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Interaction shift of the Bose-Einstein condensation temperature in a dipolar gas
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We report measurements of the Bose-Einstein condensate critical temperature shift due to dipolar interactions,
employing samples of ultracold erbium atoms which feature significant (magnetic) dipole-dipole interactions in
addition to tunable contact interactions. Using a highly prolate harmonic trapping potential, we observe a clear
dependence of the critical temperature on the orientation of the dipoles relative to the trap axis. Our results are
in good agreement with mean-field theory for a range of contact interaction strengths. This work creates an
opportunity for further investigations into beyond-mean-field effects and the finite-temperature phase diagram in

the more strongly dipolar regime where supersolid and droplet states emerge.
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The phase transition to a Bose-Einstein condensate (BEC)
is unique in that it is not driven by interactions but can oc-
cur solely due to quantum statistics. However, in the myriad
of systems and phenomena where Bose condensation plays
a critical role—from superconductivity to liquid helium to
exciton and magnon condensation—interparticle interactions
are always present and often strong. The interplay of inter-
actions and Bose condensation is thus an important one, and
an obvious question concerns the effect of interactions on the
critical point. Surprisingly, even for weak short-range interac-
tions, this is a theoretically difficult question to answer due
to nonperturbative correlations that develop near the critical
point. The conclusion (after a 50-year-long theoretical debate)
was that for a homogeneous system, repulsive contact interac-
tions enhance condensation, i.e., lead to a positive shift of the
transition temperature [1-5].

Ultracold gases provide an ideal setting in which to ex-
perimentally address such questions. However, the finite (and
often inhomogeneous) traps used to confine these gases fur-
ther complicate the picture. In the case of a harmonically
trapped gas with repulsive contact interactions, there is a
geometric mean-field effect which reduces the critical temper-
ature 7. [6]. Measurements, utilizing tunable interactions in a
potassium gas, showed agreement with this mean-field predic-
tion for weak interactions as well as evidence of an upturn at
stronger interactions due to beyond-mean-field effects [7].

The physics becomes even richer when going beyond just
contact interactions. In particular, experiments on ultracold
atoms that additionally experience dipole-dipole interactions
(DDI) have uncovered new single-droplet [8], droplet-array
[9,10], and supersolid phases [11-14], alongside the usual
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BEC. However, these experiments mostly focused on the zero-
temperature regime, and the effect of dipolar interactions on
the transition temperature (to a BEC or more exotic phases)
has not been measured.

In this Letter, we report measurements of the BEC crit-
ical temperature shift due to dipolar interactions. Using an
ultracold dipolar Bose gas of '°Er atoms in a cigar-shaped
harmonic trap, we reveal how 7. depends on both the orien-
tation of the dipoles (relative to the trap axis) and the relative
strength of dipolar and contact interactions. Our results show
a clear dipolar effect that is broadly in line with mean-field
theoretical predictions [15,16] and also begin to explore the
region where such predictions may no longer be valid.
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FIG. 1. Dipolar T shift. (a) Cartoon phase diagram for a dipolar
Bose gas showing the transition temperature 7, between the thermal
gas and the condensed phase. Depending on the value of the dipolar
length agyq, the degenerate gas either will be in the dipolar BEC state
(DBEC) or for a4 2 a, may collapse and form a dipolar droplet or
supersolid phase. Repulsive contact interactions alone (black dotted
line) cause T to reduce by AT, °™ compared to the ideal gas case
T.°(yellow dotted line). The DDI are predicted to further modify 7.
with the sign and magnitude depending on the dipole orientation.
(b) The dipole orientation is set by the direction of the magnetic field
B, which can be freely varied in the y — z plane, changing the tilt
angle 0y with respect to the trap’s long (y) axis.
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FIG. 2. Example of a critical point measurement. Here a harmonic trap with frequencies (w., wy, @;) = 27 x (294, 14.0, 233) Hz was
used and a; = 72ay. (a) Absorption images and corresponding 1D sums of 6; = 0° clouds at three different hold times. The red lines are fits
of the Bose distribution to the thermal component. (b) Dependence of temperature, and thermal and condensate atom number (extracted from
the absorption images) versus hold time for 6; = 0°. The data where we can confidently determine that no condensate is present (gray points)
are filtered out before further analysis [17]. (c) Dependence of Ny, on N, for 6, € {0°, 90°}. To accommodate negative Ny values, which occur
due to fitting noise, we use Ng/ 5= sgn(Ny)|No|*>. The open circles show individual data points and the closed circles represent binned data.
The intercepts of the linear fits give the critical atom number N, and the gradients the magnitude S of the nonsaturation effect. Note that small
negative Ny values [in both (b) and (c)] arise due to noise on our optical density (OD) images [17].

Figure 1 summarizes the mean-field effect of both con-
tact and dipolar interactions on the BEC critical point in
an anisotropic harmonic trap; for simplicity, we consider a
cylindrically symmetric trap (with frequencies w; and w,).
In this trap, an ideal gas with a fixed particle number N
has a critical temperature (yellow dotted line) given by
ks TS = hd[N@/¢ (3)]'3, where & = (wjw?)!/? is the geo-
metric mean of the trapping frequencies and ¢ is the Riemann
zeta function. The shift in T, in the mean-field approximation,
is given by [15]

ATC dg Aadd [9]] 30082 9d —1
— = —3426— 4+ 3426—f| — | ————. (1
Te » T A f(a)J_ 4 M
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The first term on the right-hand side arises due to contact in-
teractions; this shift AT°°™ is negative and proportional to the
ratio of the s-wave scattering length a, and the thermal wave-

length A = /27 1i* /mkg 1, where m is the particle mass. The
second term describes the effect of DDI with strength charac-
terized by the dipolar length aqq = uouﬁm/ 1277 72; here jiq is
the magnetic moment of each atom. The anisotropic nature
of the dipolar interactions means that the shift additionally
depends on both the angle of the dipole orientation relative to
the trap symmetry axis (64) and the aspect ratio of the trap.

The function f(wj/w,), defined in [15] (see also [17]), is
approximately equal to 1 for the highly prolate cigar-shaped
traps (o) < ) used in this work.

If one instead considers a system at fixed temperature,
which is often more experimentally achievable than the
fixed N case, the ideal critical atom number is given by
NS =¢3)(ksgTy? /hi@)? and any (small) shifts are related to
Eq. (1) via

AN, AT,
f = 3=, )
N¢ Ie

The fixed-temperature scenario also highlights a further im-
portant effect of interactions on Bose condensation, namely,
nonsaturation. If N is increased beyond N, a condensate
forms but the thermal component of the gas fails to saturate at
Nan = N, and instead continues growing with increasing con-
densate number Ny. This effect, which has been demonstrated
for Bose gases with only contact interactions [23], makes the
measurement of the critical point more challenging, as the
critical atom number N, can no longer be identified with Ny, in
a gas with (any) finite condensed fraction. Consequently, the
N; = Ny, condition holds only at the transition point itself and
one must therefore carefully extrapolate to Ny — 0.
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Our experiments use a gas of magnetically dipolar '®°Er
atoms, in the lowest Zeeman sublevel, for which agq = 65.4ay
(with ag the Bohr radius) and a; can be tuned using a low-
field (approximately equal to 0 G) Feshbach resonance [24];
the relatively modest aqq is only expected to lead to dipolar
effects on T; at the few percent level, providing a significant
experimental challenge. Our approach to this is to perform
differential measurements whereby one seeks to directly mea-
sure the change in T; due to changes in 64 and a, while keeping
everything else the same. This results in the cancellation of
most first-order common-mode systematic errors, e.g., on the
atom number, trap frequencies,l and temperature.

We begin by preparing [26] a partially condensed cloud
in our cigar-shaped optical dipole trap and with a magnetic
field of B = 1.4 G (a; = 72ay) applied perpendicular to the
trap axis. We then rotate the magnetic field to set the desired
64 and subsequently ramp the magnetic field to its final value
to set a;. To vary N, we introduce a variable hold time #,01q
during which the trap depth is chosen to ensure the tempera-
ture remains constant.” Finally, we turn off the trap and use
absorption imaging on the broad 401-nm transition to record
atomic density profiles after (18-24)-ms time-of-flight (TOF)
expansion. For a given data run, we perform three interleaved
sets of measurements: two at our chosen a, at both 63 = 0°
and 90° and one calibration series with a; = 72ay and 63 =
90°. The calibration series effectively allows us to perform
a differential measurement with respect to the same (fixed)
point; see the Supplemental Material [17] for more details.

Figure 2(a) shows example images, as well as corre-
sponding integrated one-dimensional (1D) density profiles,
for three different hold times for our data series with a, =
72ay and 63 = 0°. From the images we obtain the data triplet
of (T, Npm, Ny) [17]. Note that the effect of interactions on
the atom cloud during TOF (and thus the fitted temperature)
depends on the dipole orientation (and ay) [27]. So, as they are
not common mode, we correct for these effects (see [17]). In
Fig. 2(b) we show how the three extracted quantities vary with
thola.- We see that the temperature remains essentially constant
while the atom number slowly decays and N, decreases, even-
tually reaching zero.

To determine the critical atom number, taking nonsatura-
tion effects into account, we plot Ny, versus NO2 /3 [shown in
Fig. 2(c) for a; = 72ay and 64 = {0°, 90°}]. Plotting this way
allows a linear extrapolation to Ny — O for a purely contact
interacting gas [23] and we have numerically shown that for
&4d = agda/as < 1 this remains true in the presence of dipolar
interactions (see [17]). To take any small (less than 10%)
variations of 7 into account, we scale both Ny and Ny by

"Note that, due to the tensor polarizability of erbium, a change in
the dipole orientation can lead to a change in the trap frequencies.
To compensate, we carefully measured the effect, allowing us to
appropriately adjust the optical dipole trap laser power during dipole
rotations. Our measurements are consistent with the theoretically
predicted tensor part of the polarizability [25].

*Note that the hold time is either immediately before or after the
B-field ramp. Also note that the constant temperature comes about
due to a balance between heating (e.g., due to inelastic collisions or
one-body trap heating) and residual evaporation.
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FIG. 3. Dipolar T; shift at g4¢ = 0.91 versus cloud temperature.
The plot shows the ratio of ATP to the mean-field theoretical pre-
diction; (T') is the mean temperature for each data series. The table
shows the trapping frequencies used in each case.

NZ(T). Even without fitting the data, we see a clear effect of
dipole orientation on the thermodynamics of the BEC critical
point.

Before performing a linear fit to the data in Fig. 2(c),
the effect of random measurement and fitting noise needs to
be considered carefully due to several subtle effects. First, the
presence of random noise in estimating Ny and 7' skews the
linear fit due to the strongly nonlinear power-law scaling of
(No/N2)*3. To mitigate this, we bin raw data points, grouping
them by #,1q (see [17] for further details), to produce the solid
points in Fig. 2(c). Second, as significant errors are present
in both the x- and y-axis variables, we utilize orthogonal
distance regression [28] when performing the linear fits. These
fits yield a slope S and an intercept N./N?; the transition
temperature shift is then [see Eq. (2)] given by AT,/T? =
—1(N/Ng = 1).

To isolate the effect of the DDI on the transition temper-
ature, evident in the different intercepts in Fig. 2(c), we also
calculate

ATcdip = AT |g=00 — AT¢|g,=90, 3)

which for the data in Fig. 2(c) gives ATCdlp/TCO =2.3(0.9)%,
in good agreement with the mean-field prediction of 2.7%.
To confirm the robustness of this result at a; = 72aq (49 =
0.91), we performed similar measurements at three ad-
ditional configurations with different cloud temperatures
and trap shapes. These data are shown in Fig. 3, which
confirms the overall good agreement with the mean-field
prediction.

Finally, in Fig. 4 we explore the effect of varying a; on
T.. Figure 4(a) shows AT./T versus as/A for 63 = 0° and
90°.% The solid lines are the dipolar shift predicted by Eq. (3)

3Note that to extract AT, (the shift from the noninteracting limit),
we assume that AT of our calibration data is given by the first-order
mean-field result (cf. Fig. 3 and [17]); we emphasize that any break-
down of this assumption would only result in a global (vertical) shift
of all the data in Fig. 4(a).
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FIG. 4. Critical temperature shift in a dipolar gas. (a) Plot of AT,
at different values of the scattering length a, and for 63 = 0° and 64 =
90°. Measurements were performed in the same trap as in Fig. 2.
[We note that while AT, /T is expected to depend only on a,/A and
aqq/ A, as all points have essentially the same temperature (235 nK)
and fixed aqq, we add a (secondary) gq4q axis for reference.] The lines
represent the theoretical expectation (see the text for details): blue
solid for 64 = 0°, red solid for 64 = 90°, and yellow dotted for a
nondipolar gas (cf. Fig. 1). (b) Measured slopes of the nonsaturation
effect compared with mean-field numerical predictions based on the
Thomas-Fermi approximation (which only gives a stable solution for
gaa < 1). (c) Dipolar contribution to AT, which is simply the differ-
ence between the red and blue data points in (a). The green dashed
line represents the mean-field theoretical prediction for AT . The
open symbols denote points where e49 > 1; here the extrapolation
procedure for extracting N, (based on a fit of Ny vs NOZ/ 5) may
no longer be theoretically justified even though empirically it still
describes the data well.

together with the previously measured contact interaction shift
[7] [which includes a term quadratic in a;/A as well as the
linear term in Eq. (3)]; our data show close alignment with
this prediction.

Figure 4(b) displays the fitted slopes for the same data,
which also show good agreement with our calculated non-
saturation slopes (solid lines). The calculations employ the
mean-field model from Ref. [23] with dipolar interactions

included (see [17] for details); note that they cannot be per-
formed for g44 > 1, as in this regime the gas is unstable within
the Thomas-Fermi approximation.

Finally, in Fig. 4(c) we plot ATCdlp, highlighting the clear
shift of the BEC transition temperature due to dipolar interac-
tions across a range of a; and the very good agreement with
mean-field predictions (green dashed line) for g4 < 1[15,16].

We now briefly consider the region e49 > 1, where the
mean-field theory is expected to break down and where the
ground state may not be a “standard” BEC but rather a droplet
or supersolid state that is stabilized by beyond-mean-field
effects. Here we limit ourselves to modest values of g4q to
ensure that our measurements remain close to equilibrium (the
three-body loss rate grows sharply as a; is reduced [26]). In
this so-called strongly dipolar regime, the linear Ny, versus
Ng ’* trend is no longer expected to hold. However, we empir-
ically find that it still describes the data well. We find that the
T values obtained using this approach broadly follow the ex-
trapolated mean-field predictions. Future investigations of the
strongly dipolar regime will require a careful choice of trap
parameters to ensure equilibrium conditions and an improved
understanding of the consequences of the new ground states
on the nonsaturation effect.

In conclusion, we performed a high-precision study of the
BEC transition temperature in an ultracold dipolar gas with a
range of contact interaction strengths. Our results show a clear
effect of dipolar interactions on the transition temperature.
This is most clearly seen by directly comparing the T for
clouds with the dipoles orientated parallel and perpendicular
to the axis of the cigar-shaped trap confining the atoms. The
magnitude of the effect is in good agreement with mean-field
predictions.

In the future, it would be interesting to explore the more
strongly dipolar regime where beyond-mean-field effects are
expected to become important. For example, recent studies
have suggested that quantum fluctuations can significantly
shift the finite-temperature phase boundary between the super-
fluid and supersolid states [29—33]. We also note that the use
of more homogeneous traps [34] should make these beyond
mean-field effects more resolvable.
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