based onmeasurements of the spatial size, densities and coherence, we demonstrate the spinor condensate is
created in a single spin domain. This SD spinor condensate behaves as a single large spin precessing around the
magnetic field.We have observed collective spin precessionwith a single-shot coherence time of several seconds,
limited only by the lifetime of the condensate, which is set by the vacuumconditions. Such extreme coherence
properties are interesting for studies of atomic entanglement [23], macroscopic quantum states [24, 25], and
non-locality inmany-body systems [27]. Noting also the small size, themagnetic SM spinor condensate is

Figure 6. 2* measurement using a fully polarized state. Average over different repetitions of the squared of themagnitude of the z-
component of themacroscopic spin (Fz)normalized by the number of atoms as a function of evolution time. Each repetition is
obtained from the Faraday rotationmeasurements of a fully polarized condensate and the calibratedG1. The spins rotate around x at
Larmor precession frequencyωL=2π·200 kHz. The amplitudemodulation due to the quadratic component oscillates at
ωQ=2π·5.95(1) Hz.We observe nomeasurable decay of the normalizedmagnetization, which implies 1 s2*  .

Figure 7. 2* measurement using an initial state 0 1, 1, 0 2Ty =( ) ( ) (quantization axis along x). Amplitude of the Faraday signal
(green circles, left axis) and number of atoms (blue squares, right axis) are shown versus evolution time (te). Green line shows best
exponential fit to the amplitude data, with time constant 8.1(4) s (green line). A similar fit (not shown) to the number of atoms finds
time constant 7.7(4) s, equal towithin experimental uncertainty. Insets show examples of the Faraday signal, normalized by the
number of atoms. These normalized amplitudes are equal over the 10 s observation time, showing no observable decoherence of the
spin state. For these dataG1=−3.7×10−7 rad/atoms.
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attractive for high-resolution field sensing [28, 29], with the possibility to attain sensitivities beyond the standard
quantum limit [64, 65].
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