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Topologicalinsulators are a concept that originally stems from condensed

matter physics. As a corollary to their hallmark protected edge transport,
the conventional understanding of such systems holds that they are
intrinsically closed, that s, that they are assumed to be entirely isolated from
the surrounding world. Here, by demonstrating a parity-time-symmetric
topological insulator, we show that topological transport exists beyond
these constraints. Implemented on a photonic platform, our non-Hermitian
topological system harnesses the complexinterplay between a discrete
coupling protocol and judiciously placed losses and, as such, inherently
constitutes an open system. Nevertheless, even though energy conservation
isviolated, our system exhibits an entirely real eigenvalue spectrum as well
as chiral edge transport. Along these lines, this work enables the study of
the dynamical properties of topological matter in open systems without
theinstability arising from complex spectra. Thus, it may inspire the
development of compact active devices that harness topological features

on-demand.

Thediscovery of the quantum Hall effect’ shed the first light on the role
of topology in correlated electron systems, and thereby inspired the
subsequent emergence of topological insulators* as one of the most
active current areas of research across avariety of fields in physics. As
anindependent class of materials in their ownright, these systems are
characterized by topologically protected transport along their bound-
ary that is robust against defects and disorder. By contrast, their bulk
typically remains entirely insulating or features substantially reduced
rates of wave packet diffraction. Inrecent years, topological insulators
have been experimentally realized and studied on a wide range of dif-
ferent physical platforms”™*. All of these implementations, however,
have Hermiticity in common, as they inherently assume closed sys-
tems, and their dynamics can therefore be described entirely indepen-
dently of global attenuation or amplification. Yet, non-Hermiticities
areomnipresentin realistic physical systems due tointeractions with
the environment. Although the energy exchange associated with such
couplingtoareservoiringeneral gives rise to exponentially decaying or

amplified states, certain symmetries may keep such instability at bay:
aswas shown by Bender and Bottcherin1998, parity-time-symmetric
(PT-symmetric)® configurations can globally exhibit real eigenvalue
spectra despite featuring a non-zero imaginary part of the potential
landscape. Asitturns out, these properties are not restricted toacom-
bination of parity flip and time reversal, but canin fact be generalized
to all self-inverse antiunitary operators'®. The notion of PT symmetry
encountered particularly fertile ground in photonics, where the imagi-
nary part of potentials can be readily implemented as gain and loss
for electromagnetic waves. In conjunction with the refractive index
that represents the potential’s real part, light-based settings enabled
the experimental exploration of PT-symmetric systems and their
peculiar features, ranging from non-orthogonal eigenmodes to the
emergence of exceptional points'”?* at the phase transition that marks
the spontaneous breaking of this complex symmetry. More recently,
efforts to combine the two previously separate realms of topology and
non-Hermiticity have resulted in an extensive topological classification

'Institute of Physics, University of Rostock, Rostock, Germany. 2Institut fiir Theoretische Physik und Astrophysik, Julius-Maximilians-Universitat Wirzburg,
Am Hubland, Wiirzburg, Germany. ®Department of Physics, Indiana University-Purdue University Indianapolis (IUPUI), Indianapolis, IN, USA. “Department
of Life, Light and Matter, University of Rostock, Rostock, Germany. <le-mail: yojoglek@iupui.edu; alexander.szameit@uni-rostock.de

Nature Materials | Volume 23 | March 2024 | 377-382 377


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-023-01773-0
http://orcid.org/0000-0002-1296-3707
http://orcid.org/0009-0006-8216-3250
http://orcid.org/0000-0001-8653-1168
http://orcid.org/0000-0003-3552-0789
http://orcid.org/0000-0002-3979-8836
http://orcid.org/0000-0002-3222-1436
http://orcid.org/0000-0003-0071-6941
http://crossmark.crossref.org/dialog/?doi=10.1038/s41563-023-01773-0&domain=pdf
mailto:yojoglek@iupui.edu
mailto:alexander.szameit@uni-rostock.de

Article

https://doi.org/10.1038/s41563-023-01773-0

of non-Hermitian symmetries™ as well asimportant advances ranging
from topological insulator lasers* and their acoustic counterparts® to
light steering along interfaces between dynamically defined amplify-
ing and attenuating domains®, topological funnelling of light** and
the direct measurement of a non-Hermitian topological invariant™.
Notably, although PT symmetry and topological insulators were at
first considered to be mutually exclusive®, subsequent experiments
in one-dimensional photonic structures®>*, electronic circuits* and
mechanical metamaterials® nevertheless showed that non-trivial
topological features can indeed be found in certain PT-symmetric
arrangements, and even tuned by means of nonlinearity’*. However,
akey obstacle was found to be the selective breaking of the PT symme-
tryinchiralboundary states”. There are theoretical proposals at hand
to overcome the issue®**’, However, they are based on requirements
that are challenging to implement on integrated-optical platforms,
such as non-Hermitian hopping terms or precisely tuned continuous
spatiotemporal gain-loss distributions. As aresult, the experimental
realization of a genuine PT-symmetric topological insulator remains
elusive to this day.

In this work, we theoretically propose and experimentally dem-
onstrate a non-Hermitian topological insulator with an entirely real
spectrum. In contrast to conventional static implementations of PT
symmetry that arrange gain and loss spatially?* >, we construct a peri-
odically driven Floquet model that distributes the non-Hermitian
components dynamically in both space and time (compare with
Fig.1).In particular, we employ ageneralized PT-symmetric extension
of a 7, topological insulator*® and implement the constituent steps
of its anomalous Floquet driving protocol*~**in a mesh-like arrange-
ment of selectively coupled optical wave guides. This approach allows
us to overcome the limitations discussed in the literature® and realize
asystemwith anovel type of topological boundary states. Notably, in
this dynamical non-Hermitian arrangement, the system’s bulk as well
as edge states are protected from instability that would typically be
induced by coupling to the environment and preclude alasting trans-
port along the edge, as evidenced by the fact that the quasi-energy
band structure remains entirely independent of it (Supplementary
Section 2).

In the tight-binding limit, light evolves in our two-dimensional
photonicstructure in accordance with the discretized paraxial Helm-
holtz equation (Supplementary Section 1):
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fortheelectricfield amplitude E;atlattice sitej. Itis formally equivalent
tothe Schrédinger equation with the third spatial dimension z playing
therole of time*, whichis why, in the following, we will refer to zas time.
The transverse dynamics are represented by the sum over the nearest
neighbours (m) of site m. The driving protocolitselfis periodicalong z
withaFloquet period of L, and the on-site potentials g,,(z) are piecewise
constant for six discrete steps of equal length L/6. Similarly periodic
Hermitian couplings c,,,(z) are chosen such that, in each step, only
specific pairs of nearest neighboursinteract (Fig. 2). The fulldynamics
of the system are therefore described by the Floquet operator after
one period:

U(L) = U6U5U4U3U2U1 = e_iHeKL (2)

with the effective Hamiltonian H.;and U, = e~#sL/6 with the (static)
single-step Hamiltonians H,. The explicit forms of these operators are
provided in Supplementary Tables1and 2. The eigenvalues e ' of the
Floquet operator yield the quasi-energies  that, due to the cyclic driv-
ing protocol, are periodic* with 21/L. For real-valued on-site potentials
g.(2), the Floquet operator is by definition unitary, and the effective
Hamiltonian (compare withequation (2)) is Hermitian I-IZﬁr = Hzﬁ, where
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Fig.1| Conceptual idea of a PT-symmetric topological insulator. Conventional
wisdom regards topological insulators and PT symmetry as mutually exclusive
concepts. Distributing gainand loss (+iy, indicated as red (+) and blue (-),
respectively) dynamically along the spatial degrees of freedom xand yand

the evolution coordinate z of a periodically modulated system allows for the
construction of acomplex Floquet drive that overcomes this dichotomy by
simultaneously supporting topologically protected edge transport and an
entirely real eigenvalue spectrum in a genuinely non-Hermitian arrangement.

* denotes complex conjugation and T denotes transposition. Similar
to the model discussed in the literature***, the unit cell of our lattice
comprises a total of four sites belonging to two distinct sublattices
(indicated in Fig. 2a as black for sublattice A and white for sublattice B).
Note that while inter-sublattice couplings are crucial for the desired
photonic 7, topological insulator*’ to be established, they are confined
tosteps2and S5, while all remaining steps exclusively promote interac-
tions within each of the two sublattices. Inthis vein, the protocol gives
rise to a pair of counter-propagating boundary states that are topo-
logically protected by virtue of fermionic time reversal symmetry
defined by

TH @ T =H({ -2), )

where 7(7 1) denotes the (inverse) time reversal operator and fulfils
T T*=-1.

To extend this Hermitian Floquet systemin a PT-symmetric fash-
ion, we introduce complex on-site potentials g(2) — +iy(z) whose
imaginary part y encodes gain (+) as well as loss (-) with equal mag-
nitudes. As aresult, the system’s Hamiltonian is no longer Hermitian,
thatis H* # H", and as such allows for two distinct variants of time rever-
sal symmetry: the conventional one using complex conjugation (equa-
tion (3)), and a different one relying instead on transposition:

TH'"@T1=H(-2). (4)

While both of these non-Hermitian symmetries can in princi-
ple support a pair of topologically protected boundary states®, the
transposition-based approach detailed in equation (4) readily allows
for the non-Hermitian contributions to be placed in coupling steps1,
3,4 and 6 (Fig. 2a) where only intra-sublattice couplings occur.Such an
alternating and step-wise balanced arrangement ensures that when-
ever one of the sublattices experiences gain, the other one is subject
to loss (Fig. 2a). Importantly, despite the genuinely non-Hermitian
single-step Hamiltonians and the accordingly non-unitary Flo-
quet operator, the quasi-energy spectrum of both the bulk and the
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boundary states remains entirely real for arbitrary values of y (Fig.
2b).Thisisadirect result of the connection of the non-unitary Floquet
operator U(y # 0, L) toitsunitary counterpart U(y = 0, L), which canbe
writtenas U(y =0, L) = M(y)U(y, L)YM(y), with M(y) = Diag(exp(2y), 1,
exp(2y), 1), inline with the time reversal symmetry and the temporal
distribution of the gain and loss. Consequently, the non-Hermitian
system strictly retains both the real eigenvalue spectrum and the
topological properties of the Hermitian case, despite undergoing an
unequivocally non-unitary time evolution that distinguishes it from its
Hermitian counterpart*°. In other words, the proposed arrangement
has only an unbroken PT-symmetric phase regardless of the applied
contrast between gain and loss. A detailed analysis of the proper-
ties of the Floquet operator and the generalized PT symmetry of the
effective Hamiltonian is provided in Supplementary Section 2. Due
to the non-orthogonality of the eigenstates of the Floquet operator,
the intensity of any given state is no longer a conserved quantity but
rather oscillates along z (Supplementary Section 4 and Supplementary
Fig.3)—awell-known and crucial dynamical feature of PT-symmetric
systems".

To experimentally probe the topological transport characteris-
tics of our system, we employed the femtosecond laser direct writing
technique*® to fabricate wave guide lattices composed of 4 x 3 unit
cellsinthe transverse (x, y) plane and two full Floquet cycles along zin
a150-mm-long fusedsilicasample.In each step of the driving protocol,
the respectively interacting wave guides are brought into close prox-
imity toone another viasinusoidal bends so as to facilitate the desired
fraction of light to be transferred between them while suppressing
interactions between all other lattice sites*. Along these lines, the four
intra-sublattice couplings (steps 1, 3, 4 and 6) are set to fully transfer
light from one wave guide to the next to ensure amaximum degree of
helicity. By contrast, the couplers for steps 2 and 5 have to be designed
for a fractional transfer between the sublattices, as perfect coupling
(or fulltransfer of light) in these components would render the Floquet
operator trivially unitary (Supplementary Section 3). Along these lines,
aninter-sublattice transfer ratio of (67.8 + 0.75)% was implemented in
the experiments. In turn, the non-Hermitian features of the system
were established by introducing losses viaa multiplicity of microscopic
scattering centres deliberately created during the inscription process®.
These microscopic points scatter some light away from the wave guide
such that it is effectively lost to the environment. In this fashion, we
systematically shifted the imaginary part of the spectrumto allow for
an entirely gain-free or passive implementation that faithfully repro-
duces the PT-symmetric characteristics of the gain/loss arrangement
while avoiding the thermal noise associated with net-gain regions®.
Note that steps 2 and 5 are realized without additional losses, and,
in the co-moving dampened frame, this corresponds to an effective
gain. This absence of true gain faithfully preserves the characteristic
dynamics of the system while allowing for an entirely passive experi-
mental implementation. The distribution of the lossy sections within
oneFloquetunit cell of the wave guide meshis highlighted in Fig. 3a.In
the fabricated wave guide lattice, each of these lossy sections reduced
the guided intensity by (17.7 + 0.4)%.

In a first set of measurements, we investigated the light prop-
agation in the interior of the lattice. When any individual site of an
internal unit cell is excited, the injected laser beam undergoes pro-
nounced omnidirectional spreading regardless of the targeted sublat-
tice (Fig. 3b), as bulk transport would be suppressed only for perfect
inter-sublattice transfer (Supplementary Section 4). By contrast, for our
second set of measurements, single-site excitations were placed along
the circumference of the array to populate the system’s helical edge
states. Notably, asshowninFig.4a,b, the specific choice of the excited
sublattice determines the orientation of the transport (clockwise for
sublattice A and counterclockwise for sublattice B). We trace the path
ofthese channels by systematically moving the point of injection along
the perimeter of the lattice. In either case, the respective topological
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Sublattice B

Floquet
cycle

Step 5
Z do1s

& &
g el

Inter-
sublattice
coupling
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coupling
(full)

~ Edge pand structur®
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Fig.2|Non-Hermitian Floquet driving protocol and band structure. a, Asa
PT-symmetric generalization of the anomalous Z, drive*’, our protocol consists
of six distinct steps in which individual pairs of sites are allowed to interact. Note
that only excitations in the two sites residing near the obtuse-angle (135°) corners
of the rhombic unit cell (marked by a green dashed outline) populate the chiral
edge states of the driven lattice, whereas excitations of the other two sites near
the acute-angle (45°) corners resultin closed loops. The individual sites of the two
sublattices, A and B, are indicated by black and white-filled circles, respectively,
while the presence of gain and loss is highlighted by red and blue haloes,
respectively. b, The left side shows the numerically calculated bulk band
structure as function of the quasimomenta k. and k, for fullintra-sublattice
coupling (solid connectinglinesinsteps 1, 3,4 and 6 of a) and 66% inter-sublattice
coupling (dashed connectinglinesin steps 2 and 5 of a). Here, a denotes the
lattice constant. The blue-shaded surface represents the real part of the
quasi-energy . The intact PT symmetry of the arrangement is evidenced by the
globally vanishing imaginary (Imag) part (orange). The right side shows thatin
addition to the projection of the bulk bands (blue), the edge band structure
(numerically calculated for a semi-infinite ribbon) exhibits a pair of dispersion-
free counter-propagating chiral edge states (dotted magentalines) that likewise
feature entirely real eigenvalues.

channel (indicated by dashed magenta outlines) is observed to flow
along the edges and around the corners of the system. Note that both
counter-propagating edge states are confined to the respective out-
ermost rows of the lattice when propagating parallel to the x axis. By
contrast, the ‘bearded’ edges defined by the arrangement of rhombic
unit cellsalongthe yaxislead to aspatial separation of the topological
channels. Asanillustration of this behaviour, weintroduced asingle-site
defectinthe lower right-hand corner of the fabricated wave guide array.
Beinglocated onthe Asublattice, the clockwise-propagating edge state
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Fig.3|Photonicimplementation and bulk excitations. a, Schematic of the
three-dimensional wave guide mesh lattice thatimplements the proposed
protocolin an entirely passive setting. Shown is one transverse unit cell as well
as the sections of wave guides from the adjacent unit cells it interacts with in
the course of the driving cycle. The sublattices A and B are indicated by the
respective colours (dark/light grey) of the wave guides, and the regions with
deliberately introduced losses are shaded purple. More details are provided in
Supplementary Fig. 2. b, Experimentally observed intensity output patterns at
the output facet of the sample resulting from single-site bulk excitationsin a

X (pm)

Normalized intensity O
Y

-100

-100

-200 ~200

lattice composed of 3 x 4 unit cells. As aguide to the eye, positions of the wave
guides of this lattice are indicated by grey circles, whereas the four different
initially excited wave guides of a bulk unit cell (green rhombus) are highlighted
with orange circles. Note thatin each case, the wave packets are subject to
substantial bulk diffraction (highlighted by the orange arrows) enabled by the
fractional inter-sublattice couplings in steps 2 and 5 of the driving protocol.
Simulations of the degree of bulk localization for different inter-sublattice
couplings are provided in Supplementary Fig. 4.
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Fig. 4| Counter-propagating topological edge states. a,b, Tracking the pair
of counter-propagating topological edge channels associated with the two
sublattices (dashed magenta outlines). Shown are the intensity distributions
after two driving periods as observed at the output facet of the sample when
injecting light into specific edge sites (highlighted in orange). Note that, while
both channels flow along the outermost sites of the x edges (orange arrows),
their paths are offset by half a unit cell (green rhombus) along the y edges. As
aresult, the clockwise-propagating channel of sublattice A shifts to bypass
the deliberately induced defect in the lower right-hand corner (right panel

of a), while the channel of sublattice B remains unaffected. ¢, EOR (fraction
ofthe overallintensity contained in the edge channels) for a single-site edge
(0.56 +0.03, right panel) and bulk excitations (0.36 + 0.02, left panel).d, The
chiral nature of topological transportin our systemis clearly demonstrated by
theratio of 0.83 + 0.03 between the intensities of the five leading versus trailing
edge channelssites for eachinjection location evaluated for the entire set of edge
excitations. The insets in cand d schematically indicate the bulk/edge excitation
positionsincluded in the analysis for the respective panels.
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readily bypasses this defect (fourth panelin Fig. 4a) while the counter-
clockwise channel of sublattice B remains unaffected.

To probe the detailed characteristics of the topological transport
inour systemina quantitative manner, we evaluated the edge occupa-
tion ratio (EOR) as a fraction of the total output intensity observed in
the appropriate edge channels (compare with Fig. 4c). While a certain
amount of lightinjected into bulk sites inevitably reaches the edge unit
cells due to the aforementioned residual bulk diffraction (left panel,
EOR,« = 0.36 £ 0.02), more than half of the light injected into the
appropriate edge sites ends up inthe topological channels (right panel,
EOR.4.. = 0.56 £ 0.03). While EOR represents ameasure of the injection
efficiency of the edge states, the helical nature of these entities has to
be taken into account to evaluate the specificity of the topological
transport. To thisend, we calculated the chirality y as the ratio between
the intensities contained within the five leading versus trailing edge
channel sites (Fig. 4d). With a value of x = 0.83 + 0.03, this quantity
unequivocally proves that our PT-symmetric Floquet drive indeed
establishes a Z,-type anomalous topological insulator whose pair of
protected edges remains highly directionally selective despite the
underlying complex refractive index landscape of the arrangement.
Note that the non-unity couplinginsteps 2 and 5 (Fig. 2a), while neces-
sary to establish non-trivial non-Hermitian conditions, results in a
certain overlap of dispersive bulk bands with the edge sites of the lat-
tice. Assuch, single-site excitations inevitably yield a certain population
of bulk states. Uponinjection, the light contained in those bulk states
propagates through the interior of the finite lattice in a non-chiral
fashion, and parts of it eventually deliver some intensity to the trailing
wave guides of the excited boundary state, thereby preventing experi-
mentsin finite lattices fromreachingaperfect EOR 4, and y. This bulk
state excitation could be reduced by applying a broad Gaussian light
injectioninto the boundary sites that corresponds to anarrow Gaussian
excitationink-space, whichwouldinturnallow amore precise targeting
ofthe corresponding boundary mode. However, such an excitation of
only the clockwise or counterclockwise moving state is difficult due to
the sublattice structure of the underlying unit cell allowing only both
states to be excited using this injection method.

Asignature of the non-Hermiticity of the systemis fluctuations of
the overallintensity when spectrally broad wave packets are propagat-
ing. In particular, placing sublattice-specific single-site excitations
resultsin different total intensities. Thisis in stark contrast to the Her-
mitian regime where the orthogonality of eigenstates fundamentally
precludes such a difference. In our experiments, we indeed find that
the intensities resulting from excitations on sublattice A on average
exceed those placed on sublattice B by approximately (19.4 +2.5)%, in
line with the numerical value of (13.6 +1.2)% and substantially larger
thanthe (1.9 + 5.0)% observed due to the slightly non-uniforminjection
efficiencies in the Hermitian reference system.

In conclusion, we have presented experimental evidence of the
existence of anon-Hermitian topological insulator with a real-valued
energy spectrum—an important missing link between the realms of
topology and non-Hermiticity. In particular, the spatiotemporal dis-
tribution of gain and loss ensures that the generalized PT symmetry
is protected against spontaneous symmetry breaking; that is, the
arrangement remains pseudo-Hermitian regardless of the magnitude
ofthe applied gain-loss contrast. The lattice design allows for the two
counter-propagating topological channels to be spatially separated
along the ‘bearded’-type edge. We have shown that this chiral trans-
port is robust against single-site defects, which are circumnavigated
inasublattice-specific fashion, underlining the topological nature of
our system, which can be extended to all PT-symmetric topological
insulators. Interestingly, our approach allows us to interpret the evo-
lution direction as a third spatial dimension instead of as a temporal
one’’, permitting the experimental investigation of the impact of
non-Hermiticities on topological singularities in higher-dimensional
systems. Furthermore, while our experiments were conducted on a

photonic set-up, the underlying non-Hermitian Floquet protocol can
readily be generalized to any platform that allows for the implemen-
tation of discrete coupling steps and dynamic control of loss or gain,
ranging from topological acoustics® to topolectrical circuits™. Along
theselines, therichinterplay between complex modulation and topol-
ogyinopensystemsisbroughtinto the reach of future experiments by
the robust nature of the topological PT-symmetric Floquet protocol
presented here, providing a pathway to exploit the dynamical proper-
ties of non-Hermitian topological systems without the instabilities
entailed by complex spectra.
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Methods

Wave guide fabrication and sample characterization

We inscribed our coupled wave guide systems with the femtosecond
laser direct writing technique*®. To this end, ultrashort laser pulses of
270 fsduration fromafrequency-doubled fibre laser system (Coherent
Monaco) atawavelength of 517 nmand a repetition rate of 333 kHz were
focusedintoal50 mm x 25 mm x 1 mm fusedsilica chip (Corning 7980)
by means of a microscope objective (x50, numerical aperture = 0.6).
The sample was positioned with 50 nm precision by a three-axis motor-
ized translation stage (Aerotech ALS180).

The PT-symmetric Floquet driving protocol was implemented in
lattices composed of 4 x 3 unit cells in the x-y plane, for a total of 48
wave guides, and two full Floquet cycles along the propagation direction
z. The individual single-mode wave guides are elliptical with a vertical
diameter of 7 pm, ahorizontal diameter of 2.5 pmand a peak refractive
index contrast of 1.7 x 10 above the pristine host material’s value of 1.46.
Inour fully passiveimplementation, non-Hermiticity wasimplemented
by introducing 100 scattering centres®in eachlossy section,amounting
to anintensity attenuation of (17.7 £ 0.4)% as calibrated by wave guide
fluorescence imaging and fine-tuned by quantitatively evaluating the
input-dependentintensity output distributions of specifically designed
laser-written non-Hermitian beam splitters. The scattering points were
realized by exposing the desired positions to the writing laser for an
additional 1.5 s, resulting in microscopic disruptions of the previously
inscribed wave guide that scatter light away fromit. Amicrographofthe
lossy couplerregionis showninSupplementaryFig. 2. The desired intra-
and inter-sublattice couplings of the driving protocol were realized for
wave guide separations of 11.2 pm (resulting in an intensity transfer of
(98.0 £2)%insteps1,3,4and 6) aswellas 9.8 pmand 12.4 pm (resulting
in an intensity transfer of (66.8 £ 0.5)% and —(68.8 + 0.6)% for steps 2
and 5, respectively). The lattices were characterized by injecting light
at 633 nm from a continuous-wave helium-neon laser into specificlat-
ticesites viaamicroscope objective (x10, numerical aperture = 0.2) and
observing the resulting intensity distributions at the sample end facet
witha CCD (charge-coupled device) camera (Basler ace).

The recorded output images were evaluated by extracting the
relative intensities contained in each wave guide of the lattice, allow-
ing for the calculation of the EOR (that is, the fraction of the overall
intensity contained in the lattice sites belonging to the topological
edge channels). Similarly, the chirality of the transport arising from
single-edge-site excitations was calculated as the ratio between the
fiveleading versus trailing edge sites relative to the point of injection.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.
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Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D D Functional and/or effective connectivity

D D Graph analysis

D D Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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