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Approaching the adiabatic infimum of
topological pumps on thin-film lithium
niobate waveguides

Shengjie Wu1,2,3, Wange Song 1,2,3 , Jiacheng Sun1,2,3, Jian Li1,2,3,
Zhiyuan Lin 1,2,3, Xuanyu Liu1,2,3, Shining Zhu 1,2,3 & Tao Li 1,2,3

Topological pumps reveal topological insights of adiabatic mode evolution, in
which adiabaticity plays a crucial role. However, the adiabatic infimum, i.e., the
possible shortest evolution duration of an adiabatic topological pumping
process, has remained elusive. In this study, we report the approach of adia-
batic infimum in topological pumps in photonic waveguides based on the
lithium niobate-on-insulator (LNOI) platform. Besides the most common way
to achieve adiabaticity by slowing down the evolution of the system, the
adiabaticity of a topological pump is also contingent on an effective Berry
connection between instant eigenstates, which can be controlled by the
selection of specific pump loops. Specifically, we develop a strategy to identify
a pump loop with a minimized effective Berry connection, corresponding to
the adiabatic infimum of a topological pump. As such, it is experimentally
demonstrated that topological pumps can happen even with rapid evolution
speed, at which the conventional pump would completely fail. The adiabatic
infimum accelerates the topological pumps from the constraints of slow
evolution and facilitates the design of compact topological devices.

Topological photonics, with the emergence of edge states between
topologically distinct systems, has opened a promising avenue for
robust optical transport and light manipulations1–4. Initially proposed
by Thouless5, topological pumps with quantized charge flow in a per-
iodically driven system6–16 have garnered significant attention and
plays a crucial role in realizing robust excitation transfer in finite sys-
tems sustaining topological edge states17–27. The resilience of topolo-
gical edge state pumps, protected by the winding of the pump loop
around gapless points in parameter space6–8,12, makes them immune to
disorders and defects12,24. Topological pump not only provides topo-
logical insights into state evolution21 but also offers a powerfulmethod
for exploring higher-dimensional topological physics14,19. Importantly,
this robust pumping process also holds promise for constituting on-
chip functional devices, enabling light manipulations and applications

such as quantum state transfer25–27 and reliable integrated photonic
interconnects24.

A crucial concept underlying these captivating topological
pumping phenomena is the adiabaticity5,6,21,24,28, which necessitates
negligible transition between eigenmodes in a time-dependent system
and can be characterized by adiabatic criteria24. Most previous
works fulfill the adiabaticity by simply slowing down parameter
modulation21,23,24, however, the shortest evolution duration required
by adiabaticity, termedas the adiabatic infimum,was seldomexplored.
In fact, the fulfillment of topological pumps only requires the encir-
clement of the pump loops in the parameter space. The flexible
pumping path, which is often overlooked, could provide an opportu-
nity to approach the adiabatic infimum with the fastest topological
pumps via exploring the critical loop.
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In this study, we theoretically propose and experimentally
demonstrate the adiabatic infimumof topological pumps based on
on-chip lithium niobate-on-insulator (LNOI) waveguides. A sys-
tematic investigation of the adiabatic criterion reveals the
dependence of adiabaticity on the effective Berry connection
between different modes and modulation speed. We approach the
adiabatic infimum by minimizing the effective Berry connection
along the loop, which guarantees fast parameter modulation and
realization of the infimum pump at the shortest time/length.
Compared to conventional pump schemes, the topological pump
can be achieved with half the waveguide length at the adiabatic
infimum, showcasing broadband properties according to the
adiabatic process and topological nature. Our work addresses the
limitation of slow adiabatic evolution in topological pumps via a
novel approach that leverages the concept of adiabatic infimum,
which opens doors to new possibilities for designing compact
topological devices.

Results
Topological pump in the Rice-Mele model
Figure 1a illustrates our idea within a periodically modulated LNOI
waveguide lattice based on theRice-Mele (RM)model6,7,9,20,21,24. The RM
model comprises staggered on-site potentials and dimerized coupling
terms

HRM ðyÞ=
XN
m= 1

ðβAðyÞjm,Aihm,Aj+ βBðyÞjm,Bihm,BjÞ

+ c1ðyÞ
XN
m= 1

ðjm,Bihm,Aj+h:c:Þ+ c2ðyÞ
XN�1

m= 1

ðjm+ 1,Aihm,Bj+h:c:Þ

ð1Þ

where y plays the role of time, m denotes the unit cell that
comprises two sites (A and B). The on-site energy of the A/B site
βA,B(y) = β0 ± δβ(y) and the intracell (c1(y) = c0-δc(y)) and intercell

(c2(y) = c0 + δc(y)) coupling coefficients are subject to periodic
modulation with the period P. The periodically modulated RM
model inherits the topological nature of the corresponding 2D
topological insulator, where the band spectrum under periodic
boundary conditions (PBC) can be characterized by Chern
number in the momentum-θ (k-θ) space6,7,9 (see Supplemen-
tary Fig. S1).

We consider topological edge pumps in a finite waveguide
lattice (unit cell number N = 4), which happen when adiabatically
varying the parameters (on-site detuning δβ and coupling
dimerization δc) to encircle the degeneracy point (δβ, δc) = (0,0)
in the δβ-δc space. Usually, the parameters in a conventional
pump scheme are subject to sinusoidal modulation (i.e., δβ(y) =
δβ0·sin(2πy/P) and δc(y) = δc0·cos(2πy/P) with δβ0 and δc0 being
the modulation amplitude). Figure 1b shows the eigenvalue
spectrum of such lattice during a pump process, where θ = 2πy/P
and blue/orange color indicates edge state on left/right boundary
and gray indicates bulk modes. Initially (θ = 0), the coupling terms
are dimerized (δc > 0) and the on-site energy of each waveguide is
equal (δβ = 0). This configuration supports two topological edge
states, |edge1> and |edge2 >

29–36, located on the left and right
sides of the lattice, respectively. The topological edge states, for
example, |edge1> input from the left (θ = 0) will be pumped to the
right side (θ = 2π) along the energy level inside the bulk bands
(i.e., the pumping channel) after evolving a complete para-
meter loop.

Such topological pump of edge states necessitates adiabatic
conditions described by a criterion20,21,24

m d
dy

��� ���edge1D E
βm � βedge1

������
������≪ 1, ð2Þ

which characterizes the transition strength between populated
eigenstate |edge1> and all the other instantaneous eigenstates
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Fig. 1 | Adiabatic infimum of the topological pump and the INFI loop.
a Illustration of the adiabatic infimum of the topological edge state pump in the
LNOI waveguide lattice. b, c Eigenvalues of RM lattice withN = 4 for b conventional
and c INFI the pump schemes. Blue/orange colors indicate left/right edge states,
while gray corresponds to bulkmodes.dAδc

eff in the δβ-δcparameter space. Blue and
red trajectories represent the conventional and INFIpump loops, respectively. eAδc

eff

and the conventional (blue) and INFI (red) loops in the polar coordinate, where the
conventional trajectory climbs some peaks while the INFI loop follows the route in
the valleys. The green arrow indicates the decreased direction for better visuali-
zation. f Integral of Aδc

eff for different loops. The INFI loop (red pentagram) exhibits
the minimum integral value, indicating the achievement of adiabatic infimum.
β0 = 1.85k0 and c0 = 0.02k0with k0 being thewave vector in vacuum for λ = 1550 nm.
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|m > (|m > ≠|edge1 > ). This criterion can be expanded as

hmj d
dy jedge1i

βm � βedge1

�����
�����= hmj∇γjedge1i

βm � βedge1

×
dγ
dy

�����
�����≪ 1, jmi≠ jedge1i ð3Þ

where γ = ðδβ,δcÞ denotes modulated parameter. Equation (3) pro-
vides clear physical insights into the adiabaticity of the considered
pump process, which is determined by (1) the effective Berry con-
nection Aef f ðmÞ between |edge1> and |m >

Aef f ðmÞ= hmj∇γjedge1i
βm � βedge1

= ðAδβ
ef f ðmÞ,Aδc

ef f ðmÞÞ

=
hmj∂δβjedge1i
βm � βedge1

,
hmj∂δcjedge1i
βm � βedge1

 ! ð3Þ

which describes the transition between two states and depends on the
specific parameters γ, and (2) the modulation speed of parameters
dγ/dy, which usually determines the pumping length. Conventionally,
the adiabatic criterion is met by simply decreasing the parameter
change speed, thus increases the evolution duration of the system.
In what follows, we show that by identifying a pumping loop with
minimized effective Berry connection, the topological pump can be
accelerated, even approaching the adiabatic infimumwith the shortest
pumping length.

We first show the Aδc
eff(m) component of effective Berry connec-

tion (the Aδβ
eff component is shown in Supplementary material), and

Fig. 1d depicts Aδc
eff =max{Aδc

eff(m)} for (|m > ≠|edge1>). The blue circular
loop corresponds to the conventional topological pump9,23,24, which
passes through the region with high Aδc

eff values. As a result, the con-
ventional pump scheme requires slow modulation speed along the
loop based on Eq. (3). In contrast, if the pump loop can always follow
the trajectory with minimized Aδc

eff in the parameter space, the
requirement on slow evolution might be relaxed. To address this, we
find the parameter loop at the adiabatic infimum (referred as INFI
loop) with minimized path integral of the absolute value of Aδc

eff,
defined as min

H
pump
loop

jAδc
ef f j (see supplementary material for more

detaileddiscussion), as shown in the red loop in Fig. 1d,whichbypasses
high effective Berry connection component regions, resulting in a
significant drop in Aδc

eff along the INFI loop. The evolution of the energy
spectrum along the INFI loop is also depicted in Fig. 1c.

To better illustrate the adiabatic infimum, we analyze the INFI
loop under polar coordinate

δβ= ρ � sinðθÞ, δc=ρ � cosðθÞ ð4Þ

where θ is the argument and ρ is the modulus. Figure 1e shows the Aδc
eff

surface as a function of ρ and θ, where the peaks indicate bad adia-
baticity. In fact, each topological pumping loop corresponds to a
specific function ρ(θ) with θ ranging from 0 to 2π (for example, the
conventional circular loop corresponds δβ0 = δc0 = ρConv). As shown in
Fig. 1e, the conventional and INFI loops are sketched out by dashed
blue and dashed red curves on the surface. The exact Aδc

eff value and
exact route of each loop with respect to θ is projected to the front and
top as the solid blue (conventional)/red (INFI) curves for clear com-
parison. In contrast to fixing ρConv (here ρConv = 0.02k0, see projected
blue curve on the top) in the conventional loop, which climbs high
peaks of Aδc

eff (see projected blue curve on the front), the adiabatic
infimum loop is given by searching ρINFI(θ) (see projected red curve on
the top) with minimum Aδc

eff for each θ. As a result, the INFI loop goes
through the valleys with decreasedAδc

eff in the parameter space (see the
projected red curve on the front). To further confirm that the INFI loop
indeed corresponds to the adiabatic infimum, we define a para-
meterized loop ρ(θ,α), which can continuously deform from the

conventional loop (ρ(θ,0)) to the INFI loop (ρ(θ,1)) controlled by the
deforming factor α (see Supplementarymaterial formore details). The
path integral of Aδc

eff during the parameter winding of different loops
(different α) is calculated and shown in Fig. 1f. The loops with α = 0
(conventional) and α = 1 (INFI) are marked by blue and red markers,
respectively. The integral first decreases as the loop continuously
deforms from conventional to INFI loop (α: 0→ 1) and reaches its
minimum at the INFI loop, and then increases with further deforma-
tion. The minimum value at the INFI loop clearly verifies the achieve-
ment of the adiabatic infimumby INFI method. The Aδβ

eff component of
the effective Berry connection is also analyzed and the INFI loop also
can bypass the high Aδβ

eff region (see Supplementary material).

Illustration of fast topological pumps at the adiabatic infimum
To quantitatively explore the infimum of the adiabatic condition, we
define the fidelity as |<Ψ(y)|edge1(y)>|2, where |Ψ(y)> represents the
optical field at y. Figure 2a, b illustrate the fidelity throughout the pump
process for the conventional and INFI loops, respectively, which are
calculated based on the coupled mode theory (CMT)28–30. The white
dashed lines correspond to the fidelity along the pumping process for
periods increasing from 100 μm to 1000 μm in steps of 100 μm.
The output fidelity with respect to different pump period is highlighted
as the solid blue/red line for the conventional/INFI loop. As the
period increases, the topological pump process can be divided into
three regions: nonadiabatic regions-I and -II, and adiabatic region-III. In
region-I, the output fidelity rises with increasing period. The short per-
iod leads to nonadiabatic evolution due to fast parameter changes,
causingfidelity oscillations during the evolution. At the crossing point of
region-I and -II, the light predominantly exits from the last waveguide,
which is the result via direct coupling between neighboring waveguides
rather than the effect of adiabatic topological pumps. The significant
fidelity oscillation along the decrease (white dashed line at L=200 μm)
suggests that the transitions between different eigenstates during light
propagation occur in amanner that violates the adiabatic condition. The
direct coupling-induced phenomenon is fundamentally sensitive to
parameter variations. Therefore, increasing the period in region-II vio-
lates critical parameters, resulting in decreased output fidelity. In adia-
batic region-III, the fidelity during the pumping process remains near 1,
indicating that the light field is pinned to the eigenstate |edge1> during
adiabatic evolution. Consequently, the unitary output fidelity is main-
tained even further increasing the pump period. The crossing point of
region-II and -III indicates the shortest length required for the adiabati-
city of the corresponding pump loop, which is LConv = 700 μm for the
conventional loop (Fig. 2a) and shortened to LINFI = 400 μm for the INFI
loop (Fig. 2b).

The output intensity calculated using CMT for different periods
is depicted in Fig. 2c, where the red (blue) line corresponds to the
INFI (conventional) structure. When the waveguide length falls within
regions-I and -II (e.g., 100 μm), adiabaticity cannot be fulfilled for
both designed lattices, resulting in the spread of the output signal
along the lattice. Upon increasing the period to the critical adiabatic
length (e.g., LINFI = 400 μm and LConv = 700 μm, indicated by the
orange and blue arrows, respectively), the output signal emerges from
the right edgeof the lattice. Further increasing thewaveguide length in
region-III does not significantly affect the output. The CMT-calculated
field evolutions at LINFI and LConv are shown in Fig. 2d, where the left
(right) panel in eachbox corresponds to the conventional (INFI) lattice.
For the conventional lattice, the adiabaticity cannot bemet at L = LINFI,
and the light spreads into the bulk at the output (Fig. 2d, left panel
in orange box). In contrast, the adiabatic condition is fulfilled for the
INFI lattice at this short length, which is attributed to the decreased
sensitivity along the INFI loop. As a result, the light field follows
the eigenstate evolution of |edge1> and comes out from the right
edge (Fig. 2d, right panel in orange box). At the long waveguide length
L= LConv, both the INFI and the conventional lattices fall in the adiabatic
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region, and the output signals locate on the edge waveguide (Fig. 2d,
green box).

Experimental results
In experiments, we fabricate four types of samples on the X-cut LNOI
platform, i.e., lattice under conventional pump scheme with two dif-
ferent lengths L = LConv and L = LINFI, and lattice under INFI pump
scheme also with two different lengths L = LConv and L = LINFI. A grating
coupler is connected to the first waveguide in the RM lattice through
an adiabatic taper to couple the light into the edge state of the
waveguide lattice. Coupling-out gratings (labeled as O1 ~O8 in Fig. 3a)
are connected to each waveguide at the output facet. The light pro-
pagates along the y-axis of X-cut LN material with refractive index
ne = 2.21 for transverse electric (TE) modes at 1550nm. The LNOI
waveguide consists of a 300 nm thick film (h2) and 300 nm ridge (h1)
(see Supplementary material for details). The waveguide lattices are

designed by mapping βA,B(y), and c1,2(y) to the waveguide width wA,B,
and gap between adjacent intra/inter-cell waveguides (see Supple-
mentary Material for details). The samples are fabricated using the
method of electron beam lithography (EBL) and the dry etching pro-
cess (see Method for details). Figure 3a displays the optical propaga-
tions captured by CCD in experiments for INFI sample at L = LINFI, the
light comes out from the opposite side of the sample, indicating the
fulfillment of the topological pumps. The enlargement of the output
signal is shown in the right panel of Fig. 3c, with the simulated light
evolution displayed in the bottom. The simulated field evolution
clearly shows that the edge state is adiabatically pumped to the other
side of the waveguide lattice, which is fully consistent with the
experiment. In contrast, the light field evolves nonadiabatically in
the conventional lattice at L = LINFI, and the output signal spreads into
the bulk (left panel in Fig. 3c). At L = LConv, the adiabatic condition is
met for both lattices, and the input light evolves along |edge1> and
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Fig. 2 | Optical field evolution in the INFI and conventional waveguide lattices.
a, b Field fidelity along the pump process for (a) conventional and (b) INFI designs
with respect to different pump periods. Output fidelities are highlighted with blue
and red lines, respectively. c The CMTcalculated output signals with varying lattice
lengths for the conventional (blue) and INFI (red) structures.dCMT-calculatedfield

evolution at L = LINFI (orange box) and L= LConv (green box). At L = LINFI, the input
signal is pumped to the right edge in the INFI lattice (right panel), while it spreads
along the lattice in the conventional lattice (left panel). AtL= LConv, the signalmainly
emerges from the 8th waveguide in both lattices.
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comes out from the right edge of the lattice (see Fig. 3d). The
numerically simulated output intensities for the INFI and conventional
pumps are presented in Fig. 3b, clearly demonstrating that the INFI
design indeed can fulfill the topological pumps at a shorter length
compared to the conventional case (see Supplementary Material for
details). Furthermore, the INFI lattice at L = LINFI exhibits broadband
edge state pump (from 1500nm to 1650 nm) while the conventional
lattice at L = LINFI fails to pump the edge states within the entire
bandwidth (see Supplementary Material for more details).

Discussion
In summary, we have demonstrated the adiabatic infimum of the
topological pump in aperiodicallydrivenRice-Melemodel on the LNOI
waveguide. To be mentioned, the implementation of fast evolution in
the LNOI platform holds particular importance, because the LN
waveguides have a lower refractive index compared with Si ones,
which usually prevents the compact integration in the LNOI chip. Our
investigation into the effective Berry connection of instant eigenstates
within the parameter space leads to its minimization along the adia-
batic infimumpump loop,which features the shortest evolution length
while preserving the adiabaticity. Consequently, a fast topological
pump is achieved, which transfers broadband light with a much
shorter device length compared to the conventional pump scheme.
Our investigation into the adiabatic infimum provides deep insights
into the understanding of adiabaticity of topological evolutions and
the demonstrated fast topological pump on the LNOI platform greatly
favors compact topological photonic applications.

Methods
Sample fabrication
The experimental samples were fabricated using the method of elec-
tron beam lithography (EBL) and the dry etching process. The sub-
strate used here is a 500-μmSi substrate with 600-nmLithiumNiobate
deposition. The substrates were cleaned in an ultrasound bath in
acetone, isopropyl alcohol (IPA), and DI water for 15min respectively,
and dried under clean nitrogen flow. Thewaveguide arrays and grating
nanostructures were exposed to EBL. The samples were then used to
dry etch the Lithium Niobate layer in a 16:1 mixture of Ar and CHF3
plasma and the residual photoresist was stripped off by an oxygen
plasma stripper.

Optical measurement
A telecom-band laser (Fianium-1550-SF) with tunable laser frequency
was used to characterize the fabricated sample. The laser beamwith its
polarization being controlled by a polarizer was focused on the grating
coupler A(B) from the substrate side by the Mitutoyo near-infrared
(NIR) long-working distance object OF (100×, Numerical Aperture
(NA) = 0.70, focal length (f) = 200mm). The transmitted signal
was coupled into free space from the air side via the grating coupler
B(A) in the forward (backward) case. The output signal was collected
by aNIR imaging objectOI (50×, NA =0.42, f = 200mm) and imagedon
a near-infrared charge-coupled device (CCD) camera (Xenics Xeva-
1.7-320).

Data availability
The data that support the findings of this study are provided in the
Supplementary Information/SourceDatafile. Source data are provided
with this paper.
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