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The realization of robust quantum storage devices relies on the ability to generate long-lived, spatially
localized states. In this Letter, we introduce a method for the targeted creation of compact excitations in
flat-band lattices. By injecting in-plane radiation waves from the system’s edge and applying a localized
on-site potential at the desired storage position, we induce hybridization between compact localized states
of the flat band and resonant dispersive plane waves. This hybridization enables the formation of spatially
compact, stable excitations suitable for quantum memory applications. We experimentally validate this
mechanism using photonic waveguide arrays, focusing on two representative geometries: the diamond
chain and the one-dimensional Lieb ladder. Our approach is broadly applicable to any platform supporting
flat-band physics.

DOI: 10.1103/7dfz-n1jh

Storage and retrieval of quantum states—also known
collectively as “quantummemory” [1–5]—are key building
blocks of novel quantum technology architectures, such
as quantum computers [6–8], quantum communications
[4,9–16], and the quantum internet [17,18]. Quantum
memories use the quantum mechanical superposition prin-
ciple to hold an exponentially growing number of states
[19–21]. However, due to the noncloning theorem [22,23],
the readout of such quantum memories remains a funda-
mental conceptual challenge. On the other hand, the storage
of classical information using single quantum states ismuch
more advanced. Since such systems do not use entangle-
ment to store information, there is no need to clone the full
quantum state, and only the projected information [24], i.e.,
whether the state was occupied or not, is enough to read the
classical bit information. Even simpler quantum devices
offer exciting potential for improvements over conventional
storage devices [24,25]. For example, modern sub-15 nm,
capacitor-based DRAM devices use 10 000–60 000 elec-
trons to store a single bit [26,27], while using a single
electronic state should, in principle, suffice. Of course,
such an approach then runs into similar decoherence and
instability issues as for qubits—unless one can find

realizations of quantum states that are naturally stable
and accessible.
In optical systems, such storage of light quanta (photons)

has long been attempted. Kessel and Moiseev [28] discussed
storage in a single photon state [29]. The experiment was
demonstrated in 2003 [30]. Optical data storage can be
achieved by using absorbers [31,32], e.g., different frequen-
cies of light [33],which are then directed tobeamspace points
and stored. Furthermore, light can be stored by conversion
into an exciton, and the lifetime of the exciton can be
enhanced by suitable engineering of the electron and hole
separation [34–36], for example, in nanoringgeometries [37].
The principal requirement of such single-state quantum

storage devices is then to identify a system of similar states,
which are numerous—to allow for storage of many
classical bits—while also spatially local to allow ready
access for readin and readout. Furthermore, we want
systems with good stability to maximize the lifetime of
these states. Flat-band (FB) lattices have many of these
characteristics: they exhibit a macroscopically degenerate
number of spatially compact eigenstates, that is, there are
many of these states, and they are long-lived [38–41].
Experimentally, these locally compact flat-band states have
been generated in a diverse range of systems, from atomic
gases [42–44] to solid-state devices [45–48] and photonic
lattices [49–51]. However, due to their degeneracy, the
exact real-space location of the compact eigenstates to be
excited has thus far been determined largely by chance
when using nonlocal means.
In this Letter, we present amechanism to selectively excite

compactly localized states (CLSs) at desired positions in two
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exemplary one-dimensional flat-band lattices: the diamond
and the Lieb ladder. By shaping the local potential neighbor-
hood, we guarantee the excitation of CLSs with the right
phase structure. This aspect is particularly critical as, to the
best of our knowledge, there is no simple way of exciting a
FB compact state at an arbitrary position by nonlocal means.
We experimentally implement this approach in a photonic
setup and show quantitative agreement with our theoretical
quantum storagemechanism. The fabricated lattices prove to
be readily controllable via in-plane injection of light from the
boundary for storage of classical bits at desired bulk
plaquettes. The excitation method is based on a plane wave
(PW) generator scheme that allows a selective excitation of
specific radiation waves that resonate with the CLS at very
precise regions.
Flat-band systems are usually studied in the language of

electronic tight-binding lattices, and we shall follow this
pathway here. For convenience, we study two paradigmatic
models, namely, the so-called diamond chain and the quasi-
1D Lieb ladder, as shown schematically in Figs. 1(a)
and 1(d). In both lattices, the sites are arranged in plaquettes
of M ¼ 4 sites (for the diamond) and M ¼ 8 sites (for the
Lieb ladder), with constant hopping strength (equal to one
for simplicity). Both models exhibit a flat band at E ¼ 0, as
detailed in Figs. 1(b) and 1(e), with the corresponding CLS
given in Figs. 1(a) and 1(d). They also possess, respec-
tively, additional ν − 1 ¼ 2 and ν − 1 ¼ 4 dispersive bands
for a total of ν ¼ 3 and ν ¼ 5 Bloch bands [52]. We also
note that these lattices are “chiral,” that is, the lattices can

be split in “majority”M and “minority” m sublattices with
a different number of components [53,54]. For the diamond
lattice, we have MD ¼ fan; cngn∈Z and mD ¼ fbngn∈Z,
while for the Lieb ladder ML ¼ fan; cn; engn∈Z and
mL ¼ fbn; dngn∈Z. The CLS associated with the flat bands
at E ¼ 0 have profiles as shown in Figs. 1(a) and 1(d) by
black dots, and they sit in the majority sublatticesMD and
ML in single plaquettes of both systems. For the diamond
chain, the CLS form an orthogonal set of eigenstates as
each one sits within a single unit cell, as shown in Fig. 1(a),
and the flat-band energy can be shifted throughout the
energy spectrum [55]. On the other hand, for the Lieb
ladder, the CLSs form a nonorthogonal set of eigenstates
with nontrivial overlap, as shown in Fig. 1(d), and the flat-
band energy is fixed at E ¼ 0 [38–41].
Flat-band eigenstates are degenerate at E ¼ 0 for the

lattices shown in Fig. 1. A traveling wave, resonant with the
flat-band energy, will move across the lattice without
exciting a preselected CLS location. A way to generate
such a selection comes from observing in Figs. 1(b) and 1(e)
that the flat bands touch the dispersive bands at k ¼ �π.
This implies that there exist extended zero-energy states E,
which are confined in the minority sublatticesmD andmL of
the networks—namely, bn ¼ ð−1Þn for the diamond chain
and bn ¼ ð−1Þn, dn ¼ ð−1Þnþ1 for the Lieb ladder. We then
hybridize a number of target CLSs at unit cells S ¼ fnjgNj¼1

with these E states by fine-tuning asymmetric on-site
potentials at each nj.
The tight-binding equations of motion of the lattices are

iΨ̇n ¼H0ΨnþH1Ψnþ1þH†
1Ψn−1þ γV

X

nj∈S

Ψnjδn;nj ; ð1Þ

where Ψn are complex vectors of ν components represent-
ing one unit cell. The matrices H0, H1, and V are ν × ν
matrices such that H0 defines the unit-cell profile, and H1

the hopping between neighboring unit cells. For the
diamond chain, we have

H0 ¼

0
B@
0 1 0

1 0 1

0 1 0

1
CA; H1¼

0
B@
0 1 0

0 0 0

0 1 0

1
CA; ð2Þ

while for the Lieb ladder

H0¼

0
BBBBBB@

0 1 0 0 0

1 0 1 0 0

0 1 0 1 0

0 0 1 0 1

0 0 0 1 0

1
CCCCCCA
; and H1¼

0
BBBBBB@

0 1 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 1 0

1
CCCCCCA
: ð3Þ

The matrix V defines the asymmetric potential localized
within a unit cell nj, while the parameter γ controls its

FIG. 1. (a) Schematic of the diamond chain. The three sites’
unit cell is highlighted with the blue shaded area. The black
circles show the position of the CLS with the corresponding
amplitudes and phases as indicated. (b) Band structure of the
diamond chain. The flat band is colored in red, while the two
dispersive bands are colored in blue. (c) Hybridized state at
E ¼ 0. The blue circles indicate the location of the state with the
corresponding amplitudes and phases as indicated. The on-site
potentials are represented by the colored perimeters γ (magenta)
and −γ (green). (d)–(f) Similar diagrams as (a)–(c) for the Lieb
ladder.
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potential strength. In our lattices, the matrices respectively
are

VD ¼

0
B@
1 0 0

0 0 0

0 0 −1

1
CA; VL¼

0
BBBBBB@

1 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 −1

1
CCCCCCA
: ð4Þ

The asymmetric potentials are visually represented in
Figs. 1(c) and 1(f) by magenta rings (for positive γ) and
green rings (for negative γ). These local potentials modify
the CLS at unit cell nj, in both lattices, hybridizing them
with the extended states E. This results in defect eigenstates
at E ¼ 0, which we show in Figs. 1(c) and 1(f). In both
panels, the dark blue sites in the perturbed plaquette have
amplitudes equal to �1, while the light blue sites have
amplitudes �γ=2. For weak potential strength γ ≪ 1, such
impurity states resemble the unperturbed CLS on top of an
oscillating extended background. These potentials can be
introduced independently in several target unit cells S,
yielding several defect states at E ¼ 0.
The selection of one or more target CLSs can now

proceed via excitation of the hybridized states using an in-
plane incoming wave pulse. This is a novel mechanism that
leverages these resonant defect states, and it applies in all
platforms described via a tight-binding representation
[Eq. (1)]. Furthermore, it supersedes the previous necessity
of out-of-plane arrangements and precise modulation of the
input beam [42–51]. We believe this to be an essential
technical advancement for the engineering of future storage
devices. In the following, we explore this mechanism both
theoretically and experimentally using optical waveguide
lattices, where the dynamical variable is the propagation
coordinate z [56].
The defect states generated by the asymmetric potential

in Eq. (4) are quasibound states in a continuum [57] that are
not orthogonal to zero-energy dispersive waves. Therefore,
they can be excited by launching an incoming pulse at
E ¼ 0 from an edge of the lattice. This demands the
excitation of a PW at a tailored quasimomentum k0 (in
our cases, k0 ¼ π) with a Gaussian-like spatial envelope,
which should be wide enough to have a narrow represen-
tation in momentum space around k0. This concept,
although being a standard technique in theoretical physics
[58,59], is hard to realize in practice [60]. However, very
recently [61] an experimental method to overcome this
problem has been suggested, where the excitation of a side
defect waveguide [62] yields the existence of an impurity
state with a flat extended oscillating tail. The sharpness of
the PW generator is strongly dependent on the coupling
between the side defect and the respective lattice, but also
on the specific geometry [63].

In our lattices, we realize the PW method by attaching a
defect waveguide u in the left side of the lattices—guide
colored in blue in Figs. 2(a) and 2(d). This means that in the
first unit cell n ¼ 1 of the diamond chain, the central site is
governed by the equation iḃ1 ¼ a1 þ c1 þ Vu for a cou-
pling strength V, while the equation of the defect wave-
guide is iu̇ ¼ Vb1, as shown in Fig. 2(a). In the Lieb ladder
instead, we implement the same protocol by attaching the
defect waveguide u to the bottom-left guide d of the unit
cell, as shown in Fig. 2(d).
We numerically integrate the augmented lattice Eq. (1)

for a single-site excitation in the defect waveguide
uð0Þ ¼ 1, Ψnð0Þ ¼ 0, which introduces a radiating wave
packet in the middle of the dispersive bands E ¼ 0 for
k ¼ π [64]. In our test, we perturb two unit cells
S ¼ f3; 7g, as shown in Fig. 2 in blue and red shaded
areas, respectively. Note that here we present simulations
using relatively small system sizes (i.e., number of pla-
quettes) in order to compare with the experimental reali-
zation setup. Clearly, our results extend to lattices of
hundreds of sites and several perturbed unit cells [63].
In Fig. 2(b) we show the light intensity in each unit cell
SnðzÞ along the propagation distance z [65]. We turn off the
impurities after the radiating pulse has passed by applying
a sigmoid to the potential strength γ, i.e., the strength
decays as γðzÞ ¼ γ0½1 − ð1=1þ e−ðz−z0Þ=τÞ�, with γ0 ¼ 1=8,

FIG. 2. (a) Eight plaquettes of the diamond chain. The two
plaquettes with the on-site defects at n ¼ 3 and n ¼ 7 are
highlighted with the blue and red shaded areas, respectively.
The dark blue circle is the defect waveguide used to inject the
wave packet around E ¼ 0. (b) Intensity profile evolution Sn for
an initial single-site excitation centred at the defect waveguide.
The vertical right panel shows the local intensities jψ j

nj2 at the
final propagation distance. (c) Intensity evolution Sn for unit cells
n1 ¼ 3 (blue) and n2 ¼ 7 (red). The solid lines are obtained with
the sigmoid potential release applied, while the dashed curves
are without. The black dotted curve indicates the sigmoid curve.
(d)–(f) Similar diagrams to (a)–(c) for the Lieb ladder.
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z0 ¼ 20, and τ ¼ 2.5 [66]. In Fig. 2(b), for 0 ≤ z≲ 10 we
observe an initial ballistic traveling pulse generated by the
defect waveguide. For z≳ 10, after the PW front propa-
gated beyond unit cell n ¼ 10, the only nonvanishing local
intensities Sn are at the perturbed unit cells n ¼ 3 and
n ¼ 7. The vertical strip next to the propagation plot shows
the output intensity profile. We observe that the light
intensities are trapped only in the a and the c sites of
the perturbed unit cells, analogously to the unperturbed
CLS. Figure 2(c) clarifies this by showing the intensities Sn
in the target unit cells n ¼ 3 (blue) and n ¼ 7 (red) with
solid lines, which saturate at finite values. These results
indicate that the light intensities that are trapped in the a
and the c sites of the perturbed unit cells are not released
since the connection with the lattice has been switched off
via the sigmoid dependence. For comparison, in Fig. 2(c)
we show with dashed lines that, for a constant γ ¼ 1=8, the
intensities Sn in the target unit cells 3 and 7 are decaying
toward zero. Such a mechanism also occurs in the Lieb
ladder, as shown in Figs. 2(d)–2(f). In this case, differently
from the diamond chain, the CLSs form a nonorthogonal
basis of the E ¼ 0 flat band and the impurity state also is
nonorthogonal to its neighboring CLS. Hence, exciting the
impurity state via the local defect in Eq. (4) induces
seemingly exponentially decaying excitations on neighbor-
ing plaquettes [67], as detailed in [63]. This additionally
implies that (i) the amplitudes in the c sites, which induce
the nonorthogonality, are less bright (weaker) than the a
and e sites, as shown in Fig. 2(e), and (ii) the on-site
potential should not be placed in adjacent unit cells, if a
single-CLS readout is desired [63].
We fabricate several 1D photonic lattices by means of the

femtosecond (fs) laser writing technique [68], as sketched
in Fig. 3(a). A fs laser is tightly focused inside a
borosilicate glass chip (n0 ¼ 1.48) and weakly modifies
the refractive index contrast in the order of 10−4–10−3 over
n0. The magnitude of the final change is determined by the
fs laser power and the writing velocity in which the
automatized translation stage moves in the propagation
coordinate z. In this specific experiment, we fix the nominal
fabrication power to Pw ¼ 20.5 mW and the writing
velocity to vw ¼ 1.0 mm=s. The asymmetric potential is
experimentally inserted by modifying the velocity of the
upper and lower sites at a specific plaquette. A linear and
well-controlled dependence of the waveguides’ propaga-
tion constants is achieved in our setup around the chosen vw
[63], where we simply take a faster (slower) writing
velocity for deeper (shallower) waveguides. The propaga-
tion constant in the photonic implementation is directly
equivalent to the site energy of tight-binding models
[56,69], and to the potential strength γ.
All our experiments were performed on an L ¼ 50 mm

glass wafer, the maximum propagation length. However, we
can effectively elongate this length by increasing the cou-
pling constants through a wavelength-scan method [70,71].

This allows us to adjust the effective propagation coordinate
z, which in tight-binding-like models can bewritten as “Cz,”
with C the coupling constant (hopping). As larger wave-
lengths λ excite spatially wider guided modes, the coupling
constants increase linearly with λ [72]. This means that a
single lattice structure can be studied dynamically by
ramping thewavelengths and by imaging the output intensity
profiles. For example, Fig. 3(b) shows the effective evolution
on a diamond lattice for a weak defect coupling, such that a
significant part of the energy remains at the defect site. We
observe how the excited wave packet propagates to the right
and excites the FB state at the third plaquette. This figure
shows very clearly the efficiency of our scheme, observing a
quite perfect localized state even for larger wavelengths.
After finding the optimal experimental conditions for the PW
generator on diamond chains and Lieb ladders [63], we look
for optimizing the switching off of the asymmetric potential,
such to trap the FB localized state on a fully FB lattice.

38 mm

43 mm

48 mm

(b) (c)

(d)

(a)

(e) (f)

z

FIG. 3. (a) Sketch of the femtosecond laser writing technique
describing the plane wave generator, a diamond lattice, and the
asymmetric potential. The (top) inset shows a microscope image
of a fabricated diamond lattice. (b),(c) Excitation of a FB
localized state at the third ring of a diamond lattice for a λ scan
in the interval f720; 790g nm and for a z scan of the asymmetric
potential at λ ¼ 745 nm with z distance as given in mm for (c).
(d) Excitation of a localized FB state at the third ring of a Lieb
ladder at λ ¼ 765 nm. (e),(f) Interferogram at λ ¼ 730 nm for the
excitation of diamond and Lieb ladders, respectively, with circles
indicating the phase discontinuities. Yellow ellipses show the
input position.
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Figure 3(c) shows an optimization for the asymmetric
potential, at the indicated lengths for the diamond chain.
We observe an optimal result for z ¼ 43 mm, with a larger
population of the FB state. These results confirm the
numerical prediction using a sigmoid function for the
inserted potential, so as to finally excite a pure FB lattice
with a perfect FB out-of-phase profile.
We also performed several experiments on Lieb photonic

ladders. The main challenge in this geometry is the incre-
ment of lattice sites and possible next-nearest-neighbor
couplings [73,74], as well as the nonorthogonality of CLSs
in this geometry. In addition, the natural waveguide
ellipticity of the fabrication method [68] produces a strong
asymmetry of vertical and horizontal coupling constants
[63]. This produces a very asymmetric FB state, with
essentially two main peaks at the top and bottom sites of the
respective plaquette. After an intensive optimization proc-
ess [63], we were able to excite a quite clear symmetric
Lieb mode at the third plaquette, as shown in Fig. 3(d). In
this case, the defect site is well coupled to the lattice and
almost no energy remains at the excitation position. Finally,
Figs. 3(e) and 3(f) show the interferograms at 730 nm for
diamond and Lieb FB states, respectively. For diamond, we
expect a FB state occupying the upper and bottom sites of a
plaquette, with an out-of-phase configuration [70,75] [see
Fig. 1(a)]. Figure 3(e) shows an out-of-phase pattern with a
clear fringe discontinuity in between these two sites. For
Lieb ladders [76], the FB state has four sites with a
staggered phase structure [49,74,75] [see Fig. 1(d)]. This
means that opposite sites are in phase, as we observe in
Fig. 3(f) with a continuation of fringes. However, the
staggered phase profile is expressed in the regions in
between the four sites, observing in this figure clear fringe
discontinuities, and a quite clear X-like phase profile.
In conclusion, our numerical and experimental results

show that the notion of using CLSs as quantum storage
devices is indeed possible. The ability of locally changing
the environment to create an initial trap for the state to slot
into can be seen as a local quantum “gate.” Once sufficient
intensity has accumulated in the indicated plaquette, the
trap can be released, and the compactness of the FB states
leads to a natural and perfect spatial confinement. The
important conceptual advancement lies in the fact that the
excitation of the state does not need to be done locally, but
can rather be injected in-plane from the boundary of the
device. This simplifies the engineering considerations
considerably. Of course, a readout mechanism is also
required. This is readily available by the same trap
mechanism. Simply turning on the local gate leads to a
release of the state as the perfect local resonance conditions
no longer hold. The intensity then leaves the CLS and can
be measured as a pulse intensity when leaving the system.
While our demonstration has been done in photonic
systems, the same principles hold for the full range of
linear wave phenomena, from acoustics to electronics. In

higher dimensionsD, we found that this mechanism yields,
in the 2D Lieb lattice, the excitation of extended-line states
[77]. Still, compact excitations can be generated in 2D and
3D lattices by stacking, e.g., parallel diamond chains,
where a single CLS can be excited in each line. The
addition of external circuitry [78] could give extra degrees
of freedom for a fully controllable and operational storage
device. Last, one might want to speculate if the CLS
mechanism can also support the concept of quantum
memory based on entanglement as discussed above.
When interactions—or nonlinearities—are carefully con-
trolled, flat-band systems such as the 3D moire lattices
might provide suitable hosts for such memories [79].
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