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We study the role of particle transport and evaporation erptiase separation of an ultracold, spin-polarized
atomic Fermi gas. We show that the previously observed deftion of the superfluid paired core is a result
of evaporative depolarization of the superfluid due to a doatlon of enhanced evaporation at the center of
the trap and the inhibition of spin transport at the normedesfluid phase boundary. These factors contribute
to a nonequilibrium jump in the chemical potentials at thagghboundary. Once formed, the deformed state is
highly metastable, persisting for times of up to 2 s.

PACS numbers: 67.85.Lm, 67.10.Jn, 74.25.Ha, 03.75.Ss

The BCS theory of superconductivity is remarkably suc-the break-down of pairing when thefldirence between the
cessful in describing pairing of unpolarized spim-parti-  chemical potentials of the two spin-states exceeds théngair
cles. Pairing in spin-polarized systems is much more compligap [12-15].
cated, however, prompting speculation about exotic new pai
ing mechanisms that began shortly after the development %
the BCS theory [1, 2], and continues until today [3, 4]. Spin-
polarization, or more generally, imbalanced Fermi enargie
arise in several physical situations including certairesapn-
ductors that support coexisting magnetic and supercoimgpct
order, color superconductivity in quark matter, and inasltr
cold atomic gases created with imbalanced spin population
In 2006, a group at MIT [5, 6] and our group at Rice [7, 8]
discovered that strongly-interacting spin-imbalancagped
atomic gases undergo a first-order phase separation betw
a fully-paired superfluid core and lower density polarized r

glql'nhsére are sianificant qualitative and quantitativ@aences tent with detailed calculations [22, 23]. Furthermore, Gerg
g q q experiment is largely in agreement with the MIT results de-

Fetvyeetr;] the MITfatEd S.'Ce exper]mentts. Thehphaste ;e%agg- ite having an aspect ratio and particle number that are sim
s?rgrlln deiocrarfaet'gn ofethelcz? Zgir(;r::eenn ngagoﬁgi%ie flar to the Rice experiment [24]. A new mechanism has been
9 : pal » 1 violadl proposed [25] which has its origins in the inhibition of ther

density approximation (LDA). In the LDA, the local chemical mal [26] and spin transport [25] across the phase boundaries

potentialsu,(r) = u, — V(r) depend only on the trap potential cou . - .
) . : . pled with an enhanced probability for evaporation at the
V(r) and the spatially-uniform global chemical potentjals axial center of the trap. These factors enable a distributio

e e e o oSt S s cut of chemical e, here et i
cal potentials and the equilibrium equation of state of an in chemical potentials is depressed in the superfluid phasepat t

finite, spatially-uniform system. For a harmonically-coefi center relative to the polarized normal phases in the wings.

as ' ith an unpolarized centra{I core. the LDA implies a ﬂat_We have performed several experiments that strongly stippor
gas with an unpofarizec . C impli this conjecture. In addition, we find that, once produced, th
topped axial spin-density (obtained by integrating thedhr

. : : ; ) . deformed state is remarkably metastable.
dimensional spin density along the two radial coordind&s)
11]. While this flat-topped distribution was observed in the We produce imbalanced mixtures&fi atoms as before in
MIT experiment [6], in the Rice experiment the shape of thethe two lowest energy hyperfine statds € /2, mg = 1/2)
paired core was significantly less elongated thién), result- and F = Y2, mg = -%/2), designated as stat¢l and|l),
ing in a central dip in the axial spin-density [7, 8]. Further respectively [7, 8]. A bias magnetic field is tuned to 834 G,
more, pairing in the Rice experiment was much more robus¢orresponding to the unitary limit of tifti Feshbach reso-
than in the MIT experiment, persisting to much larger popu-nance. The atoms are confined in a hybrid optical-magnetic
lation imbalances. This robust pairing is apparently in-con trap formed by a single focused laser beam propagating along
tradiction with the Clogston-Chandrasekhar limit desagb  the direction of the bias field (axial direction). Radial eon
finement is produced by the Gaussian intensity profile of the
laser beam, while axial confinement arises from the combi-
nation of the Lorentzian axial profile of the laser beam and

Possible explanations for this discrepancy have focused on
e primary diferences between the two experiments, which
are trap aspect ratio and particle number [11, 16-21]. |h bot
cases, the confining potential is approximately harmonét an
elongated along the cylindricad)(axis, as shown in Fig. 1(a).
For the Rice experiment, however, the ratio of the radiakto a
ial trap frequencies was30, while for MIT, it was~5. Also,
The total particle number in the Rice experiment wd<P,
while for MIT, it was~5x1CP. It was shown that while the ob-
esc%rved deformation was consistent with ttiieet of a strong
§ltace tension at the superfluid-normal interface [8, I, 1
the required magnitude of the surface tension was inconsis-
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whereT ~ 0.06 Tk is at its minimum.

700 ms Axial . .
—— Figure 3 shows the progression of several relevant param-
— = eters during evaporatiorlg, shown in Fig. 3(a), is the trap
g, depth including gravity, as defined in Fig. 1(c). Also shown
Y 3 in Fig. 3 are parameters extracted from a less aggressipe eva
gl L g 0 oration trajectory for whiclJ; = 160uK as before, but now
® z 41500 0 _ 1500 50 0 50 with Us = 2.2uK, tior = 3.4 s, andr = 500 ms. This trajectory
X z (im) x ory (um) is designed to be similar to the final part of the trajectomcus
1000 ms (@ ©) (® in Ref. [24], where no deformation was observed. Figure 3(b)
.21 U0, 2= U(0.5.0) shows the value of = (Ug — €)/ke T, wheree, = 1/2mw?R?,
r,‘ é —UK0.0) wy is the axial trap frequency, amlis the axial radius where
S 1 — the density of the majority stat¢)(goes to zero. The value of
8 n is an approximate measure of the closeness of the chemical
g o 0 potential to the trap lip, and hence is related to the rateahe

-1500 0 1500 -50 0

2 (am) oy (um)5° oration. This quantity is significantly larger for the “g&sit

3.4 s trajectory as compared to the “aggressive” 1 s trajgcto
FIG. 1. (Color online) Plots of the hybrid magnetic-opti¢edp. indicating a much Slowe.r rate c_)f evaporation. Nonetheles.s’
Atoms are trapped at the focus of a laser beam propagatirigein t even though the 3.4 s trajectory IS ”Qt as deep or as aggeessiv
(axial) direction. The laser wavelength is 1,08 and the beam is fo-  the final temperature 0f0.09Tr is similar to that achieved
cused with a Gaussian beam waisteflradius) of 3qum. Aresidual ~ With the 1 s trajectory. Furthermore, as shown in Fig. 4, the
magnetic curvature contributes to the axial confinemert wihar-  axial spin density at the end of the trajectory is flat-topped
monic frequency of 3.8 Hz. (a)-(c) Optical trap dejaith= 1.68uK, dicating that there is no deformation even though the trap as
corresponding to = 700 ms for the 1 s evaporation trajectodg is  pect ratio at the end of evaporation is highly elongatedgetsp
the dfective trap depth accounting for gravity. The relative dbot  ratio of ~96). Deformation is prevented in the 3.4 s trajectory
tion of t_he mag_netm curvature and gravity are small. (3iP@tential by its higher final trap depth, which both reduces the rate of
at_the final optical trap_ depts = 0.74uK att =1s, wh_ere the re_l- evaporation and minimizes the lipat 0.
atively strong magnetic curvature has tteeet of opening up a lip To determine whether the deformed state is onlv d -
atz = 0. At this trap depth, the combined axial frequency, due ¢o th L . : . nly dynami
optical and magnetic forces is 4.7 Hz. Values gTk from Fig. 3(a) C,a”y stable, eX'St'ng only during rapid anisotropic eviapo
are indicated by the horizontal blue lines. tion, or rather, is a metastable state, we ramped the trap dep
up over a time period of 600 ms following evaporation, as
shown in Fig. 5(a). This serves to significantly suppress the
rate of evaporation, as can be seen from the nearly constant

optical potential dominates. Evaporative cooling fieeted
prica’ b I I vaporay g yalue of T in Fig. 5(a) and the large values pin Fig. 5(b).

by lowering the laser power, such that the trap depth, as we _ i )
as the trap aspect ratio, are gradually reduced. Sicsently ~ Nonetheless, Fig. 5(d), shows that the deformatioamains

low optical power the magnetic curvature dominates the axfOr more than 2 s following trap recompression. The degree
ial confinement. When this happens, the trap depth becom&¥ deformation is seen to decrease following recompression
anisotropic, with the depth being largest along the axiadm roughly on the same timescale of an observed rise in the tem-
netic curvature) direction. Thus, a “lip” of minimum trap Perature.

depth is formed in the radial direction at the axial trap eent
(z = 0), as shown in Fig. 1(d). Furthermore, gravity reduces

the trap depth in the direction pointing downward in the lab <2 (@15 (b) (©) (d)
(along-y). B 1 10
Sequential absorption images [8] record the column den- 2 4, 10 °
sity distributions of the trapped atoms for each state. Fig- % 5
ure 2 shows representative axial density profiles, obtained § s 5 n‘,J'.
by integrating the column density images along the remain- % ”p\
ing radial coordinate, for images recorded at various times X © 0 0 o

along the evaporation trajectory used in our previous etudi 0 1000 0 500 1000 O 500 1000 O 500
For this trajectory, the trap depth was reduced exponéntial
aseV™ from its initial valueU; = 160uK to a final value

Ur = 0.74pK in a total timetiy = 1 s, and with an expo- G, 2. (Color online) Axial densities taken at various tEbelong
nential time constant = 200 ms. Deformation is evidenced the evaporation trajectory. The global polarizatiéhare: (a) 600

by a dip in the axial spin-density, which begins to develop atms, P = 0.14, (b) 700 msP = 0.21, (c) 740 msP = 0.28, (d) 1
approximatelyt = 700 ms (Fig. 2(b)), corresponding to a tem- s, P = 0.18. The variation irP is a result of shot-to-shot variations,
peratureT =~ 0.2Tg, whereTg is the Fermi temperature of as each image requires the trap to be reloaded and evaptwates

a non-interacting trapped gas|0f atoms. The deformation, specified. The upper (black) curves correspond to the majority state
characterized by the parameter= n,/n,, (see Fig. 3(c)), in- (Im), the middle (blue) curves to the minority sta), and the axial

creases as the evaporation progresses and is maximig at SPin-densities ari) —|1)) are given by the lower (red) curves.
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FIG. 3. (Color online) Parameters extracted from the axelsit %
ties for both the (aggressive) 1 s and (gentle) 3.4 s trajestor is n 154 e
determined from unpolarized(= 0) distributions which are sepa-
rately evaporated using the same trajectory. The mean efeaj ] ﬁ
these distributions is obtained from their mean-squardiisavia the 0 o o o o o o
virial theorem [27]. TheE vs. T calibration is given in Ref. [28] and 0.2 (c) i
is based on the experimental data of Ref. [29] (Ug — €,)/KsT, E E
wheree, = Y2mw?R?, w, is the axial trap frequency, ardis the T ] E E
axial radius where the density of the majority stetegoes to zero. F 0.1 .
The deformation parameter is definedaas- n,/np, as depicted in
Fig. 2(c). The error bars are mainly statistical unceriafrom the
average of~6 shots of various value d? at each value of. The 004 4 : : : : —
vertical dashed line in (d) indicates the onset of deforamati 104 = -
Another measure of thefect of the lip in the potential may o 0.57 % } i
be obtained by axially displacing the center of the magnetic 1 deformed 1
curvature with respect to the focus of the optical trap laser 0.0 (d) i

beam, as depicted in Fig. 6. Since the lip is located at the
minimum of the magnetic curvature & zy), its position no
longer coincides with the overall minimum of the combined
magnetigoptical potential, indicated bg in Fig. 6. Figure 6
shows that while the unpaired atoms, given by the distrilouti FIG. 5. Recompression of the trap following the 1 s evaporati
of Ty = 11), reside near the center of the combined potentia"'ere, the 1 S evaporation finishes at 0 and is followed by a SlOW
(2), the paired core, given by th¢) distribution, displaces recompression _of t_he_ trap over the next 0.6 s. Even th_ouglﬁ-th_e
towards the lip az = z, where evaporative cooling has max- ngl value ofUy is similar to that shown for the 3.4 s trajectory in
imum effect. This observation provides a graphic iIIustrationF'g' 3the recomoaressedogaluesTefare lower due to smaller overall
of the lack of equilibration between the superfluid core an({'umberS £3x10°vs.~10Y.

the normal phases.
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FIG. 6. (Color online) Column density images for an axiapthse-
ment of the center of magnetic curvature locatedat 0 and in-
dicated by the dotted vertical line, from the focus of theicgdttrap
beam located at = -1 mm. At this trap depthl{ = 0.65uK),
the center of the combined potential, indicated by the dhshdical
line, is located azy = —210um. The trap beam waist is 26n and
the residual magnetic curvature is 6.4 Hz for this data. Thage
size is 1653im x 100um andP = 0.63. The uncertainty iz, andz,
is 20um due to uncertainties in the optical trap parameters.
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polarized wings. This helps to stabilize the superfluid phas
beyond the Clogston-Chandrasekhar limit, as was observed
experimentally [7, 8]. The absence of a spatial variatiotmén
spin-density of the superfluid phase [8] shows that the gradi

in the chemical potential fference is not smoothly varying,
but rather that it undergoes a sudden jump at the phase bound-
ary. This indicates that the interface, not the bulk supiekflu

is the dominate obstacle to spin transport. Slow relaxatf@n
non-equilibrium spin distribution in a spin-imbalancedph
separated gas was also reported in Ref. [30]. The observedre
laxation time scales in that experiment are consistentaovitis

but the relative importance of the interface compared wiéh t
bulk superfluid could not be determined. (A previous exper-
iment also reported slow fiiusion but it was conducted with

a balanced spin mixture, and hence without phase boundaries
[31]). In our experiment, the jump in the local chemical po-
tential diference at the phase boundary strongly deforms the
shape of the superfluid-normal interface, making it much les
curved than it would be at equilibrium. This nonequilibrium
distribution is remarkably metastable, consistent withdhl-
culations presented in Ref. [21], in which they find both LDA-
like solutions as well as nearly degenerate LDA-violating®

We have presented a series of measurements that are comhose density distributions closely resemble those thattwe
sistent with a model of evaporative depolarization [25]. Inserve.

this model, the chemical potential of the majority specges i

depleted by preferential evaporation in the vicinity of@ih
the elongated trap potential. Because of the inhibitiorpaf s

transport, for sficiently fast evaporation the chemical poten-
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