RESEARCH

QUANTUM OPTICS

Topological protection

of biphoton states
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The robust generation and propagation of multiphoton quantum states are crucial for
applications in quantum information, computing, and communications. Although
photons are intrinsically well isolated from the thermal environment, scaling to

large quantum optical devices is still limited by scattering loss and other errors arising
from random fabrication imperfections. The recent discoveries regarding topological
phases have introduced avenues to construct quantum systems that are protected
against scattering and imperfections. We experimentally demonstrate topological
protection of biphoton states, the building block for quantum information systems.
We provide clear evidence of the robustness of the spatial features and the propagation
constant of biphoton states generated within a nanophotonics lattice with

nontrivial topology and propose a concrete path to build robust entangled states

for quantum gates.

iscoveries about topological states of mat-

ter have emerged over the past decade, af-

fecting fields beyond condensed matter,

such as electromagnetism () and photon-

ics (2-4), acoustics (5), cold atoms (6, 7),
and mechanics (8). The reasons for the extensive
research interest are twofold: The underlying
concepts are fundamental and universal to many
wave systems in nature, and the topological fea-
tures of these systems offer the possibility of
topological protection of transport for classical
and quantum waves.

In photonics specifically, even though multi-
photon quantum states have played a major role
in testing quantum mechanics, quantum com-
puting, and communications, the scalability to
large quantum optical devices is limited by loss
and fabrication imperfections (9). With the major
progress in topological photonics, experiments
examining the transport of quantum edge states
with the use of single photons have recently been
carried out (10-12) and are of clear interest for
quantum simulation and sensing. These single-
photon experiments investigated the physics of
topologically protected bound states (10) and
topological transitions (1) in photonic quantum
walks, as well as demonstrating an interface
between a quantum emitter and a photonic
topological edge state (12). However, quantum
information systems rely on multiphoton states,
thus highlighting the importance of demonstrat-
ing topological robustness of multiphoton states.
It has been suggested theoretically that topo-
logical features can provide robustness to the
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transport of biphoton states (13-15), and recent
experiments have shown that topology can lead
to robustness in the spectral correlations be-
tween photon pairs (16).

Our experimental system is a one-dimensional
(1D) array of silicon nanowires (Fig. 1A) compris-
ing alternating short and long gaps that mod-
ulate the coupling strength between adjacent
nanowires, creating a Su-Schrieffer-Heeger (SSH)
lattice (17, 18). A long-long defect in the middle of
the lattice acts as a topological interface between
two mirror-reflection versions of the SSH lattice,
yielding a topological edge state at the interface
between both versions (19, 20). Given the topo-
logical nature of the SSH lattice, two key features
of this mode are protected against any disorder
that preserves the chiral symmetry of the sys-
tem: the propagation constant (analogous to
the energy in condensed matter systems) and
the zero amplitude of the wave function in every
other site.

Intense picosecond pump pulses from a mode-
locked laser (MLL) at 1550 nm are focused into
the waveguide at the center of the lattice (Fig. 1A).
As the pulses propagate in the lattice, they ef-
ficiently generate correlated signal and idler pho-
tons over a broad bandwidth via spontaneous
four-wave mixing (SFWM) (21). At the output of
the chip, we filter signal and idler photons at
1545 and 1555 nm, respectively. We detect indi-
vidual photons by using superconducting single-
photon detectors (SSPDs) and identify matching
arrival times by using a time correlation circuit
(TCC). In this way, we measure the spatial profile
of the wave function and the biphoton correla-
tions as a function of the lattice position.

Generally, photon pairs generated within a
lattice have entanglement between the spatial
modes of the lattice (in addition to frequency
entanglement) (22). In our lattice, the nontrivial
topology provides selection rules for the genera-
tion of the biphoton states (23) in addition to
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the phase-matching condition typical of trivial
quantum walks of correlated photons using
SFWM. Because the pump beam excites the
topological defect mode, it stays confined to the
defect. The biphotons thus strongly overlap with
the wave function of the topological defect mode.
This yields topological protection of several
features of the biphototon wave function and,
at the same time, makes the wave function close
to—but not exactly—separable.

This underlies an important difference between
the current experiments with biphoton states and
previous topological photonic studies that used
classical light. Although the eigenmodes of the
structure are the same as those for classical states,
the wave functions of multiphoton states exist in
a higher-dimensional Hilbert space—in particular,
the current experiments with two nonidentical
photons in m waveguides exist in an m? dimen-
sional Hilbert space. The presence of the topo-
logical defect state localizes the biphoton to a
near-separable state, but an m> dimensional
Hilbert space is still required to describe the state
because the signal and idler cannot be described
independently, even if the photons are noniden-
tical (24). In this context, previous topological
experiments using single-photon states (10-12),
which live in an m' dimensional Hilbert space,
are similar to those using the corresponding
classical states.

Figure 1A shows a scanning electron micro-
graph (SEM) of the fabricated topological lattice
of silicon nanowires on a silica substrate (Fig.
1A), where height 2 = 220 nm, width @ = 450 nm,
short gap g = 173 nm, and long gap g = 307 nm
(21). The lattice consists of 203 nanowires with
length L = 381 um. The center nanowires fan out
at the output of the array to allow the collection
of photons via grating coupling to a fiber array.
For comparison, we also fabricated a nontopo-
logical lattice of equidistant nanowires with a
wider center waveguide (Fig. 1B), giving rise to a
localized, topologically trivial defect mode. Choos-
ing a gap & = 100 nm and ws = 465 nm, we
achieved the same confinement at the five center
waveguides for the topologically and trivially
localized defect modes.

To experimentally demonstrate the robustness
of the topological biphoton state against disor-
der, we fabricated and measured structures with-
out disorder and with deliberately introduced
random disorder in the position of the wave-
guides and thus in the coupling constants. In
our nanophotonics platform, randomizing the
positions of the center of each nanowire
within a range of +14 nm (+43 nm) results in
disorder of 20% (60%) of the original coupling
constant.

We measured biphoton correlations (Fig. 2)
over 120 s at the output of the five center wave-
guides of the topological (Fig. 2, A to C) and the
nontopological (Fig. 2, D to F) lattice for increas-
ing levels of disorder. In this context, we measure
individual structures exemplifying a particular
instance of random disorder. The measurements
agree with the quantum states resulting from the
propagation simulations at each level of disorder
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(movies S1 and S2). The vertical scale is distinct
for each measured structure and shows the true
signal and idler coincidence counts between
waveguides, with the background level of acci-
dental coincidences subtracted. The coincidence-
to-accidental ratio (CAR) is well above 10 for all
significant points in the correlation matrix.
For the biphoton quantum state in the topo-
logical lattice, the strong center peak in Fig. 2,
A to C, shows that, with high probability, both
correlated photons are in waveguide 0 even for

Fig. 1. Our nanophotonics topological
system and experimental setup.

(A) An MLL, a dimer chain of silicon
nanowires with one topological defect,
polarization controllers (PCs), tunable filters,
SSPDs, and a TCC. (Inset) SEM of

the topological defect. (B) SEM of the
center waveguides of the structure
providing nontopological (index-guiding)
localization.
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very high levels of disorder. This is evidence of
the strong localization of the quantum state at
the topological defect. However, the most crucial
feature in this topological quantum state is that
the counts remain zero in the odd waveguides.
The robustness of this quantum state stems from
its strong overlap with the topological edge mode
of the lattice, whose wave function is immune
to disorder (Fig. 3A). The Schmidt number (X)
of the measured topological biphoton states,
which essentially represents the mode entan-

glement, is not protected against disorder, as
shown in Fig. 2. Nevertheless, K remains close
to 1 because the topology guarantees the pres-
ence of a single localized mode, even with dis-
order, and the biphotons are well overlapped
with this mode.

These measurements beg the question: Are
the quantum correlations playing a crucial role,
or is the robustness observed here just a logical
consequence of the topological protection of
classical light (21) or of single photons (12, 13)

B 20% disorder
@
S aw
2
2
Q
(@] 200
100
E 20% disorder
60
g 60
Al
T 40 40
@
c 20
3
20

1

,g/ 0
Y 0
’79 % 5 - \ d\e(

o

60% disorder

Counts (120 s)

60% disorder

Counts (120 s)

Fig. 2. Measured biphoton states with and without disorder. (A to C) Detected biphoton correlations of the topological quantum state for random
disorder in a range of O, 20, and 60% in the coupling constants. The probability amplitude remains zero in the odd waveguides. (D to F) Detected
biphoton correlations of the nontopological quantum state under the same conditions of disorder. The disorder causes all coincidence amplitudes

to vary, and no feature is preserved.
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in the SSH model? We calculate the value of
the quantity

=)~ (1))

where (nfn;) denotes' the signal (s)-idler (%) cor-
relations and (nf)(n;) denotes the product of
the signal and idler intensities in waveguides 7
and j, respectively. Our calculation shows that
Fﬁ’S‘ is almost entirely determined by the bi-

photon correlation (21). Therefore, the mea-
surements in Fig. 2 reveal an unexplored regime
beyond the classical topological protection of
electromagnetic states, with new quantities com-
ing into play and new aspects of the wave func-
tion being protected.

The topological edge states in the SSH model
are protected against any kind of disorder that
preserves the chirality. In our nanophotonics
SSH platform, this includes disorder in the po-
sition of the waveguides, environmental changes

Fig. 3. Modal amplitudes and
energies in the presence

of lattice disorder. (A) The
calculated amplitude squared
of the topological defect mode
with O, 20, and 40% disorder.
The modal amplitude remains
zero in the odd waveguides for
all levels of disorder. (B) Similar
to (A) but for the trivial mode.
Here, no feature is preserved.
(C and D) Mode propagation
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constants (k,), equivalent to
mode energies, for topological
and trivial systems, respectively.
The red dot is k, of the defect
mode, which remains unchanged
under disorder in the topological
system but changes in the non-
topological system.
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Fig. 4. Protection of entangle-
ment in a simulated two-
topological-defect system.
(A) Nanophotonics platform with F

two topological defects for the

generation and protection of No
entanglement. The output of disorder
modes A and B interfere in a

beam splitter. (B to E) Simulated

biphoton correlations before

and after the beam splitter with H
0 and 20% disorder for the two-
topological-defect system. (F to

1) Similar to (B) to (E) but for the two-
trivial-defect system. The red circles
in (1) indicate the (false) correlation
peaks introduced by disorder.
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resulting in a z-axis uniform refractive index
change, and wavelength fluctuations. However, a
small amount of disorder in the width of the in-
dividual waveguides, which does not respect the
lattice chirality, is inevitable because of fab-
rication precision limits. This is the cause of the
only minor outlier in our measurements, the de-
tection of a small but nonvanishing number of
coincidences between waveguides 2 and -1 in
Fig. 2C. Because of these fabrication imperfec-
tions, waveguide -1 is slightly wider than the rest
in this particular device, leading to slight index
localization.

For comparison, we repeated the same mea-
surements on the nontopological lattice described
above. The measured biphoton states in Fig. 2, D
to F, show localization of the biphotons around
the center waveguide but reveal severe delocal-
ization even at low levels of disorder. More nota-
bly, no experimental observable is conserved,
even though the pump is launched at a defect
mode. Because the defect in Fig. 2, D to F, is non-
topological, the emerging biphoton state does
not exhibit any feature that is conserved in the
presence of disorder (Fig. 3B).

The other prominent signature of topological
protection in the SSH model is associated with
the zeroes of the wave function: The energy of
the topological edge mode (red dots in Fig. 3C)
remains pinned at zero for all levels of disorder.
In practice, this means that the propagation con-
stant (k,) of the topological mode does not change
with disorder, which implies that the phase im-
parted by the lattice on the quantum state is
robust. In contrast, the propagation constant
of the index-guided mode (red dots in Fig. 3D)
varies appreciably even for low levels of disorder,
leading to phase errors that accumulate into very
large phase variations at the lattice output. This
highlights the importance of the results pres-
ented here in the context of quantum infor-
mation systems with entanglement between
different modes.

Simulations show that the nanophotonic plat-
form for topologically protected waveguiding of
biphoton quantum states demonstrated here can
be used as the key building block of an entangled
system. We put together two such building blocks
in a two-topological-defect system (Fig. 4A). This
yields two topological defect modes that are un-
coupled from each other, provided that there is
enough separation between defects A and B. The
entanglement between these two modes can be
generated in the same lattice, or alternatively, one
can use entangled states generated outside the
chip as the input to the topological modes. We
simulated the generation of an entangled state
between the two topological defect modes on-chip
by using two intense pumps at the center of each
topological defect and SFWM (22). This topolog-
ical two-mode system can serve as the building
block for a variety of quantum gates in a quan-
tum information system. As an example, we dem-
onstrate how it could be used for a quantum gate
operating on 2 qubits.

The interference between the quantum states
emerging from the two topological defect modes
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of the lattice is robust against disorder. We sim-
ulated the biphoton generation and propagation
with and without disorder and the interference
of the defect modes A and B at the output (Fig.
4A) by using a beam splitter. This interference
generates four peaks, |A>¢|A>;, |B>¢|B>;, |A>¢|B>;,
and |B>4|4>;, representing the presence of the
signal and idler in defect modes 4 and B. At the
output of the lattice but before the interferom-
eter, we have |A>4|A>;, |B>¢|B>;, corresponding
to the entangled state in Fig. 4B. After the in-
terferometer, these two peaks disappear be-
cause of destructive interference, and the peaks
|A>¢|B>;, |B>s|A>; appear, experiencing con-
structive interference (Fig. 4C). This is similar
to reverse Hong-Ou-Mandel interference, where
entangled pairs of photons at the beam-splitter
inputs are split and appear as one photon at each
output.

In the presence of 20% disorder in the cou-
pling constant, the propagation constants of the
topological defect modes A and B, k5 and kg,
remain unchanged, and thus the entanglement
is preserved (Fig. 4, D and E). This robustness
should be compared with an equivalent system
of two trivial (nontopological) defects, such as
the ones measured above. In the absence of dis-
order, our simulations show that the two peaks
before (Fig. 4F) and after (Fig. 4G) the interfer-
ometer are similar to the topological case. How-
ever, in the presence of disorder, &, and &, 5
change and the output phases are randomized,
which leads to all four peaks being present in the
biphoton correlation after the beam splitter (Fig.
4I). When the topological protection is absent, the
entangled state takes on vastly different forms in
the presence of disorder, such that on average
(over multiple realizations of disorder), entan-
glement is lost. The concept of topology in this
system, however, goes beyond making this plat-
form more tolerant to fabrication defects. It offers
a degree of freedom to generate new entangled
quantum states in a multidimensional Hilbert space
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in a complementary metal-oxide semiconductor-
compatible platform.

The results presented here provide definitive
experimental evidence of the protection that the
underlying topology of the structure can provide
to the spatial features of states living in high-
dimensional Hilbert spaces. We have shown
how the topological nanophotonic platform can
be used to enable scalable entangled quantum
information systems robust to fabrication dis-
order. The multidimensionality of the wave func-
tion highlights new directions in topological
physics, as new variables become relevant and
can be affected by topology. This is also a ver-
satile platform to investigate phenomena com-
bining topological edge modes with nonlinear
optics, with the ability to generate and manipu-
late quantum correlations. Lastly, the topological
protection of the biphoton states demonstrated
here for the 1D SSH lattice serves as an experi-
mental proof of concept for any other topological
photonic quantum system, including 2D lattices
such as those described in (2-4), which should
exhibit topologically protected transport around
the perimeter of the lattice, with protection
against any disorder that does not break time-
reversal symmetry. These findings lead to many
new avenues in conjunction with boson sampling
(25, 26), quantum simulations (27, 28), quantum
computing (9), and a variety of exciting possi-
bilities related to the evolution of quantum states
in photonic structures (29).
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Protecting entangled pairs

Photons are readily generated, are fast and can travel vast distances, and are ideal carriers of quantum
information. Practical applications, such as quantum computing, will likely be based on an optical-chip platform and
require the manipulation of multiphoton states. The inevitable scattering and loss of photons in such a platform would be
detrimental for application. Blanco-Redondo et al. show how a specially designed optical circuit based on topology can
offer protection for propagating biphoton states. The results show that topological design consideration could provide the
desired robustness required for quantum optical circuitry.

Science, this issue p. 568

ARTICLE TOOLS http://science.sciencemag.org/content/362/6414/568
alz\ﬁFE’%'\\"LESNTARY http://science.sciencemag.org/content/suppl/2018/10/31/362.6414.568.DC1
REFERENCES This article cites 30 articles, 6 of which you can access for free

http://science.sciencemag.org/content/362/6414/568#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.

6T0Z ‘TE Atenuer uo /610 Bewadsuslds aoualds//:dny woly papeojumod


http://science.sciencemag.org/content/362/6414/568
http://science.sciencemag.org/content/suppl/2018/10/31/362.6414.568.DC1
http://science.sciencemag.org/content/362/6414/568#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

