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Fast topological pumps via quantum metric

engineering on photonic chips

Wange Song11', Oubo You?t, Jiacheng Sun’, Shengjie Wu', Chen Chen’, Chunyu Huang1, Kai Qiu’,

Shining Zhu', Shuang Zhang>***#, Tao Li'*

Topological pumps have garnered substantial attention in physics. However, the requirement for slow evolution
speed to satisfy adiabaticity greatly restricts their application in on-chip devices. Here, we discover a direct link
between adiabaticity and quantum metric, the real part of quantum geometry that has been relatively less ex-
plored compared to its imaginary counterpart, the Berry curvature. We demonstrate that the evolution speed of
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topological pumps between nontrivial edge states can be increased by reducing the quantum metric via introduc-
tion of long-range coupling to the celebrated Rice-Mele model. This fast topological pump can occur without af-
fecting the bulk state evolution, which challenges the common understanding. We experimentally confirm our
findings by using a platform consisting of bilayer integrated silicon waveguides operating at telecommunication
wavelengths. Our work provides possibilities for lifting topological pumps from the constraints of slow evolution

and paves the way toward compact photonic integration.

INTRODUCTION

In physics, topology could emerge from the slow cyclic variation of
parameters that satisfies the adiabatic condition (1-3). The Thouless
pump, which shares the same topological origin as the quantum
Hall effect, serves as an important manifestation of topological
physics (4-12). It describes the quantized transfer of particles per
cycle of evolution in the parameter space and remains robust against
deformation of the evolution loop in the adiabatic regime. While
initially proposed in solid-state electronic systems, the Thouless
pump has been observed in diverse systems, including ultracold at-
oms (13-15), mechanics (I16), acoustics (17-21), and photonic
waveguides (22-34). Thouless pumps in d spatial dimensions mani-
fest states that cross the energy gap and localize on their (d — 1)-
dimensional boundaries (16, 22, 27, 35). The adiabatic evolution of
these states has been exploited to realize robust transport of energy
from one edge of a finite system to the opposite one (16, 22, 24, 27,
31, 32, 34, 35). This effect is connected to the appearance, in the
Hamiltonian spectrum, of gapless points enclosed by the adiabatic
loop in the parameter space. In photonics, it manifests as the trans-
fer of localized light field from one end to another, which may have
potential applications in optical routing (22, 24, 32, 33) and quan-
tum information processing (36-38).

Similar to many other topological effects, adiabaticity plays an
essential role in achieving topological pumps. Deviation from adia-
baticity will inevitably cause undesired states to be populated and
eventually result in breakdown of the pump (10). Despite its funda-
mental importance, adiabaticity itself and its engineering in topo-
logical pumps remain largely unexplored. The most common way to
achieve adiabaticity is to slow down the evolution of the system.
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However, this increases the evolution duration of the system and
reduces the compactness of most waveguide systems, limiting the
potential utilization of topological devices. Thus, there is an urgent
need to find a solution to manipulate and relax the adiabatic criteria
in topological pumps.

Adiabaticity describes the ability of the system to maintain the popu-
lation of the instantaneous eigenstates during evolution. The adiaba-
ticity criterion is usually defined by 1| (w,,, |9, |w,,) /(e,, —€,) | <1
(39-42), which involves not only the instantaneous eigenstates (i.e.,
the numerator) but also their energy difference (the denominator).
However, it only describes the transition amplitude between a pair
of eigenstates. If the system consists of multiple eigenstates, it is not
very straightforward to evaluate the adiabaticity condition for the
evolution of a particular populated eigenstate due to the presence of
multiple transition paths to all other eigenstates. Here, we propose a
criterion to describe the adiabaticity of a populated eigenstate,
namely, the quantum metric |det(g)|, with g being the quantum met-
ric tensor (QMT), which is the real part of the quantum geometry
defining the distance between two neighboring eigenstates in the
projected Hilbert space (43-51) (see also text S2 for more details).
We discover a negative correlation between the quantum metric and
the adiabaticity condition. Specifically, a smaller quantum metric
results in improved adiabaticity for the system. As an example, we
show that introducing next-nearest-neighboring (NNN) couplings
into the Rice-Mele (RM) model (52) can reduce the quantum metric
of the pumping channel and promise a fast evolution speed. More
interestingly, we find that the bulk state evolution is exactly the same
with or without this NNN coupling, reflecting that topological
pump is not determined solely by bulk state property, in contrast to
common notion. For the experimental implementation, we propose
and fabricate a bilayer integrated silicon waveguide lattice with con-
trollable inter- and intra-layer couplings, which enables effective
long-range interaction in the system. On the basis of this platform,
we demonstrate a topological boundary pump in a highly compact
optical system, which would not be expected in a system with only
nearest-neighbor (NN) coupling under rapid parameter evolution.
Moreover, in contrast to the single-layer architecture of most pho-
tonic integrated circuits demonstrated so far, our work develops a
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layered integrated silicon platform and demonstrates the ability to
achieve robust light transfer between layers, thereby expanding
on-chip photonic integration from two-dimensional (2D) to quasi-
2D and even to 3D. This advancement enables improved integration
of photonic chips and provides a dimension for achieving more so-
phisticated on-chip photonic manipulations at the nanoscale.

RESULTS

Relation between adiabaticity and quantum metric

For a quantum system populated by only a single eigenstate, the adia-
baticity can be measured by how much it deviates from this instanta-
neous eigenstate after a short time interval &t. Considering such a
time-dependent system with Hamiltonian H(f), the infinitesimal time
evolution operator U(t, + 6t, t,)) = exp [—i/fl Lio+5r H(t’)dt’] can be

expanded with respect to 8¢ up to the second order

i 1 i ? i 2
Ulty +5t, 1) = 1= T H(tg)3t + 5{ [—ﬁH(to)] + [—EH (to)] }St

(1)

where H'(t) is the derivative with respect to time. In a similar way,
the instantaneous eigenstate |y,(¢ + 8t)) can also be expanded

| \VZ (t)) 512
2
The adiabaticity condition can thus be characterized by
[(wia(to + 86)|U(to + St to)|wa(to))|*, which represents how much of
the initial populated eigenstate would remain on the same eigenstate
after a short evolution time 8¢, and is related to the quantum metric
by the following expression (see text S3 for details):

[y, (to+88))y =]y, (f)+ | W/ (£))8t + (2)

1— | (W, (g +88) | Uty +5t, 1) [ W, (8)) I*

=3 =lgl+061)  (3)
Topological pumps Adiabaticity
— NN couplings, ¢, Start End

The ability to stay at the

== NNN couplings, 1, ss, same eigenstate
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two eigenstates

Fig. 1. lllustration of connections between the topological pumps, adiabatic-
ity, and quantum metric. The quantum metric establishes an elegant way to
quantitatively evaluate the adiabaticity and explain the pumping behaviors, espe-
cially when multiple parameters (e.g., involving the NNN couplings) interact to-
gether.
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where |g| = (W' | W' 1) = (W n| W) (Wal W' n)| is the quantum metric
(43-51). This expression shows that adiabaticity is directly linked
to the quantum metric. In contrast to the commonly adopted adia-
baticity criterion that involves at least a pair of eigenstates (39-42),
this criterion uses the information of only the populated eigen-
state, thus can be termed instantaneous self-adiabaticity (ISA). The
ISA contains all the transitions between the populated eigenstate
and others; thus, it is more convenient and efficient compared to
the conventional adiabaticity criterion (see text S4 for details). Our
expression (Eq. 3) shows that by reducing the quantum metric in
the system, the adiabatic condition can be better satisfied. As such,
the evolution process can be sped up while maintaining the adia-
baticity. In the following sections, we illustrate our idea by a spe-
cific case, i.e., fast topological pumps in an RM setup with long-range
coupling, in which the NNN coupling affects the adiabaticity via
quantum metric engineering (see schematics in Fig. 1).

Influence of long-range couplings on the quantum metric
The tight-binding Hamiltonian of an NNN coupling-modified RM
model writes

H($) = Hypite (0) + Hyn(d) + Hynn () (4)

where ¢ is the pump parameter corresponding to the synthetic mo-
mentum, and Hopsite; HNn, and Hynw represent the on-site energy,
NN coupling, and NNN coupling terms, respectively

N

Hopgo @) = 3 [Bo@2] 2.+ o ()2 2,
j=1
]N
Hy@) =Y [tl (VA @+ 6 (D), B+ ]
j=1
N-1

Haw (@) = 2 [KAA(q))a;.,j+1/a\A,j + KBB((b)a;,j+1/a\Bj +h.c. ]
=

(5)

where N is the total number of unit cells. fo(¢$) and Pp(Pp) are stag-
gered on-site potentials, t;(¢) and #,(¢) are the NN couplings, and
kaa(Pp) and xpp(¢p) are the NNN couplings, which are all ¢-
dependent. Specifically, we consider sinusoidal modulations (see
Fig. 2B), with Py, to, and k¢ being the averaged quantities, and p’, ¢/,
and x’ being the corresponding modulation strength. We define
AP = Pp — Pa> AK = Kpp — Kaa, and At = £, — t;. In the thermo-
dynamic limit (N large), the Hamiltonian shows two energy
bands (valence and conduction bands) separated by a gap of width
Ae = 2\/(A[3/2— Axk)? + (At)2. It can be proven that the topologi-
cal pump property is determined by the parameter evolution trajec-
tory in the 2D (Af/2 — Ak, Af) parameter space (see text S1). As shown
in Fig. 2A, the trajectory of the adiabatic pump encircles the criti-
cal gap-closing point (AP/2 — Ak = At = 0) in the (AP/2 — Ak, At)
parameter space, and thus indicates a nontrivial topological pump.
Figure 2C illustrates such a process by showing the Wannier cen-
ters (WCs) (27, 34, 53, 54) of the pumping cycle (red dashed curves).
The cycle transports a WC across one unit cell, which is equivalent
to the quantization of particle transport, ie., the Chern number.
Note that our case reduces to a conventional RM setting of topo-
logical pump if there are no Hxnn terms [i.e., kaa(2) = kpp(2z) = 0]
(30-32). The WC evolution for conventional RM pump is also
shown as the reference (black dashed curves in Fig. 2C). They demon-
strate exactly the same evolution path and quantization (Chern # = 1)
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Fig. 2. Quantum metric in the RM model with NNN couplings. (A) Trajectory of pump cycle in the 2D parameter space (Ap/2 — Ak, At). (B) The ¢-dependent on-site
potentials (Ba and fg), NN couplings (t; and t,), and NNN couplings (kaa and kgg). (C) Evolutions of Wannier center (WC) of the bands during a pump cycle. Black dashed
curve for traditional RM pump with xo/to = 0 and red dashed curve for ko/ty = 0.5. During a cycle, each WC of the valence (thick) and conduction (thin) band moves to the
left and right with a single lattice constant. Inset: schematic of the evolution of the WC (hollow circles) during one cycle of a topological pump. (D) The quantum metric
|det(g)| in the momentum space k and parameter space ¢ for ko/to = 0 (top) and 0.5 (bottom) under periodic boundary conditions. (E) Quantum metric distribution along
the pumping parameter ¢ for ko/to = 0 and 0.5 under open boundary conditions. (F) Energy spectra as a function of ¢ for ko/to = 0 and ko/to = 0.5. The red and blue curves
are the pump channels. The light-gray background represents the bulk region and dark-gray curves are the bulk bands.

for a complete pump cycle (red and black dashed curves). The bulk
state evolution relies on the how eigenstate is distributed in param-
eter space or, more mathematically speaking, how the eigenstate fi-
ber bundle lives on the parameter base manifold; there is a natural
geometric structure of this fiber bundle called quantum geometric
tensor (QGT) (43). The well-known Berry curvature actually de-
fines the imaginary part of the QGT (crucial for topological matter),
and its real part is referred to as the QMT, reflecting the distance
between two neighboring eigenstates in the parameter space (43-
51). The same fiber bundle structure leads to the same QGT, that is,
the same Berry curvature (i.e., the same WC evolution, see Fig. 2C)
and quantum metric (Fig. 2D; see text S2 for details) with or without
the NNN couplings, implying that their bulk state evolutions are the
same [here, the bulk mode evolutions are the evolving of Bloch
mode in the (¢, k) spaces]. This is because the NNN hoppings only
change the eigenenergy but do not affect the eigenstate of the Bloch
mode (see text S1). Note that all the above results are obtained based
on the periodic boundary condition. The quantum metric can be
influenced by the NNN coupling if a finite system with topological
edge states is considered, as will be shown below.

Note that, at ¢ = 0, one has A = Ak = 0 and At > 0, which in-
dicates the nontrivial topological phase (indicated by the pink line
in Fig. 2A) and thus supports two zero-energy instantaneous topo-
logical states located at the two edge sites (either left or right) for a
finite chain with open boundaries. Figure 2F shows the band struc-
ture of a finite system (2N = 8) with respect to the pump parameter
¢ for a typical open boundary with ko/¢y = 0 and ko/ty = 0.5, respec-
tively, where the red and blue solid curves represent the pump
channels inside the bulk bandgap. Starting at ¢ = 0 with one of the
two eigenstates (e.g., with eigenstate localized at the left edge) and
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adiabatically evolving such an eigenstate along the top pump chan-
nel (red curve), this state is transformed into the right-edge state
after one cycle, i.e., at ¢ = 2m, thus realizing the edge-to-edge topo-
logical pumps. Notably, the topological pumping process requires
adiabatic conditions; i.e., the excitations should remain at the pump
channel even if the system is varied (39-42). Figure 2E illustrates the
distribution of the quantum metric g = 8s*/8¢" under open bound-
ary conditions for the pumping channel (left-to-right pumping
channel) along the ¢ with ko/tp = 0 and ko/ty = 0.5, respectively
[here, 8s” is the quantum distance between y(¢) and (¢ + 8¢) in
the pumping parameter space]. Two peaks of g emerge at ¢ ~ m/2
and 3m/2 for the traditional topological pumping process (black
curve in Fig. 2E). The inclusion of the NNN coupling leads to a no-
ticeable suppression of the peaks of the quantum metric (red curve
in Fig. 2E), thus relaxing the adiabatic condition and giving rise to a
faster evolution.

lllustration of quantum metric empowered fast

topological pumps

To quantitatively assess the adiabaticity of the pumping process,
we consider an optical waveguide model and introduce the quan-
tity n($) = [(w(d)|D(d))|”, where w(P) is the instantaneous
eigenstate on the pumping channel and ®(¢) denotes the actual
distribution of light field at ¢. Notably, n(¢p = 2x) serves as a mea-
sure of the fidelity of the entire pumping process. We numerically
compute the fidelity n(2x) as a function of the pump speed (®) for
Ko/to = 0 (black curve) and 0.5 (red curve), respectively (see
Fig. 3A). The 1 can be maintained close to 1 for a slow varying
speed (the adiabaticity is satisfied). However, as the speed exceeds
a critical value o, the curves exhibit oscillating features (indicating
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Fig. 3. lllustration of quantum metric empowered fast topological pumps.
(A) Fidelity of topological pumps as a function of the pump speed for ko/to = 0 and
0.5. (B) Fidelity of the eigenmodes on the pump channel for the pump evolutions
shown in (C). (C) Light evolutions of topological pumps corresponding to the cases
marked in (A).

nonadiabaticity). According to Fig. 3A, the critical speed w. is
21/690 um™" (for n > 0.9) for the traditional topological pump
(ko/tp = 0) and can be increased to 2n/314 pm_1 for xo/to = 0.5
(note that the critical speed . can be estimated according to their
quantum metrics, see text S5). This suggests the possibility of
achieving a twofold speed-up in the topological pump. To illustrate
this, we analyze the topological pump in three cases with different
Ko/tp values and pump speeds, marked by the blue, black, and red
dots in Fig. 3A. The fidelity of the edge mode along the evolution
n(¢) and the corresponding optical field evolutions are illustrated
in Fig. 3 (B and C, respectively). For conventional topological
pump (ko/ty = 0) with low pump speed (@ = 21/900 pm™’, blue
dot), the optical field injected from one edge transports to the other
edge after each pump cycle [see Fig. 3C (a)]. n(¢) remains consis-
tently close to unity throughout the evolution (Fig. 3B, blue curve),
confirming the fulfillment of the adiabatic condition. However, if
the pump speed is increased, for example, to ® = 21/475 pm ™', the
adiabatic condition is broken, leading to transitions to undesired
states during the evolution [Fig. 3B, black curve, n(¢) decreases to
~0.5]. In such a scenario, the pump for the original RM model
would fail and the optical field would couple to the bulk states [see
Fig. 3C (b)]. In contrast, for the same fast pump speed but with
Ko/to = 0.5 [as shown in Fig. 3C (c)], nearly all the input from the
left side can be transferred to the other side and n(¢) maintains
close to unity throughout evolutions (Fig. 3B, red curve), confirm-
ing the retrieval of adiabatic topological pumps. Note the fidelity n
is related to the quantum metric g. A large g indicates a high transi-
tion probability between eigenstates, so the populated eigenstate
tends not to stay on its energy level and thus decreases the fidelity.
As shown in Fig. 3B, the fidelity n drops rapidly in the vicinity of
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¢ ~ n/2 and 3n/2 (black curve, gray region), where exactly the
peaks of quantum metric g appear (Fig. 2E). These light propaga-
tion results are consistent with the prediction from the quantum
metric, indicating that these effects can possibly be observed in
experiments.

Experimental observations in waveguides

We implement our model on an integrated photonic waveguide plat-
form (55-64) with periodically modulated propagation constant, inter-
and intra-layer couplings along the z direction (serves as synthetic
time ). It comprises eight silicon waveguides arranged into two lay-
ers, featuring a distinctive zigzag configuration as depicted in Fig. 4
(A and B). The bottom layer is placed on the sapphire substrate and
surrounded by SU-8, and the top layer is also embedded in SU-8.
The pumping parameter ¢ = wz, where @ represents the pump speed
(i.e., modulation frequency, @ = 2xt/L, where L is the total waveguide
length). The propagation constants and coupling coefficients are
carefully designed according to the principles outlined in text S7,
ensuring that they meet the requirements of the model. In experi-
ments, we fabricate bilayer-integrated waveguide samples (see SEM
pictures in Fig. 4, D and E), as well as a conventional single-layer
sample (Fig. 4F) for comparison (see Materials and Methods for
sample fabrications). All the waveguides are fanned out and con-
nected to the grating couplers for light input (I;...Is) and output
(O1...0g) (see Fig. 4C).

We first demonstrate the conventional topological pump based
on the integrated waveguide array. Figure 5A (bottom) shows the
full-wave simulation of optical field evolutions for the single-layer
sample (ko/ty = 0). The light (1550 nm) injected into waveguide 1
is lastly transported to waveguide 8, demonstrating the topological
pump process. Note that the length of the system (~600 pm) is
quite long to satisfy the adiabatic condition. When the length is
shortened to 250 pm, the optical field sinks into the bulk and the
pump fails (see Fig. 5B, bottom). Conversely, for a bilayer wave-
guide architecture with effective NNN coupling (ko/ty = 0.5, with
all other parameters being kept the same as those in the single-
layer waveguides for a fair comparison), the formerly nonadiabatic
process can be turned into adiabatic due to the suppressed quantum
metric, and thereby the topological pump persists even at a short
length of 250 pm. This is shown in Fig. 5C (bottom), where the light
input from waveguide 1 of the bottom layer is transported to wave-
guide 8 of the top layer. In experiments, a 1550-nm laser beam is
input from port I, and the output signal can be directly observed
from the scattering by the output grating couplers (Oy, ..., Og) (see
Fig. 5, middle panels). The experimental results agree well with the
simulation (see Fig. 5, top panels)—the fabricated bilayer samples
can successfully pump the signal to the other side, while the pump
fails for the conventional single-layer configuration when the
length is relatively short. Note that the fast pump process here is
indeed in adiabatic condition; i.e., further increasing the length of
the bilayer structure would yield a similar pump effect (see text
S8 for details). In addition, the evolution length can be further
reduced to an extremely short length of 34 pm considering a non-
adiabatic process, about '/, the length of the conventional topo-
logical pump (see text S9). In this case, the edge state is allowed to
couple to the bulk states and then back to the pump channel to
achieve light transfer to the other side, which opens possibilities in
chip-scale photonics manipulations.
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Fig. 4. Design of bilayer integrated silicon waveguides. Cross section for different pumping stages (A) and full view (B) of the bilayer waveguide systems. (C) Schematics
of experimental sample design. Scanning electron microscope (SEM) images at different locations of the same bilayer sample, showing waveguides’ cross section at
z=1L/2 (D) and z=L/4 (E). Note the images are captured before coating the top SU-8 film. The focused ion beam (FIB) is used to dig holes on the surface of the sample to
expose the bottom waveguides. (F) SEM image of a single-layer sample.
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Fig. 5. Experimental observation of fast topological pumps. Simulated light propagations (bottom), experimentally captured intensities (middle) at the output facet,
and optical intensity profiles (top) of simulations (green bars) and experiments (orange bars) for the single-layer samples with 600-um (A) and 250-um (B) length, and for
bilayer samples with 250-um (C) length.
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DISCUSSION

It should be noted that although the fast topological pump behav-
iors may also be intuitively understood from the perspective of adia-
batic elimination (65) or direct NNN coupling picture, they fail to
capture the adiabaticity of the pumping process (see text S6). More-
over, the distribution of the quantum metric can capture all the dis-
tinct peaks in all conventional criteria’s distributions (see text S4 for
details). Therefore, the quantum metric establishes an elegant way to
quantitatively evaluate the adiabaticity and explain the pumping be-
haviors. It has been commonly believed that the topological pump
of nontrivial edge state in a finite system with open boundary is
solely determined by the corresponding bulk state evolution. How-
ever, our work uncovers an intriguing phenomenon that the topo-
logical pump of edge states can differ between systems sharing
exactly the same bulk state evolution. Specifically, the bilayer pumps
show more relaxed adiabaticity, are more robust against nonadiaba-
ticity arising from the fast parameter evolution, and thus give rise to
fast topological pumps compared to the conventional case.

In summary, our research demonstrated the equivalence between
instantaneous self-adiabaticity and the quantum metric, which would
be as important as Berry curvature but less explored. This criterion
is more convenient for inspecting the adiabaticity of one eigenstate
populated question without sacrificing any critical information. As
an example, we introduce NNN hopping into the celebrated RM
model. Although the bulk state evolution remains unchanged, the
quantum metric associated with the pump channel decreases, which
contrasts with common sense. This decreased quantum metric leads
to the achievement of a fast topological pump with half the evolu-
tion length compared to the case without NNN hopping. This
breakthrough paves the way toward compact integrated devices that
are compatible with current integrated photonic fabrication tech-
niques. Furthermore, our bilayer integrated platform with tunable
interlayer couplings provides more degrees of freedom in integrated
photonic designs, which can potentially lead to the development of
more efficient and versatile photonic devices.

MATERIALS AND METHODS

The waveguides and grating nanostructures are fabricated using the
method of electron beam lithography and inductively coupled plas-
ma (ICP) etching process. The substrate used herein is 220-nm sili-
con deposition on a 460-pm alumina substrate, and the substrates
are cleaned in ultrasound bath in acetone and deionized water for
10 min, and dried under clean nitrogen flow. Then, a layer of MA-
N2405 photoresist film is spin-coated onto the substrate and baked
at 90°C for 3 min. After that, the sample is exposed to electron beam
in an E-beam writer (Elionix, ELS-F125) and developed to form the
MA-N2405 nanostructures. Then, the sample is transferred into an
HSE Series Plasma Etcher 200 and etched with C4Fg and SF¢ (the
flow rates of these two types of gases are 75 and 30 standard cubic
centimeters per minute). After the ICP etching, the remaining MA-
N2405 is removed by using an O, plasma for 5 min. Before the fab-
rication of the second layer of nanostructures, a 530-nm SU-8 resist
is spin-coated onto the sample and baked at 200°C for 30 min. Then,
another a-Si layer was deposited on the SU-8 using the plasma-
enhanced chemical vapor deposition to a final thickness of 220 nm.
Repeat the process of the first layer structure afterward to form the
top layer nanostructure. Last, another SU-8 is spin-coated onto the
sample for protection (see fig. S8 for the fabrication flow).
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