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Quantum gas microscopes have expanded the capabilities of quantum simulation of Hubbard models
by enabling the study of spatial spin and density correlations in square lattices. However, quantum gas
microscopes have not been realized for fermionic atoms in frustrated geometries. Here, we demonstrate
the single-atom resolved imaging of ultracold fermionic 6Li atoms in a triangular optical lattice with a lat-
tice constant of 1003 nm. The optical lattice is formed by a recycled narrow-linewidth, high-power laser
combined with a light sheet to allow for Raman sideband cooling on the D1 line. We optically resolve
single atoms on individual lattice sites using a high-resolution objective to collect scattered photons while
cooling them close to the two-dimensional ground vibrational level in each lattice site. By reconstruct-
ing the lattice occupation, we measure an imaging fidelity of approximately 98%. Our triangular lattice
microscope platform for fermions clears the path for studying spin-spin correlations, entanglement, and
dynamics of geometrically frustrated Hubbard systems which are expected to exhibit exotic emergent
phenomena including spin liquids and kinetic frustration.
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I. INTRODUCTION

Frustrated quantum systems pose a significant chal-
lenge to condensed matter theory due to their exten-
sive ground state degeneracy [1,2] and can show frac-
tional quasi-particle statistics as known from quantum
Hall physics [3]. There are a wide variety of interesting
phenomena in frustrated systems. Examples include spin
liquids, time-reversal symmetry breaking, and kinetic con-
straints [4–6]. Although small systems can be solved with
tremendous computational resources, predictions for the
low-temperature phases in the thermodynamic limit are
scarce and often debated [7–9]. Existing condensed matter
realizations are complicated materials and simpler model
systems are sought after. Ultracold atoms provide a unique
way to explore quantum many-body physics through quan-
tum simulations of frustrated quantum systems based on
first principles. Prominent examples for quantum simula-
tion with ultracold atoms include the direct detection of
antiferromagnetic correlations [10–17] and the observation
of many-body localization [18]. Ultracold atoms in optical
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lattices implement Hubbard models [19–21], where neigh-
boring sites are coupled by hopping and atoms interact if
they meet on the same lattice site. Fermi-Hubbard systems
were first realized with ultracold atoms in square lattices
[22,23]. Frustrated lattice geometries have been studied
with absorption imaging of ultracold bosonic atoms [24]
which led to quantum simulation of classical frustration
[25]. Other geometrically frustrated two-dimensional lat-
tice geometries such as kagome lattices [26] and the Lieb
lattice [27] have been studied with bosonic atoms, and
recently individual bosonic atoms have been imaged in
a triangular lattice [28]. However, for the implementa-
tion of antiferromagnetic interactions, fermions are the
more natural choice [29]. For revealing intricate corre-
lations on short length scales, this asks for a fermionic
quantum gas microscope, where all ultracold atoms in the
many-body system can be imaged simultaneously. Exist-
ing fermionic quantum gas microscopes were used to study
Hubbard models on square lattices [16,30–35]. However,
to obtain a geometrically frustrated system a nonbipar-
tite lattice geometry is required. The triangular lattice is
the paradigm example of a frustrated lattice [1], because
a triangle is the simplest structure where antiferromag-
netic constraints cannot be simultaneously satisfied on all
bonds. For triangular lattices the frustration of antifer-
romagnetic order leads to a remarkable quantum phase
transition for varying interaction between a magnetically
ordered state and a disordered state which may be a chiral
spin liquid [8,9].

2691-3399/21/2(2)/020344(9) 020344-1 Published by the American Physical Society

https://orcid.org/0000-0003-2822-9627
https://orcid.org/0000-0001-7747-6005
https://orcid.org/0000-0002-8505-5195
https://crossmark.crossref.org/dialog/?doi=10.1103/PRXQuantum.2.020344&domain=pdf&date_stamp=2021-06-21
http://dx.doi.org/10.1103/PRXQuantum.2.020344
https://creativecommons.org/licenses/by/4.0/


YANG, LIU, MONGKOLKIATTICHAI, and SCHAUSS PRX QUANTUM 2, 020344 (2021)

Here, we demonstrate a realization of a site-resolved
quantum gas microscope of ultracold fermionic atoms in
a triangular lattice, thereby paving the way for a platform
to study frustrated Hubbard physics in a lattice with spac-
ing of 1003 nm and strong tunneling in the tight-binding
limit. We load a degenerate Fermi gas into the triangular
lattice and obtain densities above half filling.

Our experiment uses fermionic 6Li because it possesses
intriguing properties such as broad Feshbach resonances
and a low mass, allowing the realization of Hubbard mod-
els at larger tunneling and greater interaction than with
other species. However, the low mass comes with dif-
ficulties localizing the atoms during imaging. Therefore,
we rely on fluorescence imaging during Raman sideband
cooling near the ground state in the lattice. Raman side-
band cooling of lithium is challenging due to the large
lattice depth required to suppress tunneling and to reach the
Lamb-Dicke regime. The triangular lattice adds to this dif-
ficulty due to the requirement for extensive optical access
and constraints on the beam geometry. We design a sophis-
ticated lattice setup to overcome these obstacles, allowing
optically resolved imaging of individual fermionic atoms
in the triangular optical lattice with high fidelity.

In this paper, we first discuss our experimental setup
to prepare 6Li degenerate Fermi gases and our approach
to create a triangular lattice for ultracold atoms. Then we
present detailed information about the implementation of
single-site resolved imaging in the triangular lattice via
Raman sideband cooling. We discuss reconstruction of the
lattice occupation from imaging results and the imaging
fidelity in a comparative study of single-atom imaging in
three different optical lattices. We conclude with an out-
look on the study of Fermi-Hubbard physics and frustrated
quantum physics in our setup.

II. EXPERIMENTAL SETUP

A. Preparation of degenerate Fermi gas

In the following, we describe the experimental setup
and the path to a degenerate Fermi gas. To achieve sta-
bility and fast cycle time in the experiment, we designed a
single-chamber experiment that allows for sufficient opti-
cal access for all required laser beams (Fig. 1). We start
with 600 000 6Li atoms in a 1070 nm crossed optical
dipole trap (CDT) loaded from a magneto-optical trap
(MOT). The MOT is loaded via a Zeeman slower. To
increase loading efficiency of the CDT, we use a com-
pressed MOT stage where the power for both the cooling
light and the repump light is decreased to 0.01% and
the detuning is changed from −30 to −5 MHz within
4 ms. The CDT is formed by crossing an incoming
laser beam (YLR-300-LP-AC-Y14) with its retroreflec-
tion under an angle of approximately 10◦, where the
power of each beam is 125 W with a beam waist of

90 μm at the crossing point. The atoms evenly popu-
late the states |1〉 ≡ |22S1/2F = 1/2 mF = 1/2〉 and |2〉 ≡
|22S1/2F = 1/2 mF = −1/2〉 after loading into the CDT,
and the initial density is approximately 1 × 1012 cm−3 with
a temperature of about 220 μK. Thereafter, a three-stage
evaporation (plain evaporation for 1 s; forced evapora-
tion I for 0.7 s; forced evaporation II for 5 s) leads to a 6Li
degenerate Fermi gas. During the evaporation, a Feshbach
field is ramped up to 810 G, where the scattering length
between state |1〉 and |2〉 is as ≈ 17 000a0 (see [36,37]),
where a0 is the Bohr radius. The intensity of the dipole trap
remains unchanged in plain evaporation. In forced evapo-
ration I, the intensity of the dipole trap is reduced to 6%
of the initial value following an exponential decay curve
with a time constant τ1 = 300 ms. In forced evaporation
II, the intensity of the dipole trap continues to reduce to
0.4% of the initial value with a time constant τ2 = 6 s. To
prevent the formation of deeply bound lithium molecules
and obtain degenerate Fermi gases, the Feshbach magnetic
field is switched from 810 to 300 G (as = −288a0) within
10 ms and about 500 ms before the end of the forced evap-
oration stage II, where the density is not yet high enough
to form lithium dimers via three-body collisions. With this
experimental cycle of 12 s duration, we obtain a degenerate
Fermi gas with about 3000 atoms and temperature below
one fifth of the Fermi temperature, determined by a Fermi
fit to a noninteracting gas.

B. Triangular lattice setup

Fluorescence imaging of atoms in the triangular geom-
etry requires a strong three-dimensional confinement at
each lattice site. Therefore, we need to find a triangular
lattice configuration that provides sufficient lattice depth
at the limited available laser power. For this purpose, we
interfere three laser beams to create a triangular array
of one-dimensional light tubes and add a strongly oblate
“light sheet” beam to complete the three-dimensional con-
finement. The strongly oblate light sheet has beam waists
of 4.2 μm × 50 μm × 70 μm and uses power of 24 W at
1070 nm. The trap frequency along the z axis is approx-
imately 160 kHz. In order to create a deep triangular
lattice with resolvable lattice spacing we use an unusual
approach. We recycle a single 1064 nm laser beam (MOPA
55W, Nd:YAG, Coherent) twice and cross all three beams
at the position of the light sheet, thereby reusing the laser
power three times (Fig. 1). The phases of the three lat-
tice beams do not need to be stabilized because phase
drifts only lead to translations of the triangular lattice. To
keep these translations within tolerable bounds of about
one lattice site per minute, the setup is very rigid and
temperature-controlled via water cooling and air condi-
tioning.

All three lattice beams propagate from the negative z
direction (down) to the positive z direction (up) with an
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FIG. 1. Triangular-lattice quantum gas microscope. (a) Sketch of triangular lattice and Raman sideband imaging beams and their
alignment relative to the vacuum chamber. The stainless steel octagon chamber is equipped with an outer copper coil pair for the MOT
field and inner coil pair for the Feshbach field. The dipole trap beams propagate in the x-y plane and are approximately aligned with
the axis R1. The triangular lattice is formed by recycling the lattice beam through the recessed top and bottom windows, leaving just
enough space for the objective at the top window. The second and third focus are created by 1:1 imaging systems, which are not shown.
Three orange arrows (T1, T2, and T3) indicate the direction of the three beams which cross at the position of the atoms where the
triangular lattice is formed. The polarization configuration used for imaging in the lattice is illustrated in the bottom middle inset. The
Raman cooling beams (R1 and R2) and the Raman repump beam (RP) are sent through the side windows. (b) Kapitza-Dirac scattering
of 6Li molecular Bose-Einstein condensate (BEC) from the triangular lattice. This image is an average of 10 absorption images after
a time-of-flight of 1.5 ms, using about 1% of the maximum lattice laser power and a pulse length of 2 μs. For this picture, we used
polarization angles of 0◦ for lattice beams T1, T2, and T3 to demonstrate a symmetric lattice. (c) Raw site-resolved fluorescence image
of 6Li atoms in the triangular lattice.

angle of 45◦ out of the x-y plane. Their projections onto
x-y plane cross each other at an angle of 120.0(6)◦. The
power for each beam is 42, 40, and 38 W, respectively,
due to losses caused by optics during the recycling. All
three beams have a Gaussian beam waist of approximately
30 μm at the crossing. This leads to a triangular lattice
with a lattice spacing of alatt = 1003 nm. Our configura-
tion for the lattice is compatible with a standard octagon
vacuum chamber but requires very careful consideration
of the objective mount and magnetic field coils which typ-
ically block the optical access exploited here, as illustrated
in Fig. 1. In addition, we have a custom-designed anti-
reflection coating for the vacuum windows to reduce the
reflection at the 45◦ angle of incidence. As the interfer-
ence pattern between the three crossing beams depends
both on the wavevector direction and the polarization of
each beam, these parameters have to be carefully adjusted
for each beam. The angles between the lattice beams are
restricted to about 1◦ by the optical access and we use
half-wave plates to control the polarizations of all lattice
passes. For the following experiments, we adjusted these to

obtain the strongest possible interference pattern in the tri-
angular lattice. We found that the lattice depth is maximal
for incoming linear polarization angles of about 40◦, −40◦,
and 80◦ for lattice beams L1, L2, and L3, respectively, rela-
tive to the vertical polarization closest aligned to the z axis
(Fig. 1). Owing to birefringence in the vacuum windows
and coatings the polarizations may be slightly modified
at the atom position. The asymmetry of the configuration
leads to anisotropic tunneling in the lattice in our current
configuration. We confirmed by explicit calculation that
anisotropic triangular lattice geometries can be adiabati-
cally transformed to a symmetric configuration by varying
the polarization of the three lattice beams. To implement
such a scheme, we plan to add the capability to dynam-
ically switch between the maximum-lattice-depth and an
isotropic-tunneling configuration during the experimental
cycle by upgrading to a motorized wave plate mount in the
future.

To prepare a quasi-two-dimensional Fermi gas in the tri-
angular lattice, we first load the degenerate Fermi gas from
the CDT into the light sheet and evaporate for another
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250 ms. The intensity of the light sheet is reduced to
0.2% of its initial value following an exponential decay
curve with a time constant τ3 = 100 ms. This evapora-
tion is necessary to remove excitations created during the
loading procedure. Next, the intensity of the light sheet
is increased to the initial value again, and the triangular
lattice is adiabatically switched on within 100 ms. This
configuration with maximal depth of lattice and light sheet
is used for imaging the atoms by collecting fluorescence
during Raman sideband cooling.

For calibration of the lattice depth, we carried out
Kapitza-Dirac scattering (analogous to Fig. 1) and mea-
sured the atom number in the zeroth order as a function
of lattice intensity. Through fitting of the decay curve
to a Bessel function, we find a maximum lattice depth
of approximately 5000Er with Er ≡ �2π2/(2ma2

latt) = h ×
8.2 kHz.

III. RAMAN SIDEBAND COOLING

In order to keep the atoms localized at each single site
during the fluorescence imaging, we utilize Raman side-
band cooling to collect scattered photons while keeping
the atoms near the ground-state of the harmonic poten-
tial. Variations of Raman sideband cooling have been used
to detect various atomic species in optical lattices with
single-atom resolution [30–34,38]. A two-photon Raman
sideband transition transfers atoms from one hyperfine
ground state to the other hyperfine ground state while low-
ering the vibrational level in the onsite harmonic trap. The
frequency difference between the two photons needs to
be calibrated to match the frequency difference between
the two hyperfine ground states plus the lattice onsite har-
monic oscillator frequency ωlatt. To close the cooling cycle,
the atoms need to be transferred back to the initial hyper-
fine ground state without changing their vibrational levels.
This is implemented through an optical pumping process
using the Raman repump laser. In order to keep the heat-
ing in the repump process low, a large ωlatt is required
to suppress recoil heating in x-y plane by operating in
the Lamb-Dicke regime. After many cycles, most atoms
occupy the ground vibrational level which is a dark state
in the absence of heating processes. The scattered photons
in the optical pumping process are then collected to image
the atoms.

Further specifics of our Raman sideband cooling setup
are described as follows. A two-photon Raman transition
via the D1 line transfers the atoms from |2S1/2F = 3/2〉
manifold to |2S1/2F = 1/2〉 while lowering the vibrational
state by one. The incoming Raman cooling beam (R1) is
locked 5 GHz red-detuned to the D1 line and is linearly
polarized. It has a power of 2.2 mW and a beam waist of
100 μm on the atoms. After passing through the cham-
ber, we use a double-pass configuration of an acoustooptic
modulator (AOM) to generate the second Raman beam

(R2) with a detuning of 228.2 MHz + ωlatt/(2π) and 70%
efficiency. We choose the angles between the two Raman
beams and relative to the lattice to obtain sufficient cou-
pling in-plane as well as in the z direction [Figs. 2(a)
and 2(b)]. To determine the ωlatt we take sideband spec-
tra by applying a pulse of both Raman beams directly
after loading into the lattice, transferring a fraction of
the atoms from |2S1/2F = 1/2〉 to |2S1/2F = 3/2〉. These
atoms are then detected in absorption imaging and the side-
bands show the lattice vibrational spacing of ωlatt = 2π ×
870(20) kHz [Fig. 2(d)]. The Raman repump beam (RP)
has a power of 0.15 mW and a beam waist of 500 μm at the
focus on the atoms. It is locked 9.6(5) MHz blue-detuned
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FIG. 2. Raman sideband cooling. (a),(b) Raman sideband
cooling beam configuration. Blue dots mark the triangular lattice
sites. The Raman repump beam propagates in the lattice plane
(x-y plane). The first Raman beam (R1) has horizontal linear
polarization and propagates in negative z direction with a shal-
low angle of α = 7.5(2)◦ relative to the lattice plane. The second
Raman beam (R2) is perpendicular to R1 and consists of a mix
of horizontally and vertically linear polarizations in a ratio of
4:1. Two green arrows show the projection of the magnetic field
on x-y plane and x-z plane with angles of −45◦ and −70◦ rela-
tive to x axis, respectively. (c) Raman sideband cooling transition
scheme showing the levels connected by the Raman repump RP
and the Raman beams R1 and R2 and the respective detunings δ

and �. (d) Raman sideband spectrum in the triangular lattice. The
center peak is the carrier corresponding to hyperfine splitting in
the ground state while the sidebands show the lattice vibrational
spacing of ωlatt = 2π × 870(20) kHz. The amplitude ratio of the
sidebands indicates an average number of vibrational quanta of
2+3

−1 in x and y direction. The dots represent experimental data
and the solid line is a Gaussian fit. Error bars are the standard
deviation of four repetitions.
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to the |2S1/2F = 1/2〉 to the |2P1/2F = 1/2〉 atomic tran-
sition and is circularly polarized. The atoms excited by
the Raman repump beam more likely decay down into the
|2S1/2F = 3/2〉 state rather than the |2S1/2F = 1/2〉 state
with a branching ratio of 8:1. Their vibrational state in the
lattice remains mostly unchanged due to the Lamb-Dicke

parameter η ≡
√

�k2
R/(2mωlatt) = 0.29 in our experiment,

where kR is the wavevector of the Raman repump light.
Raman cooling in the z axis is less efficient because of
a Lamb-Dicke parameter of η ∼ 0.7 and unresolved side-
bands. To obtain a coupling of our Raman lasers to the z
axis vibrational states, we rely on a small angle α that pro-
vides a projection of the momentum transfer on the z axis
[Fig. 2(b)]. The frequency of the Raman lasers is optimized
for the horizontal trap frequencies, and the coupling to red
sidebands in the z axis is expected to only lead to weak
cooling in the vertical direction. However, due to the depth
of the light sheet and the absence of nearby wells the atoms
could tunnel to, the impact of an elevated temperature in
the z dimension on imaging fidelity is low.

The spatial configuration of the Raman cooling beams
and repump beam is shown in Figs. 1 and 2. To get the
best imaging result, we optimize the offset magnetic fields,
leading to a magnetic field of 1.1(2) G rather than zero
field. The parameters for all offset magnetic fields are
shown in Fig. 2. The lifetime of atoms under continuous
Raman cooling in the triangular lattice is 44(2) s, possibly
limited by background gas collisions.

IV. HIGH-RESOLUTION IMAGING

To achieve imaging of 6Li atoms in the triangular lat-
tice with single-site resolved sensitivity, a high-resolution
imaging system is used to collect the fluorescence during
Raman sideband cooling. The imaging system consists of a
custom objective (54-25-25@671nm, Navitar) with a focal
length of 25 mm and a numerical aperture (NA) of 0.5,
and an achromatic doublet (AC508-750-B) with a focal
length of 750 mm, leading to a theoretical magnification of
30. The measured magnification is 33. Scattered photons
are detected with an exposure time of 500 ms by a low-
noise scientific CMOS camera (Andor Zyla 4.2 plus) with
quantum efficiency of 77% and pixel size 6.5 × 6.5 μm2.
The total transmission of imaging optics and narrow-band
filters is approximately 80%, leading to a total photon
collection efficiency of approximately 5.4%. From our pic-
tures we conclude that we detect about 1000 photons per
atom, corresponding to a scattering rate for each atom of
about 34 kHz, calculated by dividing the number of pho-
tons per atom by the total collection efficiency and the
exposure time.

To verify that individual lattice sites are well-resolved,
it is necessary to check the point spread function (PSF)
of the system. For this purpose, we take pictures of dilute
systems with many well-separated atoms. The PSF is

obtained by overlapping and averaging approximately 800
single atoms. After azimuthal averaging we fit to a Gaus-
sian function [Fig. 3(a)]. This reveals a full width at half
maximum (FWHM) of 720(18) nm, consistent with our
expectation of 711 nm. From the first minimum of an Airy
fit, we extract the resolution according to the Rayleigh cri-
terion as 818(8) nm (4.3 pixels). This is smaller than our
triangular lattice spacing of 1003 nm (5.1 pixels), and we
therefore resolve individual atoms in the triangular lattice
without postprocessing.
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FIG. 3. Image analysis. (a) PSF. Azimuthal average of the PSF
(red), with Gaussian fit (blue), and Airy fit (green). The measured
FWHM of 720(18) nm of the PSF is consistent with the FWHM
of 711 nm expected from the numerical aperture of the objective.
The inset shows the PSF obtained by averaging isolated atoms.
(b) Single atom count histogram. The left peak corresponds to
empty sites and the right peak indicates sites occupied by sin-
gle atoms. The threshold value between no atom and a single
atom (vertical orange line) is determined as the intersection point
of two Gaussian fits to background and atom signal distribu-
tion, respectively. The reconstruction error caused by the overlap
is negligible compared with the observed hopping and loss. (c)
Determining lattice angles and lattice constant. Single atom posi-
tions (exemplary shown in blue) are orthogonally projected onto
a line of varying angle, here exemplified by A1 and A2. For
each angle, a histogram of the projected positions is depicted. At
the lattice angle, the experimental histogram has perfect contrast
(right graph) corresponding to lattice vector b1. At other angles,
for example A2, there is almost no structure in the histograms.
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V. IMAGE RECONSTRUCTION AND ANALYSIS

We apply a reconstruction algorithm to extract a dig-
itized occupation matrix of the lattice [39]. In order to
obtain the geometric parameters of the triangular lattice,
we determine lattice angles and lattice constants. This
relies on identifying individual isolated atoms and deter-
mining their center via Gaussian fits. Then, we project
the coordinates of isolated atoms onto an axis with vary-
ing rotational angle in the lattice plane. By introducing
equidistant bins on this axis we generate a histogram of
atom projections [Fig. 3(c)]. If the rotation angle is very
close to the lattice angle, the histogram shows multiple
peaks with minimal width and the separation between the
peaks is related to the lattice constant. The angles with
respect to the x axis for both lattice vectors are deter-
mined with high precision to −45.85(3)◦ and 13.51(1)◦,
leading to 59.36(3)◦ between the lattice vectors. These lat-
tice angles allow us to extract the precision of the relative
angles between the lattice beams to 120.0(6)◦. The lattice
constants in pixels are 5.09(9) and 5.10(4), consistent with
a symmetric triangular lattice.

Although the lattice angles only vary because of align-
ment changes, the phase of the lattice usually drifts due to
thermal effects. To estimate the phase in a picture, we gen-
erate the lattice structure and compare it with the position
of isolated single atoms and then measure the phase differ-
ence between every single atom and the nearest lattice site.
With knowledge of the lattice angle, lattice constant, and
lattice phase, the exact position of all lattice sites in image
coordinates is revealed.

To obtain the occupation of each lattice site, we simul-
taneously fit two-dimensional Gaussian functions to all
lattice sites with significant signal of more than about 100
detected photons per site. The resulting histogram of all
Gaussian amplitudes in Fig. 3(b) shows a well-separated
peak of single atom signal. Owing to light-induced col-
lisions, doubly occupied sites are detected as empty sites
[40–42]. From the histogram, we obtain an optimized
threshold between the signal of no atom and single atoms
to decide whether a lattice site is occupied. As a result of
the reconstruction, a matrix with entries zero (empty) or
one (occupied) is generated. To handle the triangular lattice
structure, we interpret it as a square lattice with diagonal
tunneling, sheared by 30◦.

A. Imaging fidelity

We evaluate the imaging fidelity by taking a series of
five images with 500 ms exposure time each and 50 ms
separation in between. Hopping and loss rate are estimated
by comparing two adjacent images (Fig. 4). The hopping
rate is defined by the fraction of sites detected as occu-
pied in the second image only while the loss rate is given
by the fraction of atoms lost from picture to picture. We
define the imaging fidelity by the fraction of atoms that
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FIG. 4. Imaging fidelity. (a),(b) Two adjacent images of indi-
vidual 6Li atoms (blue) in the triangular lattice, where black dots
represent empty sites and white dots represent occupied sites.
The two images are obtained with 500 ms exposure time each
and a separation of 50 ms. (c) Reconstructed occupation of (a)
convolved with the PSF. (d) Hopping and loss during imaging,
stationary atoms (blue), hopped atoms (green), and lost atoms
(red).

remained in the same lattice sites. Our single-site imaging
has a field of view of 90 × 90 μm2, with good hopping
rates in a region of 25 × 25 μm2 in the center of the atom
distribution, which includes 625 lattice sites. We obtain a
hopping rate of 2.0(2)% and a loss rate of 0.4(2)% at a
detected occupation of up to 50% by averaging over twelve
pairs of pictures. This demonstrates an imaging fidelity
of 97.6(3)%. The detected density is reduced by light-
induced pair-wise losses at the beginning of the first image
which lowers the density of the loaded Fermi gas from
an initial density of approximately 1.3 atoms per lattice
site, determined independently by high-field absorption
imaging.

B. Comparison with square lattices

In addition to the triangular lattice, we implemented
a versatile square lattice in the same experimental setup
which can be superimposed with the triangular lattice.
The square lattice setup can be used at 532 or 752 nm
lattice spacing. Currently, we do not control the relative
phase between the square lattices and the triangular lat-
tice but this can be implemented by piezo mirror mounts
and feedback from single-site resolved images of atoms in
the individual lattices. We create the square lattices using
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FIG. 5. Comparison with square lattices. (a) Square lattice
setup. Orange and blue arrows denote polarizations of 532 and
752 nm spacing square lattices, respectively. (b) Raman sideband
spectra in 532 nm spacing (orange) and 752 nm spacing (blue)
square lattice. The dots denote experimental data and solid lines
are Gaussian fits. The sidebands are at 1.36(2) and 1.90(4) MHz
for 532 and 752 nm square lattices, respectively. The asymme-
try of the sidebands shows that the atoms are predominantly in
the two-dimensional vibrational ground state after loading into
the lattice. We find an average number of vibrational quanta per
dimension in two dimensions of 0.1(1) in the 532 nm lattice and
0.2+0.8

−0.2 in the 752 nm lattice. (c),(d) Single-site-resolved images
of 6Li atoms with lattice structure overlay in the 532 nm spacing
and 752 nm spacing lattice, respectively. The gray circles indi-
cate occupied lattice sites. For the 532 nm lattice, the Raman
configuration is the same as for the triangular, but for the 752 nm
lattice we use counter-propagating Raman beams.

the recycled lattice setup as described in Refs. [16,43]
[Fig. 5(a)]. For vertical polarization, four-beam interfer-
ence leads to a 752 nm spacing lattice, while an in-plane
polarization creates a 532 nm spacing lattice. The power
of the four passes is 41, 39, 37, and 36 W, respectively,
with a Gaussian beam waist of 70 μm. The trap depths
are 1900E532 nm

r and 7500E752 nm
r and trap frequencies are

1.36(2) and 1.90(4) MHz for the 532 and 752 nm spacing
lattices, respectively [Fig. 5(b)].

The square lattices have smaller lattice spacing than the
triangular lattice; however, our reconstruction algorithm
is able to determine the lattice occupation with an error
only limited by the observed hopping and loss [Fig. 5(c)
and 5(d)]. We confirmed this by comparing different fit-
ting subroutines which lead to differences much smaller
than the imaging infidelity. The 532 nm spacing lattice is
imaged using the same Raman cooling configuration as

the triangular lattice, whereas for the 752 nm square lattice
the Raman beam R2 is the retroreflection of the incoming
Raman beam R1, instead of the orthogonal configura-
tion described previously. For the triangular and 532 nm
spacing square lattices with smaller trap frequencies, we
observed that the orthogonal Raman beam configuration
is necessary, but for trap frequencies beyond 1.5 MHz,
the retroreflected configuration works well. The square lat-
tices have imaging fidelities of 84(3)% and 97(1)%, with
detected filling up to 50%, in 532 and 752 nm spacing
lattices, respectively.

Our imaging fidelity in the 532 nm spacing lattice
is slightly lower than observed previously in a three-
dimensional 532 nm spacing lattice, possibly caused by our
weaker z confinement [34]. However, the imaging fidelity
in the 752 nm spacing lattice is comparable with previ-
ous results [16]. Owing to the large sideband frequency
in our 752 nm spacing lattice, it would be possible to
double the system size while maintaining sufficient lat-
tice depth for high-fidelity imaging. Superimposing the
triangular lattice with the square lattice can form a two-
dimensional quasi-crystalline lattice [44], which could be
used to study many-body localization in a nonseparable
two-dimensional quasi-periodic lattice. Our setup is ready
to superimpose both lattices by splitting the laser power
between both simultaneously realized optical paths and
will be capable to study such systems on the single-atom
level.

VI. CONCLUSION AND OUTLOOK

We present the single-site imaging of ultracold
fermionic atoms in a triangular lattice, demonstrating a
state-of-the-art imaging fidelity of 97.6(3)%. Our triangu-
lar lattice with spacing 1003 nm enables fast tunneling
rates of approximately 700 Hz in the strongly interact-
ing Hubbard regime. The interactions are tunable via the
Feshbach resonance in lithium and are only limited by
multiband effects. In our current configuration, we esti-
mate that about 20 sites are in the Hubbard regime when
loading the lattice at maximum light sheet depth, making
it very challenging to observe interaction effects. Through
the addition of a vertical lattice we will increase the ver-
tical confinement to suppress multiband effects to obtain
Hubbard systems of several hundred atoms. Our plat-
form will enable studies of the Fermi-Hubbard model in
the triangular lattice and, in the limit of strong interac-
tions, the triangular Heisenberg spin model. By varying the
polarizations of the three lattice beams, we can adiabati-
cally change the triangular lattice between symmetric and
asymmetric tunneling configurations, enabling the study of
the complete tunneling-imbalance parameter space. Spin-
imbalanced systems can be created by evaporation in a
magnetic field gradient before loading into the lattice, an
approach that allows the realization of the complete range
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of spin imbalances up to the point of spin-polarized sam-
ples [16,34]. Therefore, the physics of spinless fermions
in a triangular lattice can also be studied [29]. Further-
more, the platform is ideally suited to directly measure
emergent quantum correlations, study signatures of frus-
tration and possibly even detect signatures of quantum
spin liquids, depending on the lowest entropy states that
can be prepared. It will become possible to study spin-
spin correlations in analogy with results for square lattices
in the Mott-insulating regime [13–16], possibly detecting
the crossover from three-sublattice order to a nonmag-
netic state [8,9]. Even at temperatures previously reached
in ultracold Hubbard simulations, remnants of chiral cor-
relations could be detected which would directly show
time-reversal symmetry breaking [3,8,45]. Our quantum
gas microscope platform provides the basis for measur-
ing these three-point correlations. Moreover, the triangular
lattice Hubbard model exhibits kinetic frustration, which
could be probed using a transient grating approach [46,47]
or by detecting magnon-hole bound states. To reliably
distinguish the two spin states in the presence of holes,
spin-resolved imaging is required, and techniques that
are compatible with our experimental setup have been
realized [14,48,49]. The bound states in the triangular
lattice have binding energies that scale with the tunnel-
ing energy and are therefore at experimentally accessible
temperatures [50].
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