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Evidence for Quantum Stripe Ordering in a Triangular Optical Lattice
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Understanding strongly correlated quantum materials, such as high-T. superconductors, iron-based
superconductors, and twisted bilayer graphene systems, remains as one of the outstanding challenges in
condensed matter physics. Quantum simulation with ultracold atoms in particular optical lattices, which
provide orbital degrees of freedom, is a powerful tool to contribute new insights to this endeavor. Here, we
report the experimental realization of an unconventional Bose-Einstein condensate of Rb atoms
populating degenerate p orbitals in a triangular optical lattice, exhibiting remarkably long coherence
times. Using time-of-flight spectroscopy, we observe that this state spontaneously breaks the rotational
symmetry and its momentum spectrum agrees with the theoretically predicted coexistence of exotic stripe
and loop-current orders. Like certain strongly correlated electronic systems with intertwined orders, such as
high-T cuprate superconductors, twisted bilayer graphene, and the recently discovered chiral density-wave
state in kagome superconductors AV;Sbs (A = K, Rb, Cs), the newly demonstrated quantum state, in spite
of its markedly different energy scale and the bosonic quantum statistics, exhibits multiple symmetry
breakings at ultralow temperatures. These findings hold the potential to enhance our comprehension of the
fundamental physics governing these intricate quantum materials.
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Understanding the foundational principles of quantum
matter is of central importance in both condensed matter and
cold atom physics. A hallmark of phase diagrams of
correlated quantum materials is the emergence of multiple
intertwined electronic orders [1,2]. For example, in uncon-
ventional superconductors (SCs) [3], superconductivity is
intertwined with multiple orders including antiferromagnet-
ism [4], nematicity [5], pair-density wave [6], and stripe order
[7], emerging at different temperature scales and doping
concentrations. Similar intertwined orders with different
broken symmetries are ubiquitous in correlated systems,
including iron-based superconductors [8], twisted bilayer
graphene [9,10], and kagome superconductors [11-17].
Unraveling the physics underlying these intertwined orders
will lead to a significant leap in understanding the funda-
mental principles of exotic quantum states in general.

The microscopic mechanisms driving intertwined orders
in quantum materials like cuprate and kagome super-
conductors are still widely unexplained. Unveiling their
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fundamental physics requires precise tuning of system
parameters and appropriate methods to observe and dis-
criminate different orders. This can be an exceedingly
difficult task due to the vast complexities of solid-state
quantum materials. In contrast, ultracold atom systems
offer an unchallenged combination of precision and control
with respect to a wide spectrum of physical properties like
quantum statistics, lattice geometry, dimensionality, or
interaction strength [18-21]. Unconventional lattice geom-
etries, e.g., triangular [22,23], honeycomb [24-26], or
kagome [27], have been realized. Techniques such as
Floquet engineering [28] and the implementation of orbital
degrees of freedom [29-31] enable investigations beyond
conventional s-band physics. Hence, ultracold atoms can
serve as a complementary platform for exploring inter-
twined orders, including nematicity, loop currents, and
stripe order.

Here, we report the first experimental realization of a
Bose-Einstein condensate (BEC) of neutral atoms in the
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p orbitals of a triangular optical lattice. Through active
cooling during the dissipative condensation dynamics, we
are able to largely extend the coherence time, such that
the metastable p-orbital [29-31] ground state is closely
approached. Remarkably, the interplay between lattice
frustration and orbital degeneracy gives rise to an exotic
finite-momentum superfluid phase reminiscent of pair-
density wave states in SCs [6,32]. It also spontaneously
breaks the sixfold lattice rotational symmetry. Unequivocal
evidence is observed using time-of-flight spectroscopy. The
observed momentum spectra clearly confirm the quantum
stripe phase and are consistent with its coexistence with a
loop-current order, theoretically predicted for bosons in the
p orbitals of the triangular lattice [33]. Note that loop-
current order is proposed as a candidate for the pseudogap
state in high-T, cuprate SC [34], attracting immense
attention in both theoretical [35] and experimental regards
[36]. Nevertheless, despite a continuing quest during the
past two decades, unequivocal experimental evidence for
loop currents has not been found. Recently, possible
signatures of loop currents were detected in bilayer
graphene systems [37] and kagome SCs [11-13,16,17].
Thus, the experimentally realized quantum stripe phase is
expected to capture aspects of a bosonic version of the
intertwined orders in cuprate high-7. SC and kagome SC
AV3Sbs (A=K, Rb, Cs), which could provide new
insights into the fundamental physics of these correlated
quantum materials. Moreover, our findings show remark-
able differences as compared to the chiral superfluidity
obtained in square [38] and hexagonal bipartite optical
lattices [26], where the lattice rotational symmetry is
preserved and no bond currents arise between adjacent
sites. This work also differs significantly from previous
works where time-reversal symmetry (TRS) is broken at a
single-particle level via applying a synthetic magnetic field
[39—-42] and, hence, it is not a surprise to obtain a nonzero
circulating current [43]. The unconventional multiorbital
superfluidity discussed in Ref. [44] with threefold rota-
tional symmetry is not a near-equilibrium state of the
system but rather a dynamical artifact. The symmetry
breaking from Cg to C; is due to the interaction during
the time-of-flight expansion dynamics [45].

Our experiments use a BEC of rubidium atoms. The
atoms are optically confined by a dipole trap and a two-
dimensional triangular optical lattice. The dipole trap is
created by adding potentials generated respectively from
three noninterfering laser beams propagating within the xy
plane, mutually intersecting at an angle of 120°. The lattice
potential [shown in Fig. 1(a)] is formed by three interfering
laser beams, polarized linearly along the z axis, and
propagating in opposite directions with regard to the three
dipole-trap laser beams. All beams have a wavelength A of
about 1,064 nm. This specific configuration ensures that the
combined potential of the triangular lattice and the dipole
trap practically maintains a sixfold rotational symmetry.
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FIG. 1. Quantum stripe ordering for p-orbital bosons in a
triangular optical lattice. (a) Lattice potential of the triangular
optical lattice with maxima and minima shown by red and blue
color, respectively. (b) The left-hand panel shows a contour plot of
the second and third Bloch bands across the second and third
Brillouin zones, respectively. The energy dispersion along the high
symmetry lines forming the dashed red triangle is shown for both
bands in the right-hand panel. The three inequivalent M points
provide degenerate minima protected by the discrete rotational
symmetry of the lattice. (c) Schematic order parameter of one of six
possible implementations of the ground states within the second
band. The gray hexagon denotes the unit cell of the order parameter.
Each site contains an equal hybridization of two nonorthogonal p
orbitals with a relative phase difference +/2. The circular arrows
illustrate the on-site orbital angular momentum. The solid blue lines
with arrows denote the bond currents between nearest neighbor
sites. (d) The corresponding mass current of the ground state. The
amplitude (direction) of the current is shown by a color code (black
arrows). (e) Momentum distributions of three representative
ground states predicted theoretically. Solid black hexagons denotes
the first Brillouin zone.

Focusing on the p-orbital Bloch bands of the lattice (i.e.,
the second and third bands), a triple-well scenario in the
quasimomentum space arises in the second band, i.e., one
finds three inequivalent energy minima of the second band,
denoted M, M,, M5 in Fig. 1(b), located at the centers of
the edges enclosing the first Brillouin zone. In our experi-
ment we can adjust the second band energies E,(M;),
i€{l1,2,3} at the M points via distortions of the unit cell
(cf. Supplemental Material [46]). For the maximally
symmetric case E,(M,) = E,(M,) = E,(M3), theoretical
considerations predict that the interaction among p-orbital
bosons favors a metastable BEC [33], which equally
populates two of three M points, and thus simultaneously
breaks time-reversal symmetry and the sixfold lattice

226001-2



PHYSICAL REVIEW LETTERS 131, 226001 (2023)

(@)

Optical density

o

(b)

(e) 40

o
Optical density

Occurrence

0.8 |-

it
ﬁ
|

—
—
-

0.6 -

— M M
04 2 3

0 1 1

Populations

&

1 1
Occurrence

0 0.5
AE (nK)

FIG. 2. Quantum phase transition induced by fine-tuning the energy imbalance. (a) The momentum distribution for the initial state,
0.1 ms after preparation of a condensate at M;. (b) A distortion of the triangular lattice is applied to adjust the energy imbalance

AE = E,(M

1) = [E2(M5) + E»(M3)]/2 with equal energies E,(M,) =

E,(M3) maintained. The M-point populations after 130.1 ms

evolution time, averaged over 111 experimental runs, is plotted versus AE. Error bars denote standard deviations. The insets illustrate
the two characteristic configurations with respect to the M-point energies for AE < 0 and AE > 0. (c) Exemplary final state momentum
distributions, recorded by time-of-flight measurements with AE ~ —0.5 nK as indicated in the figure. (d) Same as (c), but with
AE ~ 0.8 nK. (e),(f) Histograms for the occurrence frequencies of the single-run values of y,3, recorded after 140.1 ms holding time, for
more than 600 runs with the same values of AE used in (c) and (d), respectively. The red solid line in (f) shows a Gaussian fit.

rotational symmetry accompanied by nonzero staggered
loop currents. One of three possible implementations of
the ground state in the second Bloch band is sketched in
Fig. 1(c), which shows two p orbitals at each lattice site
enclosing an angle of 60° superimposed with relative
phases +z/2 leading to nonzero bond currents between
nearest neighbor sites. The associated antiferromagnetic
angular momentum is illustrated in Fig. 1(d). In Fig. 1(e),
predicted momentum spectra of the three possible ground
states are shown, each characterized by population peaks at
different combinations of two M points.

We start with a bipartite hexagonal lattice, composed of
two triangular lattices, slightly deformed such that the
second band possesses a global minimum at a single M
point (e.g., M;). Details are found in Ref. [46]. This allows
us to load a BEC into the second band at that M point by
rapidly switching the relative potential offset AV between
the two available classes of potential wells (cf. Ref. [26],
Methods and Supplemental Material). By choosing the
final value of AV appropriately, we ensure that, in
configuration space, predominantly the s orbitals of the
shallow wells are occupied. As discussed in Refs. [31,38],
this keeps band relaxation collisions at a low level. In a
second, adiabatic step, one of the triangular lattices is
completely turned off such that the atoms in configuration
space are transferred to the p orbitals of the other triangular
lattice, while in regard to momentum space, they remain
localized at the chosen M point. Once the p orbitals are

populated, increased band relaxation and associated heat-
ing sets in. After preparation of the BEC at the M, point
shown in Fig. 2(a), the system is allowed to relax to its
ground state. In order to maintain the phase coherence
necessary to form the theoretically predicted quantum
stripe ordering [33], we continuously cool the system by
evaporation at the cost of extra atom loss.

We first simplify the symmetry breaking process neces-
sary to reach one of degenerate ground states in the limited
phase coherence time. Therefore, the degeneracy of the M
points is partly lifted by inducing a small power imbalance of
the three laser beams forming the triangular lattice. We fine-
tune the energy imbalance AE = E,(M,) — [E,(M,) +
E,(M5)]/2 while maintaining the degeneracy of M, and
M with E,(M,) = E,(M3). Figure 2(b) records the aver-
aged condensate populations n; at M; with j =1, 2, 3 and
>.jn;j =1 after 130.1 ms holding time obtained from
momentum distributions recorded via time-of-flight mea-
surements. Starting from large and negative AE, interactions
then favor almost all atoms condensing at M; with tiny
populations at the other two M points. With increasing AE,
the average population for atoms at M; monotonically
decreases and the populations at M, and M5 increase
accordingly with equal average values. Characteristic
momentum distributions for negative and positive values
of AE are shown in Figs. 2(c) and 2(d).

When AE < 0, we find that the atoms prefer to condense
at two out of three M points with the majority of the atoms

226001-3



PHYSICAL REVIEW LETTERS 131, 226001 (2023)

populating the M, point with lower energy, and the
minority of the atoms residing at the higher energy of
one of the two degenerate M, or M; points. This is
consistent with the histogram shown in Fig. 2(e), where
a double peak structure appears for the population imbal-
ance given by y»; = (n, —n3)/(n, + n3) and a negative
correlation among atoms populating the M, and M5 points
arises. This indicates that a spontaneous symmetry break-
ing emerges due to interactions among p-orbital atoms. For
the other case with AE > 0, a different scenario occurs. We
observe that the majority of atoms prefers to condense at
the two lower energy points M, and M5 with almost equal
populations in each single run. This corresponds to the
histogram for y,3 shown in Fig. 2(f), where a Gaussian
profile with a maximum value at zero is obtained and a
positive correlation among atoms residing at M, and M3 is
found. Based on these experimental results with moderate
|AE]|, the interactions are found to favor the majority of the
atoms to condense at two out of three M points. We thus
expect that in the limit of AE — 0, this feature should
persist. Theoretically, a first order quantum phase transition
occurs when we cross AE = 0. Details can be found in
Ref. [46]. The main feature shown in Fig. 2 is consistent
with this prediction. At zero temperature the populations
are expected to undergo a discontinuity. Because of the
finite temperature, in the experiment this jump is replaced
by a continuous transition within a small region of |AE| of a
few nanokelvin.

We next consider the maximally symmetric case with
three degenerate minima of the second band at the three M
points. Theoretical calculations suggest that the atoms
should condense at two out of three degenerate Bloch
states @; with +x/2 phase difference, selected in a
spontaneous symmetry breaking process. The plots in
Fig. 1(e) show the theoretically predicted atomic momen-
tum distributions for different ground states. To explore the
predicted quantum stripe order, we carefully adjust the
energy imbalance AE by changing the laser power of
three beams and applying parametric heating to calibrate
its value. However, this method has limitations with
regard to the accuracy. Especially for the balanced case,
tiny differences are hard to be precisely calibrated.
Nevertheless, we roughly estimated |AE| < 0.3 nK. We
thus record the momentum distributions for atoms relaxing
in the p orbitals for various holding times. Our experiments
show two different timescales. First, in a relatively short
time interval of about 40 ms, the system quickly thermal-
izes to states with approximately equal populations at three
M points. Subsequently, slow evaporation dynamics further
cools the system and drives it into lower energy states.
These are shown in Ref. [46]. Figure 3(a) shows the
statistical distribution of the final states after 140.1 ms
holding time. Each dark red dot represents one of 636
experimental runs, specifying the populations ny, n, of the
points M; and M, using an oblique coordinate system.

Energy (nK)
Density (a.u.)

Optical density

0

FIG. 3. Statistical analysis of the quantum stripe phase.
(a) Statistical distribution of the final states at 140.1 ms holding
time for 636 experimental runs. Each dark red dot shows the tuple
(ny,n,) of populations of the points M| and M, using an oblique
coordinate system. The mean-field energy per atom calculated via
choosing optimized relative phases between condensates at three
M points is shown by the color code and contour lines. Three red
squares indicate the locations of the theoretically predicted
ground states. The corresponding energy scale for the tunneling
between two nearest neighbor p orbitals is about 8 nK. (b) The
kernel density estimation of the data shown in (a), where three
local maxima appear close to the predicted ground states,
respectively. (c) Momentum distribution for the final states
observed close to the three local maxima in the kernel density
distribution shown in (b).

The mean-field energy per atom, calculated via choosing
optimized relative phases between condensates at three M
points, is shown by the color code and contour lines [46].
Three red squares indicate the locations of the theoretically
predicted ground states. We apply a nonparametric kernel
density estimation method to the data in Fig. 3(a), using the
intrinsic function of MATLAB. The corresponding density
distribution is shown in Fig. 3(b). A deep local minimum
emerges close to the center of the triangle, which indicates
that interaction does not favor equal populations of all three
M points leading to lattice rotational symmetry breaking.
However, three local maxima for the distribution are found
to be close to the middle points of the three edges of the
triangle [see red squares in Fig. 3(a)], which are the
locations of the theoretical predicted ground states.
Corresponding to the three maxima in the distribution in
Fig. 3(b), three exemplary momentum distributions for the
final states are shown in Fig. 3(c), which well reproduce the
theoretical predicted momentum spectra of the ground
states shown in Fig. I(e). These findings provide clear
experimental evidence for the emergence of an unconven-
tional BEC of p-orbital bosons in a triangular optical
lattice, where two out of three M points are populated.
Hence, we unambiguously show that threefold rotational
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symmetry is spontaneously broken in our experiment.
Meanwhile, a quantum stripe order is formed, since atoms
condense at two different quasimomenta.

To determine whether the observed quantum stripe phase
also breaks TRS depends upon information of the relative
phase of the condensate fractions at the two M points. This
typically requires the observation of interference, for
example, similar to what has been reported for a bipartite
square lattice in Ref. [47]. In the triangular lattice of this
work, where persistent evaporation cooling is necessary to
maintain a low temperature and phase coherence, such
measurements are not easily possible. Nevertheless, we can
partially infer the desired phase information from a simple
mean-field consideration. It is reasonable to assume that
after a long relaxation time the final state should have a
lower interaction energy per particle than the initial state,
where all atoms are condensed at the M; point. Our
observations combined with mean-field calculations let
us exclude the possibility that the phase difference between
the condensates at the two M points is close to zero or z
with the consequence of nonzero bond currents [46]. This
gives a clear indication that the observed final states break
TRS and show a loop-current order. However, a conclusion
merely based upon observations requires extensive addi-
tional experimental efforts.

To conclude, we have obtained unequivocal evidence for
the spontaneous rotational symmetry breaking of an uncon-
ventional BEC in the p orbitals of a triangular optical lattice.
The observed momentum spectra, according to which the
atoms predominantly choose to condense in two of three
possible M points, agree with the theoretically predicted
coexistence of a quantum stripe phase with a loop-current
order. Observations combined with mean-field considera-
tions indicate that the observed phase breaks TRS. In
summary, the realized exotic phase implements a bosonic
analog to the intertwined orders found in certain electronic
condensed matter systems. The ability to mimic intertwined
orders in a well-controlled environment offers an oppor-
tunity to deepen our understanding of the underlying
physics in correlated quantum materials. The achieved long
phase coherence in a pure p-orbital band could also pave the
way to achieve the preparation of strongly correlated states
with orbital degrees of freedom [48], for example, uncon-
ventional orbital Mott phases [30].
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