
PHYSICAL REVIEW A 112, 053313 (2025)

Realizing a spatially correlated lattice interferometer
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Atom interferometers provide a powerful tool for measuring physical constants and affirming fundamental
physics with unprecedented precision. The sensitivity of atom interferometers is significantly enhanced by
optical lattices and coherent atomic sources. However, their interplay gives rise to additional complexities and
intriguing phenomena. Here, we report on realizing a Ramsey-Bordé interferometer of coherent matter waves
modified by a moving optical lattice in a gravitational field, and explore a resulting multipath interference
with tunable coherence. We investigate spatial correlations of atoms both within the lattice and between two
arms by interferometry, and observed the emerging multiple interference peaks of the Bose-Einstein condensate
with sublattice site resolution. Our findings agree well with simulations, paving the way for high-precision
interferometry and exploring rich interferometer phenomena using ultracold atoms.
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I. INTRODUCTION

Atom interferometry is a high-precision method for prob-
ing physical quantities and affirming fundamental physics,
ranging from inertial sensing, gravitational wave detection,
ultralight dark matter, and dark energy search, to testing
the Standard Model and quantum mechanics in new regimes
[1–10]. The sensitivity of atom interferometers is limited by
the enclosed space-time area. Enhancing this area requires
increasing interrogation time and the separation between the
interferometer arms. Recent advances in atom interferometers
with optical lattices substantially increased the interrogation
time by holding atoms, leading to considerable enhancement
in detection sensitivity [11,12]. Meanwhile, coherent atomic
sources such as Bose-Einstein condensates (BECs) exhib-
ited long-range phase coherence, enabling larger momentum
transfers, greater arm separations in interferometry, as well as
quantum-enhanced measurements [13–21].

Here we report on a spatially correlated interferometer
with coherence-tunable matter waves modified by an optical
lattice along gravity. We achieve a momentum transfer of 118
photon recoils while maintaining high interference contrast
using Bloch oscillations in optical lattices. We investigate
the effect of coherence on both the interference of atoms in
two arms and the interference of atoms between neighboring
sites within the lattice in the same arm, termed “intraference.”
We observe the emerging multipath interference due to the
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long-range coherence feature of the BEC, and study the am-
plitude change and position shift of the interference contrast.
“Intraference” and interference between two arms together
give rise to a multipath interference. We further precisely
measure the correlation of atoms in the optical lattice. Our
interferometry with the flight time of around 200 ms here pro-
vides more accurate spatial correlations. Finally, we highlight
that the detection time is important for a novel open atom
interferometer and probe the time evolution of the interference
pattern.

II. ATOM INTERFEROMETER

Our atom interferometer is built upon a Ramsey-Bordé
interferometer modified by a moving optical lattice. Figure 1
shows the experimental protocol of the atom interferometer in
the frame of the cloud in the |F = 1〉 state. Atoms are first
split by a pair of π/2 Raman pulses coupling |F = 1〉 and
|F = 2〉 states. The duration of π/2 pulses is 6 µs.After the
first π/2 Raman pulse, atoms are in a coherent superposition
with equal amplitudes of the |F = 1〉 and |F = 2〉 states,
accompanied by the |F = 2〉 state requiring a momentum kick
of h̄kR along the z direction (the opposite direction of gravity).
Here h̄ is the reduced Planck’s constant and kR is the effective
wave number resulting from two counterpropagating Raman
beams. Similarly, half of the atoms in the |F = 2〉 state will
return to the |F = 1〉 state, with a momentum transfer −h̄kR

after the second π/2 Raman pulse. The duration between two
Raman pulses is TR1. Therefore, two split atomic clouds in
the |F = 1〉 state are separated along the z direction with a
distance �L1 = vrecTR1, where the atomic recoil velocity is
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FIG. 1. Space-time representation of the atom interferometer. The atom interferometer is based on a Ramsey-Bordé interferometer modified
by a moving optical lattice. Two arms of the interferometer (solid and dashed lines indicate the upper and lower arms, respectively) are split by
a pair of π/2 Raman pulses separated by TR1, and recombined by another pair separated by TR2. Two arms are thus separated by �L1 = vrecTR1

after the first pair, and atoms spaced by �L2 = vrecTR2 can meet after the second pair. In between two pairs, atoms freely fall for T1 before being
loaded into a moving lattice (gray), followed by lattice unloading and an extra T2 free fall. The interference pattern is detected (dashdotted
line) after the last free fall for T3. Red and blue indicate cold and hot atoms, respectively, and areas show the correlation with a coherence
length of ξ . Horizontal and diagonal lines represent |F = 1〉 and |F = 2〉 states, respectively. The light blue area indicates the spacetime of the
interference between the upper and lower arms, and the light green area indicates the interference within the optical lattice, which is termed
“intraference.” The blue and green dashed lines represent the final Raman π/2 pulse for those two cases.

vrec = h̄kR/mRb. Atoms in the undesired |F = 2〉 state in both
arms are removed by a near-resonant light.

Atoms are then loaded into a moving lattice along the verti-
cal direction in 1 ms and remain stationary with respect to the
lattice frame by fine-tuning the frequency difference between
the two lattice beams to compensate the gravity and achieve
a net zero vertical force on the atoms. Bloch oscillations are
induced by setting the relative frequency of the standing wave
fields to zero along the opposite of the gravity. Then atoms
are held in the lattice for extra 6 ms, during which two atomic
clouds undergo 59 Bloch oscillations, i.e., 118h̄kL momentum
transfer along the opposite direction of gravity. kL = 2π/λL is
the wave number of the lattice beam with the wavelength λL.
The integer number of Bloch oscillation cycles is chosen to
ensure that the atoms return to zero quasimomentum. Bloch
oscillations are stopped by tuning down the frequency differ-
ence to just compensate the gravity. Atoms are then unloaded
from the lattice by ramping down the lattice depth in 1ms,
followed by expanding for T2 before the second pair of Raman
pulses. The second pair recombines two arms and the interval
between pulses TR2 determines the shift between two clouds,
�L2 = vrecTR2. Atomic clouds are detected after the last free
fall for T3. In our experiment, both the upper and lower arms
of the interferometer are modified by the lattice, causing the
atomic cloud in each arm to split into multiple paths. These
paths can interfere either within the same arm or between
the two arms, depending on the values of �L1 and �L2.
For example, when �L1 = 30d and �L2 ∼ d with the lattice
spacing d = λL/2, only within the same arm, a phenomenon
we refer to as “intraference.” In contrast, when �L2 ∼ �L1,
spatial interference arises between the upper and lower arms.
The total flight time is around 200 ms after atoms are released
from the lattice.

III. INTERFERENCE AND INTRAFERENCE

Figure 2 shows a representative Ramsey-Bordé interfer-
ence pattern and extracted contrasts for different types of
lattice loading. The transition probability P = N2/(N1 + N2)
is measured as a function of the two-photon detuning of the
second pair of Raman pulses δ, reflecting the phase change
of the interference, where N1 and N2 are the numbers of
atoms in |F = 1〉 and |F = 2〉 states, respectively. The con-
trast of the oscillatory transition probability, C reflects the
coherence of the system. Ramsey-Bordé fringes have a back-
ground around the resonance, arising from the splitting of
atoms by Raman pulses, in agreement with our theoretical
simulation (solid lines; see Appendices). We first study the
interference only involving atoms in different lattice sites
within the same arm, i.e., “intraference” in Fig. 2(b). The
extracted contrast is plotted as a function of �L2, reflecting
spatial coherence. Atoms in different sites evolve differently
in phase due to the gravitational potential, yielding different
interference patterns. We explore the impact of coherence
on the fringes by varying the temperature of atoms. When
the temperature is hot (T = 540 nK), the contrast is almost
zero, indicating a very short coherence length. The critical
temperature is Tc � 152 nK. With decreasing the temperature
(T = 150 nK), the contrast increases and the emergence of
the peak at �L2/d ≈ 1 indicates the nearest-neighbor inter-
ference. When atoms are further cooled down (T = 50 nK),
atoms become a condensate and more peaks become visi-
ble when �L2 is around an integer number of the lattice
spacing as �L2/d ≈ n. The nth peak indicates the interfer-
ence between atoms spaced by nd , showing the range of
the coherence. The behavior of multipeak interference man-
ifests the long-range coherence feature of the BEC. The
distance between the upper and lower arms is greater than the
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FIG. 2. Interference fringes and contrast. (a) Representative Ramsey-Bordé fringes with atoms modified by a moving optical lattice with
�L1 = �L2 = 6d (TR1 = 198 µs) and T = 50 nK. The transition probability P oscillates with the Raman detuning δ, from which the contrast
C is extracted. (b)–(d) Contrast of interference fringes as a function of �L2 for a fixed �L1. Data points are the average over three repetitions,
and solid lines are simulations. Noticeable peak shifts away from integer lattice spacings are governed by the coherence length and the
momentum distribution of atoms. Coherence lengths used in the simulation are 3.8d , 1.7d , and 1.0d for T = 50 nK, 150 nK, and 540 nK,
respectively. (b) For �L1 = 30d � �L2, two arms are not recombined and only the “intraference” can exist. For �L2 = nd , atoms separated
by nd interfere. With decreasing temperature, the coherence length becomes longer, resulting in a higher contrast of the interference and more
visible interference peaks. (c) For �L1 ≈ �L2, two arms are recombined within the coherence length. For the integer lattice loading with
�L1 = 30d (TR1 = 993 µs), an interference peak occurs at L2 = L1. Similarly, more peaks become visible for lower temperatures. (d) For the
half-integer lattice loading with �L1 = 29.5d (TR1 = 977 µs), where the two arms are mismatched in space, a double-peak pattern can occur
even for hot atoms. Insets in (b)–(d) indicate the type of interference, and green for “intraference” only and blue for interference.

coherence length, so the final pattern should be the sum of the
intraference patterns of the upper and lower arms, rather than
the interference between the upper and lower arms.

However, the upper and lower arms can interfere by
varying the time between Raman pulses. The contrast of in-
terference is observed within the coherence length for �L2 =
�L1. Atoms in different lattice sites can also form a series of
subinterferometers within the coherence range, resulting in a
multiple path interference. It is worth noting that the multiple
path is an alternative way to improving the precision of the
interferometer sensitivity by effectively narrowing down the
width of fringes [22–27]. We study the condition when �L1

is an integer number of the lattice spacing. Similarly, for high
temperatures, the only visible peak is at �L2 = �L1, which
reflects the fast decay of correlations in space. With decreas-
ing the temperature, higher-order peaks up to the fourth order
can be resolved at T = 50 nK in Fig. 2(c), manifesting the
long-range coherence of the BEC. In contrast to the inte-
ger lattice loading, half-integer lattice loading, �L1 = (n +
1/2)d , can have a double-peak pattern when the two waves
have different phases and thus destruct in the middle of two
peaks. Similarly, a multiple-peak feature can appear when the
matter wave has a longer coherence length, e.g., T = 50 nK
in Fig. 2(d).

IV. SHIFT OF INTERFERENCE PEAKS

Notably, the temperature not only affects the amplitude
of interference peaks but also modifies their positions. When
the temperature is increased, the peaks shift outwards away
from the original lattice in the “intraference” in Fig. 2(b).
This effect has also been observed in the interference for both
integer and half-integer lattice loading [Figs. 2(c) and 2(d). We
extract the positions of interference peaks by fitting a multiple
Gaussian curve to data (see Appendices).

Figure 3 shows the temperature-dependent shift of the
peak, attributed by the interplay between the coherence and
the spread of the atomic cloud. The larger shift in the con-
trast peak at higher temperatures arises from the increased
spatial expansion of the atomic wave packet. Initially, the
atomic wave function acquires a spatial modulation with pe-
riodicity set by the lattice constant. During subsequent free
evolution, the wave function expands, and the spacing grad-
ually increases. At higher temperatures, the broader initial
momentum distribution enhances this expansion, resulting in
a more pronounced increase in the spatial period over the same
evolution time, and thus a larger shift in the contrast peak.
The colder atomic cloud has a longer coherence length [red
in Fig. 3(a)] and a narrower momentum distribution. We find
that the coherence is mainly determined by the temperature.
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FIG. 3. Temperature-dependent shift of the contrast peak. (a) Schematic shows the correlations of atoms between different sites in an
optical lattice for different temperatures. Atoms with a colder temperature (red) have a longer coherence length ξ than a hotter temperature
(blue). (b) Normalized correlation of atoms as a function of the distance, �L = �L2 − �L1 for hot atoms (blue, T = 304 nK) and cold atoms
(red, T = 50 nK). The open circles and dashed lines are normalized contrasts of fringes without lattices and the fitting of the contrast using
Eq. (S8) (see Appendices) for different temperatures. The filled areas are calculated correlations of atoms modified by an optical lattice, and
its envelope (solid lines) matches with the correlations of atoms without lattices. (c), (d) The contrast for half-integer lattice loading with
�L1 = 29.5d , and integer lattice loading with �L1 = 30d , respectively. The green background is a simulation and filled circles are the peak
positions extracted from Figs. 2(c) and 2(d).

We measure the contrast of atoms without the optical lattice
[open circles in Fig. 3(b)], and the measured contrast agrees
well with the envelope of simulated correlations of atoms
modified by the lattice. The hotter atoms (blue) have a shorter
coherence length and its correlation function quickly decays
with increasing the distance. Extracted peaks’ positions agree
well with the simulation (green) for both half-integer and
integer lattice loading in Figs. 3(c) and 3(d).

V. TIME-EVOLVING INTERFERENCE OF OPEN
ATOM INTERFEROMETERS

In contrast to closed atom interferometry where inter-
ference patterns are independent of the detection time, we
observe the time evolution of the interference pattern for the
half-integer lattice loading, a novel open atom interferometer.
The upper and lower clouds modified by the optical lattice
are mismatched by half a lattice spacing along gravity when
two clouds meet. They evolve asynchronously due to different
gravitational potentials, resulting in an evolving interference
pattern. We explore this phenomenon by effectively varying
the time between the last π/2 pulse and the detection, and
highlight when the detection is conducted is also important
for atom interferometers.

Atoms in the upper arm are split into subpaths after the
lattice loading and interfere with atoms in the lower arm,
respectively, forming two adjacent interferometers marked as
“out” and “in.” Figure 4(a) shows the accumulated phase (in

the shaded rectangular) between the splitting and recombining
steps (T2 + TR2) in light blue and gray areas, respectively,
and the time before the detection T3 in the light green area.
The phases difference of two adjacent atomic interferome-
ters are �Φout and �Φin, respectively. The differential phase
�Φdiff = �Φout − �Φin = mgdτ/h̄ reflects the actual phase
between two interferometers. The phase of the interference,
reflected by the contrast, is independent of when the last pair
of Raman pulses as long as the time between the lattice load-
ing and detection is fixed. The contrast oscillates with the total
time τ = T2 + TR2 + T3 (open circles) indicating the change
of the phase, whereas the contrast remains constant (open
squares) for a fixed τ in Fig. 4(b). Here τ is around 200 ms
and the temperature of atoms is T = 150 nK. This multipath
interference is different from conventional atom interferom-
eters, providing a more precise way for probing nonuniform
fields. A similar effect with cold atoms in an optical lattice has
been observed in Ref. [11]. Our findings show that the time of
the detection is critical for the atom interferometer when the
matter wave is coherent in particular.

VI. CONCLUSIONS

We realize a novel Ramsey-Bordé interferometer with
coherence-tunable matter waves modified by a moving optical
lattice. We observe the emerging multiple interference peaks
due to the long-range coherence of the BEC, and study the
amplitude and shift of those peaks at different temperatures.
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FIG. 4. Time-evolving interference of an open atom interferome-
ter (a) The phase evolution of the atom interferometer for half-lattice
loading. Two subpaths separated by a lattice spacing d of the upper
arm can both interfere with the lower arm, leading to the phase
of the interference evolving with time. The spacing can be tuned
by the difference between �L1 and �L2. The shaded areas repre-
sent the differential interference phase between two paths, which is
proportional to the space-time area S = τd with the time between
the lattice loading and the detection, τ . The illustration shows the
relationship between the phase difference �Φdiff = �Φout − �Φin

and the durations T2, T3. (b) The contrast of the fringes is plotted as a
function of T2 for the half-integer lattice loading using parameters of
(�L1,�L2) = (29.5d, 29.5d ) at T = 150 nK for fixed (squares) or
varying (circles) τ . Solid lines are linear and sinusoidal fits respec-
tively. The phase of the interference is reflected by the contrast of the
fringes. It remains almost constant (squares) for a fixed τ , whereas it
oscillates with τ in a period of 1.2 ms (circles). T3 is around 166 ms
for both cases. They together show that the interference pattern
not only relies on the time before the recombination of two arms,
(T2 + TR2) but also when the interference pattern is detected T3.

We further demonstrate precise measurements of spatial cor-
relations for different temperatures and lattice loading using
interferometry, and reveal the importance of the detection
time for open atom interferometers. Our findings bridge the
gap between coherent matter waves and lattice interferom-
etry, opening the door for high-precision interferometry and
intriguing interferometer phenomena.

ACKNOWLEDGMENTS

This work was supported by National Key Research
and Development Program of China (Grants No.
2021YFA0718300 and No. 2021YFA1400900) and the
National Natural Science Foundation of China (Grants No.
92365208 and No. 11934002). B.S. acknowledges support
from the Natural Science Foundation of China (Grant No.
12374242), the Innovation Program for Quantum Science and

Technology (Grant No. 2024ZD0301800) and the Beijing
Natural Science Foundation (Grant No. Z240007).

DATA AVAILABILITY

The data that support the findings of this article are openly
available [28].

APPENDIX A: EXPERIMENTAL SETUP AND SEQUENCE

Our experiments begin with preparing cold atoms or a
BEC of around 1.5 × 105 87Rb atoms in the |F = 1, mF = 0〉
state. Here F denotes the total angular momentum and mF the
magnetic quantum number of the state. The temperature of the
atoms is in a range from T = 50 nK to 540 nK by adjusting
the final power of the crossed optical dipole trap (CODT)
at the end of evaporative cooling. Next, atoms are suddenly
released from the trap, fall freely along gravity, and enter the
interferometer.

Then atoms are split by Raman coupling and have dif-
ferent momenta, leading to different atomic trajectories. The
Raman coupling consists of Raman 1 (R1) and the retrore-
flected Raman 2 (R2), with the Doppler shift preventing
resonant coupling between R1 and the incident R2. The
Raman beam is red-detuned by 825 MHz from the atomic
resonance. The two-photon Raman transition couples the
|F = 1〉 and |F = 2〉 states, resulting in a momenta transfer,
h̄kR/mRb = 11.8 mm/s where kR is the effective wave number
resulting from two counterpropagating Raman beams. Four
π/2 Raman pulses are used to split and recombine atomic
clouds for creating the atom interferometer. The R2 beam and
its retroreflected beam form an optical lattice, causing around
10% of the atoms in the |F = 1〉 state to be scattered up-
ward and downward due to Kapitza-Dirac diffraction, with the
Doppler shift of the atoms already taken into account. Atoms
scattered downward do not affect the interference, whereas
those scattered upward |F = 1〉 can mix with |F = 2〉. How-
ever the recoil velocities are nearly identical for both the
R1-R2 pair and the scattering from the R2 lattice. And our
clean beams remove these unwanted |F = 2〉 atoms after the
second Raman pulse in Fig. 7. Therefore, this scattering con-
tributes to the infidelity of the Raman pulses (R1 and R2)
and reduces the fringe contrast, but has minimal effect on the
interference phase.

The wavelength of the moving optical lattice is λlat =
780 nm, blue-detuned by 45 GHz from the |52S1/2, F =
1〉 → |52P3/2, F ′ = 0〉 transition, and the lattice constant is
d = λlat/2 = 390 nm. Atoms are initially prepared at quasi-
momentum q = 0. The frequency difference between the two
lattice beams is optimized during lattice loading and unload-
ing so that the atoms remain relatively stationary with the
lattice.

The lattice depth is linearly ramped up over a duration of
1 ms, while the frequency detuning between the counterpropa-
gating lattice beams is scanned by 2π × 12.6 kHz to match the
initial atomic velocity. This comoving configuration ensures
that the lattice velocity follows the atomic motion during the
ramp, avoiding any sudden momentum change. As a result,
the atoms remain in the same quasimomentum state through-
out the process, and no interband excitations are observed.
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with a tunable frequency difference. Raman pulses (pink arrows)
are used to split and recombine atomic clouds. Two Raman beams
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is filtered out by the PBS and the other one is reflected upwards.
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detecting the interference pattern.

The time of lattice loading is 1 ms. The adiabatic criterion
of lattice loading can bemet as | d

dt U0/ER| 	 32
√

2ER/h̄ and
the loading time satisfies this criterion [29]. The hold time
in the optical lattice is 6 ms, during which atoms undergo 59
Bloch oscillations. After the lattice unloading within 1 ms,
atoms are released from the lattice. Figures 5 and 6 show the
experimental setup and the sequence, respectively.

APPENDIX B: ATOM INTERFEROMETRY

The Ramsey-Bordé interferometer consists of two pairs
of Raman pulses to split and recombine the atomic cloud,
shown in Fig. 1 in the main text. The first π/2 pulse induces a
superposition between the |F = 1〉 state and the |F = 2〉 state
of 87Rb atoms [30]. The transferred atoms in the |F = 2〉 state
obtain the extra momenta induced by the Raman transition and
move upwards with respect to the original |F = 1〉 state.

After the first pair of Raman pulses, the two arms of the
interferometer are in the same hyperfine state and momen-
tum, |F = 1, p = p0〉, whereas atoms in the unwanted arms,
|F = 2, p = p0 + �p〉 are removed by a clean beam on res-
onance of the |F = 2〉 → |F ′ = 3〉 transition. Atoms in two
arms fall freely and remain relatively stationary with respect
to the lattice frame along the gravity direction during lattice
loading and unloading. The frequency difference between the
two lattice beams is scanned at 25.1 MHz/s to compensate the
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FIG. 6. The experimental sequence. (a) The sequence consists of
the preparation of atoms (shaded grey area) and the atom interferom-
etry (white area). (b) A zoomed-in sequence of the moving lattice.
The upper and lower figures show the velocity change of the moving
lattice and the trap depth. The velocity is controlled by tuning the
frequency difference between the two lattice beams during lattice
loading and unloading to ensure that the atoms remain relatively
stationary with respect to the moving lattice.

chirp rate of the Doppler frequency shift caused by the gravity.
Atoms gain momentum transfer during Bloch oscillations in
the moving lattice [31] and are coherently kicked upwards by
the lattice. This kick effect can be used to fold the trajectory
and acquire a longer evolution time for the interferometer to
achieve higher sensitivity in a limited space [32].

After atoms are unloaded from the lattice for 50 ms, we
apply the second pair of Raman pulses. In the experiment, the
Raman coupling is detuned by δ from the resonance in the
second pair of Raman pulses. We scan the Raman detuning, δ

in the experiment and measure the transition probability, P in
Fig. 2(a) in the main text.

APPENDIX C: INTERFERENCE FRINGE

We simulate fringes of the atom interferometer using a
semi-classical method based on the phase and weight of the
wave functions along interferometer paths shown in Fig. 7.
The Raman transfer coefficient relies on the detuning δ, α =
(
/

√

2 + δ2) sin (tL

√

2 + δ2/2), where 
 is the Rabi fre-

quency and tL is the pulse duration, and the rest state is thus
β = √

1 − α2.
The initial weight of each wave function is equally split

from the same cloud and thus has a factor of
√

2/2. After two
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R1 R2
R3 R4Clear

α

β

α

β

α
β

β
α

/

/

FIG. 7. The weight change of atomic wave functions along the
interferometer paths. Weights of wave functions are marked after
Raman pulses along the interferometer paths. R1-R4 and Clear denote
the Raman pulses and the cleaning pulses of removing the |F = 2〉
state, respectively. Gray lines indicate paths which are not involved
in the atom interfereometer.

Raman pulses, two paths of the |F = 2〉 state at the output port
of the interferometer read

ψ1 =
√

2

2
αβeiφc ,

ψ2 =
√

2

2
αβei(φc+φd ), (C1)

where φc is the common phase for the two wave functions, and
the differential phase φd = TRδ + φ0 with φ0 being the offset.
The probability of the |F = 2〉 state is

P = |ψ1 + ψ2|2 +
√

2

2
αβ × 2, (C2)

where the last term from the other two diverging paths of
the |F = 2〉 state only contributes an offset to the fringe, as
it exceeds the coherence length of ψ1 and ψ2 (see Fig. 7).
The above interference fringe P is plotted as the function of
δ in Fig. 2(a) in the main text, where a fudge factor of 0.49 is
multiplied and an offset of 0.07 to count the imperfect Raman
transition and detection in the simulation.

APPENDIX D: PHASE OF THE INTERFEROMETER

The accumulated phase of the atom interferometer �Φ =
�ΦProp + �ΦLaser consists of the propagation phase �ΦProp

and the laser phase �ΦLaser. �ΦProp is proportional to the
integration of Lagrangian, contributed to by the kinetic energy
and the potential energy

�ΦProp = 1

h̄

∫ td

t0

(
1

2
mv2

up − 1

2
mv2

low

)
dt

− mg

h̄

∫ td

t0

(zup − zlow) dt, (D1)

where the subscripts “up” and “low” indicate upper and lower
arms, respectively, t0 and td is the time of the first Raman pulse
and the detection time, respectively. The laser phase �ΦLaser

is determined by the time and the position of the laser beam

�ΦLaser = Φ1 − Φ2 − Φ3 + Φ4,

Φi = keffzi −
∫ ti

t0

ωR dt, (D2)

where zi denotes the position at which atoms interact with
the ith Raman pulse, and ωR is the Raman frequency, which
is chirped to compensate for the Doppler frequency shift of
free-falling atoms. The +/− sign before Φi indicates the
direction of the Raman transition from the state |F = 1〉 to
|F = 2〉 or |F = 2〉 to |F = 1〉, respectively. Since �ΦLaser is
the differential phase between two arms, phases accumulated
from the optical lattice are canceled out, whereas the one from
four Raman pulses remains.

The phase difference of interferometers induces the dif-
ferential phase between different interferometers. The phase
difference for two interferometers in Fig. 4(a) are �Φout and
�Φin, giving rise to a beat when scanning the differential
phase

�Φdiff = �Φout − �Φin = mgd

h̄
τ, (D3)

where the inhomogeneity of the gravity is ignored. Thus the
space-time area is a rectangle enclosed by the two arms in
Fig. 4(a) in the main text.

APPENDIX E: CONTRAST OF THE INTERFERENCE

The fringe contrast is determined by the coherence of the
system and the atomic distribution. The coherence length
along the lattice direction is estimated using the interference
of two arms [33]. We assume the wave function in one arm as
the integral of plane waves over the momentum p,

ψ (z) = 1

(
√

2πσp)1/2

∫
e
− p2

4σ2
p e

i
h̄ (pz− p2

2m t ) d p, (E1)

where the standard deviation σp of the momentum distribution
along the gravity direction is estimated by the equipartition
theorem σ 2

p /m = kBT . The other arm of the interferome-
ter can be written as ψ (z − δL)eiφm , where δL is the space
between two arms, and φm is the accumulated phase from dif-
ferent paths and laser pulses. Therefore, the overall probability
is the integration over the z direction

PδL = 1

4

∫
|ψ (z) + ψ (z − δL)eiφm |2 dz

= 1

2
+ 1

2
√

2πσp

∫
e
− p2

2σ2
p cos

( p

h̄
δL + φm

)
d p. (E2)

The fringe contrast C reads

C(PδL ) = 1

2
√

2πσp

∫
e
− p2

2σ2
p cos

( p

h̄
δL

)
d p

≈ C0 + Ae
− 2δL2

ξ2 , (E3)

where C0 and A are the offset and amplitude, respectively. The
extracted coherence length is determined as ξ = 2h̄/σp when
σp approaches zero [33,34].
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FIG. 8. Characteristics of multiple peaks. Position deviation, full width at half maximum (FWHM) and fringe periods of multiple peaks
for different temperatures are extracted by fitting voigt curves to the data in Fig. 2 in the main text. (a), (d), (g), (b), (e), (h), and (c), (f), (i)
are the intraference, the integer lattice loading with �L1 = 30d , and the half-integer lattice loading with �L1 = 29.5d , respectively. (a)–(c)
show the shift of peaks from the lattice position and dashed lines indicate zero. The shift increases with increasing the temperature. (d)–(f) are
FWHMs for different temperatures. (g)–(i) are the periods of Ramsey fringes, in good agreement with theoretical calculations (dashed lines).

In the experiment, the durations of lattice loading and un-
loading are chosen to be relatively short to induce the lattice
modulation to the atomic cloud. For a deep lattice, Vlat =
40Er , the overlap of maximally localized Wannier functions
w(z) between adjacent sites is negligible. Thus the system
wave function W (z) is the sum of Wannier functions

W (z) = 1

(
√

2πN )1/2
e− z2

4N2

4N∑
z′=−4N

w

(
z + z′

d ′/d

)
, (E4)

where N denotes the Gaussian envelope to normalize the
modulated wave function ψ (z)W (z) and is set to be 10d , much
smaller than the actual size (hundreds of times d). d ′ denotes
the modulated spacing after the expansion at the detection
time. The atomic cloud is assumed to expand ballistically
as σ (t )2 = σ 2

0 + σ 2
p t2/m2 with the initial spread σ0, and

we have d ′/d = σ (T0 + TR1 + T1 + T2 + TR2 + T3)/σ (T0 +
TR1 + T1), where T0 denotes the time interval from the cloud

release to the first Raman pulse, and Ti and TRi denote the
intervals between the pulse sequences in Fig. 1 in the main
text. This contributes to the outward shift of the peaks in
Figs. 2(b)–2(d) in the main text.

Substituting ψ (z) with the modulated wave function
ψ (z)W (z), the modulated contrast C ′(PδL ) can be derived as
follows:

C ′(PδL ) = C(PδL ) ×
∫

W (z)W (z − δL) dz. (E5)

For the simulations in Figs. 2(b)–2(d) in the main text, the
initial size is 380 d , and the parameter σp is chosen to fit the
experimental data.

APPENDIX F: ANALYSIS OF THE PEAKS

Figure 2 in the main text shows that the peak position
of the fringe contrast mismatches integer lattice spacings,
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FIG. 9. Phase fluctuations. The phase fluctuation results mea-
sured with the BEC (red), impure BEC (blue), and cold atoms (gray)
are presented as histograms. The solid lines represent Gaussian fit-
ting curves, where the standard deviations are 0.063π for the BEC,
0.096π for the impure BEC and 0.20π for the cold atoms. The
stability of the phase is clearly enhanced by coherent matter waves.

particularly when the coherence length becomes short. We fit
a Voigt curve to the data, and extract the shift and the width of
peaks in Fig. 8. The error bar indicates the standard deviation
of the fitting.

Figures 8(a)–8(c) show the temperature-dependent
deviation. When the temperature of atoms is cold

(T = 50 nK), peaks align with integer lattice sites, whereas
the shift becomes larger with increasing the temperature. The
widths of peaks for different temperatures are extracted in
Figs. 8(d)–8(f). Figures 8(g)–8(i) show the period of Ramsey
spectroscopy which is extracted by fitting a sinusoidal curve
to Ramsey fringes. The period of Ramsey fringes is inversely
proportional to �L2. Figures 8(g)–8(i) are the collapsed
experimental data on the theoretical curves, and show that the
period is independent on the temperature.

APPENDIX G: ENHANCED PHASE MEASUREMENT

We further study enhanced precision measurements in
the interferometer using coherent atomic sources. Figure 9
presents the interference fringe point with the maximum
slope, measured over 300 repetitions at three different tem-
peratures. The chosen point is sensitive to phase fluctuations,
a similar method as that used in Ref. [20]. Our phase fluctu-
ation measurements demonstrate the enhancement offered by
ultracold atoms in high-precision atomic interferometry. The
standard deviation results extracted by normal distribution fits
indicate that the measurement precision for the BEC is 1.5
(1.8dB) and 3.2 times (5dB) higher than that for atoms at the
BEC transition and cold atoms, respectively.

we provided estimated uncertainties and their contribution
to the phase accuracy below. The atom number fluctuates
by approximately 10%, contributing around 3–7 × 10−5π in
the phase measurement in Fig. 9. Temperature fluctuations
of 10–20 nK contribute about 3–5 × 10−4π , estimated by the
temperature-dependent data in Fig. 3 in the main text. The
imperfections in the Raman pulses, around 25%, introduce an
uncertainty of roughly 4 × 10−3π .
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