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Probing universal phase diagram of
dimensional crossover with an atomic
quantum simulator

Jinyuan Tian1,5, Zhongcheng Yu1,5, Jing Liu2,3, Chi-Kin Lai 1, Lorenzo Pizzino4,
Chengyang Wu1, Hongmian Shui 1,3, Thierry Giamarchi 4 ,
Hepeng Yao 1 & Xiaoji Zhou 1,3

Dimensionality is a fundamental concept in physics, which plays a hidden but
crucial role in various domains, including condensedmatter physics, relativity
and string theory, statistical physics, etc. In quantum physics, reducing
dimensionality usually enhances fluctuations and leads to novel properties.
Owing to these effects, quantum simulators in which dimensionality can be
controlled have emerged as a new area of interest. However, such a platform
has only been studied in specific regimes and a universal phase diagram is
lacking. Here, we produce an interacting atomic quantum simulator with
continuous tunability of anisotropy and temperature, and probe the universal
phase diagram of dimensional crossover. At low temperatures, we identify the
regimes from quantum three to zero dimensions. By increasing temperature,
we observe the non-trivial emergence of a thermal regime situated between
the quantum zero and integer dimensions. We show that the quantum-to-
thermal transition falls into four different universality classes depending on
the dimensionality. Surprisingly, we also detect a fifth type where the high-
dimensional quantum system can reach the thermal phase by crossing a low-
dimensional quantum regime. Our results provide a crucial foundation for
understanding the projective condensed matter structures in unconventional
dimensions.

The Euclidian space we live in is three-dimensional (3D), where
the equations of states or motions are well defined and studied. In
recent years, research objects with dimensionality different from
three are widely found naturally or artificially. They usually lead
to novel physical properties, quite different from the ones of the
3D world. For instance, relativity and string theory, which plays an
important role in particle physics and cosmology, mostly rely on
dimensions larger than three1. In condensed matter physics,
fractal structures can play an important role. They are usually

characterized by the so-called fractal dimension, which is non-
integer2,3.

In microscopic physics, be it classical or quantum, the role of
dimensionality is also essential. Even for a classical system which can
be described by the Boltzmann distribution, the probability density
function of kinetic energy exhibits totally different dependence
between three and low dimensions4. In quantum physics, the distinc-
tion is even stronger owing to the verydifferent properties of quantum
fluctuation in different dimensions. Various types of high-temperature
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and organic superconductors show novel properties arising from
reduced dimensionality5–7. However, controlling parameters like the
tunneling rates along different directions (e.g. with pressure or
chemistry) accurately and continuously, remains challenging8,9.
Therefore, the atomic quantum simulators, mainly realized by ultra-
cold atoms in optical potentials, has been widely extended to low
dimensional structures in recent years owing to high
controllability10–12. In one or two dimensions, they reveal remarkable
phenomena, such as the fermionization of bosons13,14, Tomonaga-
Luttinger Liquid (TLL)15 type of correlation, topological properties16,17,
frustrated phase18 and the Berezinskii-Kosterlitz-Thouless (BKT)
transition19,20. Although most systems are firmly based in one of the
integer dimensions, some systems can, as a function of parameters,
show behavior pertaining to several dimensionalities, known as
dimensional crossover. In recent experiments, this phenomenon was
analyzed using quantum simulators based on atomic21–24 and photonic
systems25 in certain regimes. In these simulators, special behaviors of
superfluidity and quantum correlation are observed, which reflect
properties of multiple dimensions.

Temperature and interaction are two important parameters for
the dimensional crossover of the quantum simulators. At zero tem-
perature, the mechanism is clear10,26. For a quantum system at
dimension D, providing a constraint on D0 directions will suppress the
tunneling rate along them and produce a system with dimensionality
D� D0, see the sketch in Fig. 1a1, b1. Moving to finite temperature with
zero interactions, temperature will simply provoke dimensional
crossover when it coincides with the kinetic energy in the transverse
directions D0. However, the mechanism with both finite temperature
and interactions is non-trivial, since the tunneling between the blocks
is not of the free-particle type any more. Previous works have only
carried out studies for such a system in specific regimes or for specific
quantities, theoretically15,27–31 and experimentally21–23,32–35. However, a
study that reflects the universal properties of dimensional crossover
for such a quantum simulator is lacking. Especially, the universal nat-
ure of the finite-temperature phase diagram for an interacting system
is not clear.

In this work, we provide the first probe of the universal phase
diagram of dimensional crossover with an atomic quantum simulator.
Loading ultracold atomic systems into triangular optical lattices, we
obtain an interacting simulator with high tunability of anisotropy and
temperature. At tens of nano-Kelvin, we can identify quantum regimes

at different dimensionalities. Bymeasuring the detailed phase diagram
at different temperatures, two important universal features appear,
see Fig. 1b2. On the one hand, for each fixed temperature, the thermal
(TH, classical) regime always appears between0D andpositive integer-
D quantum regimes, which can be explained by the interplay of
quantum and thermal fluctuations. On the other hand, by increasing
temperature for fixed anisotropy, we find the quantum-to-thermal
transitions falling into different universality classes for different
dimensionalities, namely the BEC transition (3D), BKT transition (2D),
TLL transition (1D) and melting effect of Mott insulator (0D) accord-
ingly. Strikingly, we also detect a fifth type of transition different from
these four. For some special cases, the quantum 3D system can reach
the thermal state via a low-dimensional quantum phase, instead of a
direct transition. This suggests that, by increasing temperature, a
dimensional crossover between quantum systemsmay happen before
the thermal transition. Our experimental data are in good agreement
with quantum Monte Carlo.

Results
Our experiment starts from a Rb-87 Bose-Einstein Condensate (BEC) in
the hyperfine state F = 1 trapped in a crossed optical dipole trap con-
taining typically 2.5 × 105 atoms36, see Fig. 1a1. Its 3D s-wave scattering
length isa3D = 107(4)a0.We can control the system’s temperature from
16 nK up to 455 nK without significantly altering the atom number by
adjusting both the MOT loading time tMOT before evaporative cooling
and the final optical intensity (equivalently higher final trapping fre-
quency �ω) at the end of evaporative cooling, under a properly chosen
function tMOTð�ωÞ (See Supplementary Fig. 2). Then, we adiabatically
ramp up a 3D optical lattice with lattice spacing a = λ/2 = 532 nm in
80ms and hold it for 20ms. As shown in Fig. 1a1, our optical lattices
consist of a 2D triangular lattice (x-y plane, blue arrows) parallel to the
direction of gravity (y direction) and a 1D lattice (z direction, green
arrows) perpendicular to it. The laser beams for the 1D and 2D lattices
have a frequency difference of 110 MHz to ensure no interference
between their laser beams. The lattice depths of the 2D triangular
lattice V2D and the 1D constrained lattice V1D range from 0 to 25 Er and
0 to 70 Er, respectively, with an accuracy of 0.2%, where Er = π2ℏ2/
(2ma2) is the recoil energy, with ℏ the reduced Planck’s constant andm
the mass of particles.

The experimental sequence starts from preparing the BEC at the
targeted temperature. Then, we independently tune the depths of the

Fig. 1 | Illustration of the experiment. a1 Sketch of the BEC system loading into a
laser potential consisting of crossover optical dipole trap (OT, red cylinders), 1D
optical lattice (1D OL, green arrows, z direction) and 2D triangular optical lattices
(OL, blue arrows, x-y plane). The gravity is along the y-direction, while 1D lattice is
aligned along the z-direction. The yellow arrows show the two probes. a2 The
momentum distribution from the TOF images for the case with lattice depths
V2D = 5.0Er and V1D = 0.0Er, and temperature T = 23nK. The red dashed lines mark
the zero-momentum area, which contains Ny

0 atoms. a3 The typical behavior of f yc
(blue circles) as a function of V2D with the same T and V1D as (a2). The red dashed
line is the piecewise fit, which decides the critical potential Vc. The gray dashed line
is f yc computed by harmonic trap approximation. b1 The sketch for the phase

diagram of dimensional crossover at zero temperature, where the quantum 3D
(purple), 2D (blue), 1D (green) and 0D (yellow) regimes are presented. In each
phase, the subplot depicts the structural diagram, where lattice sites (orange
sphere) are connected by coupling (blue and green lines), be it coherent(solid) or
incoherent(dashed). b2 The sketch for the finite-temperature behavior observed in
this work. For fixed temperature, we find a thermal phase (TH) appears between
zero and positive dimensions. When increasing temperature for fixed anisotropy,
we find four common quantum-to-thermal transitions and one special type, where
the system reaches the thermal phase via low-dimensional quantum regimes, such
as 3D-1D-TH.
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2D triangular and 1D lattices to tune the anisotropy of the system.After
holding it for another 20ms, we make sure the system reaches an
equilibrium state37. Next, we remove both the optical dipole traps and
lattices for 28 ms time-of-flight (TOF) and take the absorption image.
With the images from the two probes along the x and z directions
(yellow arrows in Fig. 1a1), we observe the momentum distribution
from which we extract useful information. More specifically, as sug-
gested by refs. 23,29,30,38, we access the zero-momentum fraction
along a certain direction. For instance, for the y direction, it is defined
as

f yc =

R +1
�1dkx

R +1
�1dkz

R +Δky

�Δky
nðkÞdkyR +1

�1dkx

R +1
�1dkz

R +1
�1nðkÞdky

, ð1Þ

with n(k) the momentum distribution, Δky = 2π/Ly the zero-
momentum width and Ly the system size. Such a quantity reflects the
quantum coherence properties along certain directions. It is more
accurate than the visibility of the momentum diffraction peak39 and
has been proved to be efficient for studying the dimensional
crossover23,29,30. Notably, this quantity is a vector and different from
the scalar condensate fraction.

From the typical momentum distribution as in Fig. 1a2, we com-
pute the f yc and construct Fig. 1a3. Clearly, we can apply fit of a pie-
cewise linear function (dashed red line)

f cðV Þ=
�k1V + f c0 ðV <V cÞ,

�k2V c � k1V + f c0 ðV >V cÞ,

�
ð2Þ

where all of the k1, k2, fc0 and Vc are fitting parameters. From this, we
determine the critical lattice depth Vc (See Supplementary Fig. 3). This
method has been proven effective in previous works23,29,30. Especially,
for low-dimensional systems at low temperatures, one always finds
that transverse f ic in the large enough potential regime fits nicely with
that of the ground state of a harmonic oscillator (dashed gray line).

At zero temperature, the physics of such a system is qualitatively
clear, see Fig. 1b1. When both V2D and V1D are small, the system is a 3D

BEC with modulated density. When increasing V1D (V2D resp.) while
keeping V2D (V1D resp.) small, the coupling along the z direction (x, y
directions resp.) becomes incoherent, while it remains coherent along
the others. This is the regime of the 2D (1D resp.) atomic quantum
simulator. In the limit where both V2D and V1D are large, the system
effectively becomes 0D. All sites are decoupled due to quantum fluc-
tuations and this is equivalent to the 3D Mott-insulator regime
observed in refs. 37. However, as mentioned above, the interacting
systems at finite temperatures remain unclear and form the
central focus.

We first prepare our interacting BEC at different values of initial
finite temperature T and measure the phase diagram as a function of
V2D and V1D, see Fig. 2 for four typical cases. The blue and green circles
are the critical lattice depths along the two directions, respectively,
judged by f yc and f zc. Notably, we benefit from the use of a triangular
lattice, which allows us to more easily tune the effective dimension of
the system (Supplementary Fig. 1). Here, we always load the lattice
adiabatically and thus each diagram is isentropic. At the lowest tem-
perature we realized, i.e., 23 nK, we find the four quantum regimes at
different dimensionalities as predicted in Fig. 1b1. To further locate the
thermal regime, we scan the zero-momentum fraction and correlation
length as a function of T for a large scale of data points, and check
when these quantities saturate at a small value (yellow circles, see
details below). Interestingly, we find the thermal regime appears to be
located between the zero- and positive integer dimensional quantum
regimes. This behavior can be explained by the different effects of
thermal fluctuations. For the 0D system, it is an incompressible insu-
lator with finite gaps whose correlation length is independent of
temperature. The quantum-to-thermal transition for such a system is
the melting of the gap40,41, leading to a compressible thermal phase
with a T-dependent correlation length. Thus, systems with a smaller
gap, i.e., smaller lattice amplitude, will be melted first. On the other
hand, for quantum systems at positive integer dimensionalities, the
quantum-to-thermal transition is induced by the joint contribution of
quantum and thermal fluctuations. When the effective dimensionality
is larger, i.e., smaller lattice amplitude, the quantum fluctuation is
smaller and it calls for a higher temperature to enter the thermal

Fig. 2 | The universal phase diagram of dimensional crossover at different
temperatures. a1–4 are the experimentallymeasured phase diagrams at initial BEC
temperatures T = 23(5), 36(3), 199(25) and 223(29) nK, as a function of the lattice
amplitudes V2D and V1D. Here, we observe quantum regimes at 3D (purple), 2D
(blue), 1D (green), 0D (yellow) as well as the thermal regime (TH, red). The transi-
tion points are judged by zero-momentum fraction (blue and green circles) and
correlation function (yellow circles). Insets in (c1) and (d1) are a zoom around the

low-lattice-depth area. Error bars are obtained from the piecewise fit as in Fig. 1a3.
The experimental parameters are particle number N = 2.5(3) × 105 and 3D s-wave
scattering length a3D = 107(4)a0 with trap frequencies (ωx, ωy, ωz)/2π ranging from
(27,84,80) Hz to (60,135,121) Hz depending on the temperature considered.
(a2)–(d2) are the counterpart for (a1)–(d1), which present the QMC simulations for
equivalent homogeneous systems.
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phase10–12,42. Thanks to the two processes mentioned above, the ther-
mal phase appears in themiddle of the phase diagram as in Fig. 2a1. As
the temperature increases, the quantum regimes shrink successively
and the thermal regime expands, see Fig. 2a1–d1. We find that the 0D,
1D, 2D, 3D quantum regimes disappear at the temperature of T = 36 nK
(b1), 199 nK (c1), 223 nK (d1) and 250nK, correspondingly. Thisfitswith
our previous statement.

To further confirm our observations, we run QMC simulations of
an equivalent homogeneous system (see details in Method) and gen-
erate the phase diagram by studying the superfluid stiffness, see
Fig. 2a2–d2. Although the superfluid stiffness does not necessarily
equal to the zero-momentum fraction, they both reflect the quantum
coherence properties along certain directions and both of them have
been proved to be efficient indicators for identifying the critical points
of dimensional crossover, see discussions in refs. 28–30. From the
QMC phase diagrams Fig. 2a2–d2, we qualitatively recover the same
experimental phase diagrams. The quantitative discrepancy might be
due to different factors, such as the presence of the harmonic trap and
the variation of the number of particles. Notably, according to the
QMC simulations, increasing the atom number, changing the system
lengths and adding the presence of the harmonic trap do not quali-
tatively change the results, but only affect the regions of different
phases quantitatively (Supplementary Figs. 4–8).

In order to further study the properties of the quantum-to-
thermal transition, we now choose six typical points (I-VI) in Fig. 2a1,
and scan f yc and f zc as a functionof temperatureTwhilemaintaining the
particle numbers N almost unchanged. The results are shown in
Figs. 3 and4.Notably, hereweuse f yc to study the coherenceproperties
in the 2D xy − plane thanks to the rotational symmetry of the triangular
lattices (See Supplementary Fig. 11).

Although most of the cases fall into typical universality classes of
quantum-to-thermal phase transition, there are some special points
which show strikingly different behaviors, for instancepoints I and II in
Fig. 2a1. Their finite temperature properties are shown in Fig. 3. In
Fig. 3a1, we consider the lattice depth as point I and scan temperature.
Interestingly, wefind that f yc and f zc drop to a plateau atdifferent values
of temperature, namelyT1 = 88± 28nKandT2 = 142 ± 14nK (white lines).
This suggests, instead of a direct transition from 3D quantum to
thermal phase, an intermediate 1D quantum regime emerges in
between. It can be viewed as thermal fluctuation-induced dimensional
crossover, such that we name it “TFDC" type. Similar behavior has also
been observed for another anisotropy case where V1D is large, see
Fig. 3b1. The two fc drop to the plateau at two different temperatures,
namely T1 = 119 ± 19nK and T2 = 177 ± 20nK (white lines). Similarly, it
suggests a 3D-2D-TH process. For both of the two cases, we evaluated
the difference between the two critical temperatures using a statistical

Fig. 3 | Special category of finite temperature transition.We show the zero-
momentum fraction along twodirections f yc (blue circles) and f zc (green circles) as a
functionof temperatureT, for twodifferent cases: a1V2D= 3.0Er,V1D= 20.0Er andb1
V2D = 7.0Er, V1D = 5.0Er. Error bars represent the standard deviation of five mea-
surements. The colored areas represent the judged regimes. Thewhite region is the
estimated transition temperature from piecewise fit of experimental data and its

width represents the errorbars. a2 and b2 are illustration for the physical pictures,
where blue (red resp.) layers or tubes indicate quantum (thermal resp.) gases. Light
blue (red resp.) legs indicate coherent (incoherent resp.) coupling. a3 and b3 are
the corresponding correlation function G(1) along y and z directions at different
temperatures. Experimental parameters: particle number N = 2.5(3) × 105 and 3D
s-wave scattering length a3D = 107(4)a0.
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significance test. The null hypothesis of equality was rejected with a p-
value of 0.035, indicating a statistically significant difference. (See
Supplementary Figs. 9, 10)

In principle, the TFDC process crosses the same dimensional
crossover line as those in refs. 23,31,33–35. However, it goes through
the crossover line via the temperature axis, which is different from the
previous work. Notably, to probe these behaviors along temperature
axis, one always has a certain anisotropy i.e., lattice amplitudes along
directions j and j0 have a certain ratio. How shouldweunderstand it? As
suggested by theoretical works27,29,30, the temperature competes with
the effective hopping amplitude, renormalized by the interaction,
leading to the dimensional crossover. When it reaches the smaller
hopping amplitude tj, the particles are driven by thermal fluctuations
along that direction. Effectively, we have one less direction where the
system behaves coherently, see illustration in Fig. 3a2, b2. Therefore,
as long as it happens below the thermal transition temperature,
increasing temperature only eliminates the quantumcoherencealong j
direction but not the others like j0. This leads to a crossover from 3D
quantum system to thermal regime via a low-D quantum phase.

Notably, in order to probe these behaviors, one always needs to
carefully pick up a point nearby the crossover line between the 3D and
low-D regimes at low temperature, such that the temperature of
dimensional crossover is much lower than the one to thermal phase.
Although such mechanism was proposed in condensed matter
systems6,7, detecting it precisely is challenging given the difficulty in
controlling the anisotropy accurately. Thanks to the high tunability of
parameters in our triangular lattice platform, we provide the first
controlled test of this phenomenon.

To further confirmour demonstration, weperform twoadditional
analysis. First, we estimate the 3D-1D crossover temperature via field

theory30. By treating the system as coupled quantu m chains, we can
perform a mean-field (MF) decoupling to estimate the crossover
temperature27,30

T3�1D =ABt
�ν
? , ð3Þ

with ν = 2K
4K�1 the scaling exponent and K the Luttinger parameter

encoding the effect of interactions. AB is the prefactor which depends
on Luttinger parameters K, particle density n and system size L.
(See Supplementary Information Section 2 for calculation of atomic
density) Using the experimental parameters, we find the temperature
to be T3−1D = 108 nK (purple dashed line), which fits with T1 within
errorbars in Fig. 3a1.

Another proof is the data of the one-body correlation function
Gð1ÞðrÞ= R hΨyðrÞΨðr0Þidr0, which can be computed by the Fourier
transform of the measured momentum distribution. It reflects clearly
the correlation decay pattern along single directions. In Fig. 3a3, we
show the decay of G(1)(y) and G(1)(z) at different temperatures. Clearly,
above T1 = 88 ± 28 nK, the correlation along y direction drops extre-
mely fast (faster than 1 site) and remains unchanged for higher tem-
peratures. On the contrary, along the z direction, the correlation drops
faster while temperature increases, and only remains unchanged after
T2 = 142 ± 14 nK. This further confirms the existence of the 3D-1D-TH
transition at these two temperatures. In Fig. 3b3, similar behaviors are
found for case II, where a signature of 3D-2D-TH transition is pre-
sented.Here, the oscillationof the correlation function originates from
the periodicity of the correlation function, whichwill be blurred by the
decay of correlation in the large potential limit. (For more details,
see Supplementary Information Section 3.5.)

Fig. 4 | The common quantum-to-thermal transition for different integer
dimensionalites. The behavior of zero-momentum fraction fc along the y (blue)
and z (green) directions as a function of temperature T. At the lowest temperature,
the system is a quantum gas in the 3D (a V2D = 0.5Er, V1D = 1Er), 2D (b V2D = 3.0Er,
V1D = 50.0Er), 1D (c V2D = 21.0Er, V1D = 5.0Er) and 0D (d V2D = 25.0Er, V1D = 60.0Er)

regimes, respectively. Error bars represent the standard deviation of five mea-
surements. The white region is the estimated transition temperature from the
experimental data and the dashed lines are theoretical predictions. The inset of (d)
shows the correlation length ξ as a function of T. Experimental parameters: particle
number N = 2.5(3) × 105 and 3D s-wave scattering length a3D = 107(4)a0.
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Now, we turn back to discuss the other common cases of the
quantum-to-thermal transitions. In Fig. 2a2, cases like I and II are
minority. The majority should fall into four different universality
classes of phase transitions, namely the BEC transition (3D), BKT
transition (2D), TLL transition (1D) and Mott melting (0D). Here, we
pick up four points deeply in the regimes of 3D (III), 2D (IV), 1D (V) and
0D (VI), and study the behavior of measured f yc and f zc as a function of
temperature T, see Fig. 4a–d, correspondingly.

In Fig. 4a, the system starts from a 3D BEC at low temperature. By
increasing temperature, both f yc and f zc drop together and reach a
plateau at an identical value of Texp

3D = 236± 17 nK. Here, the transition
temperature for a trapped 3D BEC writes43

T3D =TBEC =0:94
ℏωN1=3

kB
, ð4Þ

with N the atom number, ω= ðωxωyωZ Þ1=3 the average trapping fre-
quency of the optical dipole trap, and kB the Boltzmann constant. It
gives TBEC = 230nK (black dashed line) with our experimental para-
meters and fits nicely with our measured Texp

3D within 2.6%.
For the 2D case, f zc is always very small regardless of the value of

temperature, while f yc drops at Texp
2D = 151 ± 23 nK and then remains

constant, see Fig. 4b. This transition should be captured by the BKT
transition class, whose transition temperature can be computed as44,45

n2Dλ
2
T2D

= lnðξ=4πÞ+ lnlnð1=n2Da
2
2DÞ, ð5Þ

where n2D is the 2D density, λT =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

=2πmkBT
q

is the thermal de
Broglie wavelength, a2D is the 2D scattering length. The numerical
coefficient ξ = 380 is calculated in ref. 44. Here, we find TBKT = 176.3 nK
(black dashed line), which fits with the observed temperature Texp

2D
within 15.5%. Notably, for the case in Fig. 3b1, we can also estimate the
2D-TH transition temperaturewith Eq. (5). It gives T2D = 172.6 nK (black
dashed line), which fits nicely with the experimental observation
within 2.5%.

For the 1D case, while temperature increases, we find f yc remains a
small constant while f zc decreases up to Texp

1D = 95 ± 23 nK, see Fig. 4c.
This transition can be captured by the Tomonaga-Luttinger liquid
theory15,46. Specifically, its transition temperature writes

ξðT =T 1DÞ=
3ℏ2n1D

2mkBT 1D
≪L, ð6Þ

with ξ the correlation length, n1D the 1D density and L the system size.
In practice, we take ξ(T = T1D) = L/10 and it predicts T1D = 130.9nK (black
dashed line), which fits with our observationwithin 31.8%. Similarly, we
can apply this to the 1D-TH transition in Fig. 3(a1). It gives T1D = 155.5nK
(black dashed line), which fits with our observation within 8.7%.

The finite temperature effect for a 0D quantum system corre-
sponds to the melting effect discussed above. Both f yc and f zc are small
at low temperature and remain almost unchanged with temperature,
see Fig. 4d. To further capture this melting effect, we obtain the cor-
relation functionG(1)(x) from themeasured n(k), and by performing an
exponential fit G(1)(x) ~ e−∣x∣/ξ, we extract the correlation length ξ. The
temperature dependence of ξ is shown in the inset. At low tempera-
ture, it exhibits a plateau. Above the melting temperature
Texp
0D = 35 ± 8nK, it increases with temperature first, reaches a max-

imum value and then decreases. We argue that this stems from the
competition between the increasing mobility of particles induced by
particle-hole pair excitations, and the increasing thermal fluctuations.
The scale of the melting temperature writes47

T0D =Tmelt �
Δ

kB
, ð7Þ

with Δ the Mott gap. Taking the parameters of our lattices, we find
Δ = 57 nK. In practice, we take Tmelt = 0.4Δ/kB = 28 nK and find good
agreement with experiment in both Figs. 2 and 4d.

Notably, in principle, the TFDC process should be different from
the other quantum-to-thermal transitions, although they are both
obtained by changing temperature with fixed anisotropy. The physical
process of TFDC should rather be in the same class as the dimensional
crossover for fixed temperatures discussed in Fig. 227–30, since both of
them are caused by the joint effect of the potential barrier and tem-
perature, which kills the coherent coupling along certain directions.

Discussion
Summarizing, we probe the universal phase diagram of dimensional
crossover for a quantum simulator at various temperatures, using
interacting ultracold atoms in 3D anisotropic optical lattices. At var-
ious temperatures, we find quantum systems at different integer
dimensionalities with a thermal phase existing in between. Further-
more, we study the quantum-to-thermal transition for systems with
fixed anisotropy. Five categories of transitions are identified. Espe-
cially, we provide the first controlled test of the TFDC type, benefiting
from the high tunability of both temperature and anisotropy in our
triangular lattice setup. Our result provides an important basis for
quantum simulators with unconventional dimensionalities. Given such
a platform, one can potentially carry out various further detailed tests,
such as the χ2 test for identifying the correlation decay properties for
coupled low-dimensional systems23 andwhat is themixed dimensional
properties at various temperatures. This kindof test also paves theway
for the understanding of their projective structures in condensed
matter systems, especially the organic conductors and high-
temperature superconductors.

Methods
Control of temperature
Our experiment starts from a Rubidium-87 Bose-Einstein Condensate
(BEC) with a typical atom number of 2.5(3) × 105 in the hyperfine state
F = 1,mF = � 1
�� �

, as shown in Fig. 1. To further control the temperature
of the produced BEC, we adjust the parameters of the evaporative
cooling sequence as well as the initial state before this process. On the
one hand, we prepare systemswith different atomnumbers before the
evaporative cooling. This can be achieved by adjusting the magneto-
optical trap (MOT) loading time prior to the evaporative cooling. On
the other hand, we control the evaporative cooling sequence by
varying both the decreasing rate and the final laser intensity. Com-
bining these two processes properly, we can reach different tem-
peratures while maintaining the same final atom number within a 15%
difference. In our measurement, the temperature of the BEC can be
adjusted between 23 nK and 455nK, as inferred from the TOF images
using bimodal fitting36.

The optical lattice potential
Here, we clarify the details about the 1D and 2D latticepotentials. In the
2D xy-plane, our triangular lattice is formed by three traveling beams
that intersect at an enclosing angle of 120∘, with their linear polariza-
tion perpendicular to the 2D plane. The generated triangular lattice
potential in the xy-plane is given by32:

V ðx, yÞ= � jE1 + E2 + E3j2

= � j
ffiffiffiffiffiffi
V2D

p
2 e�ik1 �r +

ffiffiffiffiffiffi
V2D

p
2 e�ik2 �r +

ffiffiffiffiffiffi
V2D

p
2 e�ik3 �rj2

= � V2D
4 3 + 2 cosððk1 � k2Þ � rÞ
�

+ 2 cosððk2 � k3Þ � rÞ+ 2 cosððk3 � k1Þ � rÞ
�

= � V2D
4 ð3 + 2 cosðk0

ffiffiffi
3

p
xÞ+4 cosðk0

ffiffi
3

p
2 xÞ cosðk0

3
2 yÞÞ,

ð8Þ

where V2D is the lattice depth of the 2D triangular lattice, k1,k2,k3 are
the wave vectors of three lattice beams. In our experiment, we always
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have k1 =
2π
λ ð

ffiffi
3

p
2 , � 1

2Þ,k2 =
2π
λ ð�

ffiffi
3

p
2 , � 1

2Þ,k3 =
2π
λ ð0, 1Þ, and

∣k1∣ = ∣k2∣ = ∣k3∣ = k0. Along the z-direction, we also load a 1D optical
lattice formed by a 1064 nm standing wave light. This potential can be
expressed as V ðzÞ=V 1Dcos

2ðk0zÞ, where V1D is lattice depth of 1D lat-
tice, and k0 =

2π
λ thewave vectorwith λ= 1064nmthe laserwavelength.

The quantum Monte Carlo calculations
Using the quantumMonte Carlo method with worm algorithm48,49, we
simulate our experimental system based on the Bose-Hubbard model
description at finite temperatures. Taking different temperature T,
chemical potential μ, on-site interaction U, and tunneling tx,y,z along
three directions, we calculate the superfluid fraction along i−direction
f is =ρ

i
s=ρ (i = x, y, j) by:

f is =
m

ℏ2

hW 2
i iL2�d

i

ρdβ
, ð9Þ

where Wi is the winding number along i direction, Li is the cor-
responding system size, d is the total dimensionality of the
simulation and β = 1/kBT is the inverse temperature. For gen-
erating the phase diagrams in the main text (Fig. 2a2–d2), we
compute the superfluid fraction fs as a function of lattice depth V
and temperature T. Typically, we perform 105 iterations with 106

warmup steps in advance, in order to make sure the Monte Carlo
statistics is sufficient. The error bars of the QMC data originate
from the statistical fluctuations of the sampling. Then, we deter-
mine the transition point as discussed in Figs. 1a3 and 4. In
practice, we define the criterion fs < 0.1%29. The numerical cal-
culations make use of the Algorithms and Libraries for Physics
Simulations (ALPS) scheduler library and statistical analysis
tools50–52.

Data availability
The data of all figures shown in this manuscript and Supplementary
Information are available via Zenodo53. All other data supporting the
findings of this study are available from the corresponding author on
request.
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