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Observation of a 2D Bose Gas: From Thermal to Quasicondensate to Superfluid
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We present experimental results on a Bose gas in a quasi-2D geometry near the Berezinskii, Kosterlitz,
and Thouless (BKT) transition temperature. By measuring the density profile after time of flight and the
coherence length, we identify different states of the gas. We observe that the gas develops a bimodal
distribution without long range order. In this regime, the gas presents a longer coherence length than the
thermal cloud; it is quasicondensed but is not superfluid. Experimental evidence indicates that we also
observe the superfluid transition (BKT transition). For a sufficiently long time of flight, we observe a
trimodal distribution when the gas has developed a superfluid component.
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One of the most fascinating aspects of a Bose gas in the
degenerate regime is the role of dimensionality. A two-
dimensional (2D) interacting Bose gas is superfluid [1,2] at
a temperature 7 below the Berezinskii-Kosterlitz-Thouless
(BKT) transition temperature Tgxt. However, in contrast
to the three-dimensional (3D) case, there is no long range
coherence (no condensate) and the coherence decays as a
power law [1,2]. At T above Tk, proliferation of free
vortices suppresses superfluidity. The decay of coherence
changes from algebraic to exponential with a characteristic
length &, which diverges at Tt and remains significantly
larger than the thermal de Broglie wavelength (A =

V27h? /MkgT, where M is the atomic mass) over a range
of T > Tyky. Furthermore, near the transition only phase
fluctuations are significant and density fluctuations are
suppressed. Following [3], we refer to this region as the
“nonsuperfluid quasicondensate,” which has approxi-
mately uniform phase in regions of size . As T is in-
creased further, ¢ gradually reduces and approaches A,
density fluctuations gradually increase, and the gas crosses
over from the nonsuperfluid quasicondensate to a thermal
Bose gas.

Experiments on 2D bosonic systems, such as “He films
[4] and trapped Bose gases [5,6] show signatures of the
BKT transition. Other systems, such as arrays of Josephson
junctions [7] and a 2D lattice of (3D) Bose-Einstein con-
densates [8], also exhibit a similar transition. Intriguingly,
a reduction in three-body dipolar recombination (which is
usually associated with condensation) was observed well
above Tkt in 2D spin polarized atomic hydrogen on liquid
4He [9]. This observation results from a reduction of den-
sity fluctuations, i.e., quasicondensation [3]. While these
experiments generally support the BKT theory, which was
formulated for a homogeneous system, a complete under-
standing of finite systems still remains a challenge, espe-
cially when the systems are not close to the thermodynamic
limit [10]. These finite 2D systems open up new questions
on the relationship between superfluidity and Bose-
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Einstein condensation (BEC), where the contrast between
the two phenomena may be more pronounced. Theoretical
treatments of such atomic-gas systems [5,6] have used
classical-quantum field [11], quantum Monte Carlo [12],
and mean-field Hartree-Fock methods [13,14].

We present evidence, from experiments in a weakly
interacting, quasi-2D Bose gas, of a crossover from ther-
mal (normal) to quasicondensate (QC) without superfluid-
ity and then a sharp (BKT) transition to superfluid QC. We
explicitly identify the theoretically expected nonsuperfluid
QC, a feature not seen in other experiments on a more
strongly interacting, 2D trapped, Bose gas [5,6]. We use an
interferometric method to study the coherence of the gas
down to distances smaller than A.

The BKT transition occurs at a universal value of the
superfluid density n, = 4/A”. However, the total density at
the transition, npgr, is not universal and depends on the
strength of the interactions [1]. Interactions in a weakly
interacting Bose gas trapped in a quasi-2D geometry (tight
confinement with large frequency w, along one axis) are
described by a dimensionless coupling constant § =

ayJ8TM wy/h [15], where a is the 3D scattering length.
In the limit of weak interactions, nggxrA> = In(C/g)
[16,17]. Monte Carlo simulations that calculate the density
as a function of the chemical potential give C = 380 [18].
We use those simulations for our trapped system by apply-
ing a local density approximation (LDA) (see Ref. [18]).
This is valid near Tgkr if the healing length at Tggr, 7. =
27//27g is smaller than the typical size R of the region
where interactions play a significant role (from the chemi-
cal potential in [18], we find that R = \/gR;, where R =

‘/ 2kpT/m a)i is the size of the thermal cloud, w | being the

frequency of the trap in the 2D plane). Hence to satisfy the
LDA and thus have a BKT transition at a temperature
higher than the true BEC transition [19], one must satisfy
hw, < gkgT. For our typical parameters, & =~ 0.02, T =~
100 nK and w | /27 =~ 20 Hz, so LDA is reasonable.
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In the thermodynamic limit, a trapped noninteracting 2D
gas can Bose-condense [20]. Taking into account the in-
teractions in the trapped system by applying the LDA to the
calculation of Refs. [18], we get for fixed A (Fig. 1) the
total central density versus the total number of atoms N
(normalized to the BEC critical number for 2D trapped,
noninteracting atoms, N, = 7°/6[kzT/ho > [20]).
When N approaches N, the central density increases
rapidly and a bimodal distribution appears (Fig. 1, inset).
This coincides with a reduction in density fluctuations,
which Refs. [18] associate with the appearance of a quasi-
condensate. The BKT transition occurs at N/Ng;, = 1.05,
where the central density is nggr. We do not expect to see a
dramatic change of the in sifu spatial density profile at the
BKT phase transition, because it affects mainly the phase
coherence. Phase coherence is revealed in our experiments
by time of flight (TOF) expansion or by interferometry. By
all these methods, we see the progression from thermal to
quasicondensate to superfluid.

Our experiment uses sodium atoms confined in a single,
horizontal, quasi-2D, optical dipole trap, similar to that
described in [21]. An infrared (1030 nm) trap laser beam is
spatially filtered, focused into a sheet of light using a cy-
lindrical lens and projected onto the atomic cloud using a
telescope. The sheet has a waist (1/e? radius) in the verti-
cal direction of =9 um, and a Rayleigh range of 440 um.
The other waist is 800 wm; however, atoms see a stronger
confinement due to a small distortion of the laser intensity
profile in this direction. This results in a trapped cloud of
atoms that is approximately a circular disk with an aspect
ratio of 50. For a typical value of the laser power
(500 mW), the trapping frequencies are 1 kHz and 18 Hz
in the vertical and horizontal directions, respectively.
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FIG. 1 (color). Calculated total density (tot), quasicondensate
(QC) density, and superfluid (SF) density at the center of the
cloud in a 2D trap versus the total number of atoms N normal-
ized to N, the critical number for BEC of a 2D trapped,
noninteracting gas. Insets: representative images and corre-
sponding density profiles, measured along a line passing through
the center of the cloud, for different N after 5 ms TOF. The dot-
dashed (red) line is a fit to the sum of two Gaussians, while the
solid (blue) line is the wider Gaussian.

We initially confine the atoms in a magnetic trap and
cool them using rf-induced evaporation [22]. Before reach-
ing BEC, we adiabatically transfer the atoms to the optical
dipole trap. After 5 s of evaporation in the dipole trap, we
reduce the depth (initially around 5 uK) during 1 s to a
final value ranging from 5 to 2 wK and then hold for 5 s to
complete the evaporative cooling. We set the final tem-
perature by choosing the final trap depth. We vary the
phase space density keeping 7" constant (same trap depth)
by varying the initial number of trapped atoms by about a
factor of 10. This results in a 20% variation in the final
number of atoms. For a trap with a vertical confinement of
wq/27 = 1 kHz, T is around 100 nK, which corresponds
to kgT = 2hw,, so the thermal motion is not completely
frozen out along the tight direction. However, the quasi-
condensed atoms are well confined in 2D since the mean
field never exceeds 1 kHz, and therefore we expect to see
2D physics.

We perform absorption imaging along the vertical direc-
tion, after turning off the trap and waiting for a TOF period,
to obtain the 2D density profile of the released atomic
cloud. The insets of Fig. 1 show two such absorption
images after 5 ms of TOF, for the same temperature but a
different number of atoms. Both pictures show bimodality
[23] and large density fluctuations. These fluctuations,
which appear only after TOF, are due to the in situ phase
fluctuations of the quasicondensate. This is in contrast to
the situation for a true (3D) Bose-Einstein condensate,
which also has a bimodal spatial density distribution in
TOF, but is much smoother.

In Fig. 2 we plot the width of the narrow part of the bi-
modal distribution (Fig. 1, insets) as a function of the peak
total density for two different 7" (trap depths). For both T,
the width initially decreases with increasing density (pre-
sumably due to an increase in coherence) and then, beyond
a certain point, increases slowly (presumably due to repul-
sive interactions between atoms). Calculations show that
the width of the narrow peak in the in situ density distribu-
tion exhibits a minimum at the appearance of superfluidity
in the trapped 2D Bose gas [24]. This suggests identifying
our minimum with the BKT transition. In the inset we plot
the density [25] at the minimum width as a function of 7.
The dashed line is the theoretical prediction nggpA? =
In(380/2) [18] and the continuous line is this prediction
corrected by a factor taking into account thermal excitation
of modes in the tight direction, as done in Ref. [13]. The
position of the point of minimum width agrees with the
corrected theoretical prediction, supporting its identifica-
tion as the BKT transition in the center of the trap.

With this interpretation, the central inset profile in Fig. 1
is for T > Tyyr and contains a broad thermal component
and a narrow nonsuperfluid quasicondensate. The right-
hand inset for T < Tgkr is also bimodal and presumably
the QC portion contains both a superfluid and nonsuper-
fluid component, which are not separated after 5 ms TOF.
After 10 ms of TOF, however, the three components can be
separated. For T just above Tgkt, there is a bimodal
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FIG. 2. Width of the narrow part of the cloud from fits of 5 ms
TOF images by two Gaussians (see insets of Fig. 1) versus the
fitted peak 2D density, for two different temperatures. The
intersection of linear fits to two portions of the data is used to
determine a transition point. Inset: 2D ““in situ” peak density
[25] at the transition point as a function of the temperature. The
dashed line is the theoretical value npxrA> = In(380/%) and the
solid line is the same value corrected using a 3D model [13]. We
add a =15% uncertainty [27] primarily due to the disagreement
of the different methods used for calibration of the temperature
and density.

distribution (Fig. 3, left): the thermal component [solid
(blue)] and quasicondensate [dot-dashed (red)]. For T
just below Tyt (Fig. 3, right), we see a trimodal distribu-
tion: the thermal component and the nonsuperfluid QC
(which are very similar to the case of T just above Tgkr)
and the superfluid part [very narrow peak, dashed (or-
ange)]. This transition occurs when the central density
exceeds = 4.5 atoms/um?. With the approximate correc-
tion factor [25], the in situ density is = 9.4 atoms/um?, in
good agreement with the theoretical prediction and the
5 ms TOF analysis.

To measure the coherence of the gas on a length scale
below A, we developed a Ramsey-like method that uses
two /2, 2-photon Raman pulses between the F = 1 and
F = 2 ground hyperfine states, but with counterpropagat-
ing and nearly counterpropagating laser beams that transfer
two units of photon momentum to the atoms. We observe
the in situ interference of two copies of the cloud, which
have a velocity difference of hK/m, where K =
k; — k, — Kk} + k) (notation defined in Fig. 4) and a

?]

spatial separation of R = h(ky — k,)7/m from the dis-
placement of the cloud during the time 7 between pulses,
by imaging atoms in only one (F = 2) hyperfine state.
Specifically, if #(r) is the quantum field operator, with
ny(r) = (&g(r)[bo(r» the initial atomic density (in F =
1), then the measured density of atoms in F = 2 after the
two Raman pulses is

1[2no(r) + B {@Por = R)e™ K% + Hey] (1)

where ¢, is the (uncontrolled) phase between the two
Raman pulses. By measuring the average spatial contrast
of the interference fringes in an image, for several images
of varying R, we can extract the normalized correlation
function g (R) = (i (1) ho(r — R))/n(x).

Figure 5 shows the average contrast of the central five
fringes as a function of R, for different densities at 7 =
100 nK. This contrast is determined by measuring the
amplitude of the Fourier component of the image at the
spatial frequency of the fringes, relative to the peak density
of the fringes. Since we cannot precisely control the num-
ber of atoms, we average only the measured contrast that
falls within a chosen range of peak densities. For each
curve we see an initial drop of the contrast on a length
scale of order 1 um, due to the relatively short coherence
length of the thermal component (A =1 um for 7 =
100 nK). For densities between 5 and 8 atoms/um? (dot-
ted line), where we clearly see a bimodal distribution, the
coherence extends well beyond A, but decreases to zero by
10 pm, a distance much shorter than the spatial width of
the narrow part of the bimodal distribution (see inset). This
behavior is as expected for this QC region of 7 just above
Tgxt Where, due to local condensation, there is coherence
for distances greater than A, but the coherence decreases
exponentially on a length scale of the order of the healing
length, r. = 6 pwm [18]. For higher densities (T < Tgkr),
the coherence also decays slowly but has a nonzero value
even at 20 wm. Here, one expects a power law decay of the
coherence mainly due to long wavelength phonons [15].

In this experiment, we have observed the predicted
intermediate regime between the thermal and the super-
fluid phase, characterized by a bimodal density distribution
and a coherence length longer than A, but smaller than the
width of the peak of the bimodal distribution. At higher
densities, significant coherence persists over much longer
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FIG. 4 (color). Left: Schematic of the atom interferometer
used to measure the spatial coherence of the 2D atomic cloud.
The Raman laser beams have frequencies »; and corresponding
wave vectors k;. Right: Images of atoms in the F' = 2 state after
the interferometer sequence for two different delays between
Raman pulses (upper: 7 = 7.5 us, lower: 7 = 17.5 ws). For the
longer delay, the interference of the thermal cloud is washed out
and there are only fringes from the superfluid region, which has a
longer coherence length.

distances, which is consistent with the BKT superfluid
phase. For sufficiently long TOF we clearly see a trimodal
distribution showing the presence of three components. In
previous experiments [5,6] the intermediate nonsuperfluid
QC was not distinguished from the thermal cloud. This
may be because our g is 6 or 7 times smaller than in the
experiments of [5,6]. Also, their imaging integrates over
one dimension of the 2D geometry, reducing the narrow
part of the distribution relative to the thermal cloud.
However, recent experiments by this group, using a ge-
ometry similar to ours that allows imaging of the 2D spatial
profile of the gas, still does not exhibit a trimodal distribu-
tion [26]. Finally, while our results seem consistent with a
2D description, our thermal gas is not strictly confined in
2D. Further studies would elucidate whether these differ-
ences account for the observation of the nonsuperfluid QC
and trimodal behavior seen in our experiment, but not in
the experiments of [5,6].
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FIG. 5. Contrast of the interference fringes as a function of the
separation of the two clouds in the interferometer. Each curve
corresponds to an average over many data sets where the
maximum density of atoms falls within a chosen range. Inset:
Corresponding density profiles of the atomic cloud. Lines (solid,
dotted, dashed, dot-dashed) correspond, respectively, to density
ranges of 24, 5-8, 10-12, 13-19 atoms/,u,rnz.

Our experimental setup, which allows us to see BKT
related physics in a single “pancake” of atoms, opens new
opportunities, such as studying density fluctuations at the
transition. Future experiments could also explore different
interaction regimes by using a Feshbach resonance to tune
the coupling constant, as well as study the behavior of the
superfluid transition, going from a 3D to a purely 2D Bose
gas.
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