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Inthe past decade, moiré materials have revolutionized how we engineer and control
quantum phases of matter“2. They are versatile platforms for strongly correlated
electronic phenomena®* and support new ferroelectric®®, magnetic’ and
superconducting states®. Among incommensurate materials®, moiré materials are
aperiodic composite crystals'®" whose long-wavelength superlattices enable tunable
properties without chemically modifying their layers. So far, nearly all reports of moiré
materials have investigated van der Waals heterostructures assembled far from
thermodynamic equilibrium (7 <150 °C)". Here we introduce a conceptually new
approach to synthesizing high-mobility moiré materials in thermodynamic equilibrium.
We report a new family of foliated superlattice materials (Sr,TaSy),.5(TaS,)s that are
exfoliatable, incommensurate-lattice, van der Waals crystals. Lattice mismatches
between alternating layers generate moiré superlattices, analogous to 2D moiré
heterobilayer superlattices, which are coherent throughout these crystals and tunable
through synthesis conditions without altering their chemical composition. Quantum
oscillation measurements map the complex Fermiology of these moiré metals> ",
showing that the Fermi surface of the structurally simplest moiré metal comprises
more than 40 distinct cross-sectional areas. This is naturally understood by proposing
that these bulk moiré metals encode electronic properties of higher-dimensional
superspace crystals in ways paralleling well-established crystallographic methods for
incommensurate lattices™¢. More broadly, our work demonstrates a scalable synthesis

approach potentially capable of producing large-area moiré materials for electronics
applications and evidences a new material design concept for accessing phenomena
proposed in higher dimensions” 2.

Crystalline order is typically the most stable configuration for atoms
to form solids, but this is not always the case even within minerals
found in nature®. Incommensurate lattice crystals®, which lack trans-
lation symmetry while still supporting long-range order, comprise
incommensurately modulated crystals (such asincommensurate fer-
roelectrics®®), aperiodic composite crystals (such as misfit layer com-
pounds?*) and quasicrystals (such as icosahedral intermetallics® ).
Atomicallyincommensurate materials (the last two subclasses) evade
the constraints of highly symmetric lattices found in periodic crys-
tals. Furthermore, their electronic properties are difficult to capture
using conventional band theory?®° because they lack a well-defined
Brillouinzone and areal-space unit cell under the physical dimensions
of the crystal. Instead, crystallographers describe incommensurate
lattices using the mathematical framework of superspace crystals'>*¢,
emergent higher-dimensional periodic lattices derived from lower-
dimensional incommensurate lattices that fully encode their super-
space symmetries.

Recently, 2D moiré materials have emerged as a highly tunable class of
incommensurate materials'2. 2D moiré materials, like all aperiodic com-
posites, are atomically incommensurate despite having well-defined
local atomic coordinations. Like some aperiodic composites, the
interference between lattice-mismatched crystalline layers produces
along-wavelength ‘moiré superlattice’ modulation. Notably, moiré
superlattices are tunable without altering the chemical composition of
their layers (for example, by twisting) and they support new low-energy
properties not foundin their constituent layers. Thisincludes new band
structures and Fermi surfaces?*°, new interlayer lattice or exchange
couplings®” and new correlated and topological phases®*.

Here we demonstrate a conceptually new approachto synthesizing
high-mobility moiré materials using bulk synthesis techniques, con-
trasting existing methods that use the low-temperature assembly of
mechanically exfoliated van der Waals flakes'?. We report a new family
of aperiodic composite crystals, (Sr,TaSg),.5(TaS,)s for 6 = 0.1, that
emulates the essential properties of lattice-mismatched heterobilayer
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Fig.1|Introduction to bulk moiré materials. a, Schematic of a hypothetical
hexagonal crystal (left panel) and its expected diffraction pattern (right panel).
b,Same asabut foramonocliniccrystal. c, Same asabut for ahypothetical
aperiodic composite crystal (top-left panel). X-ray and electron diffraction
patterns (right panel) show a lattice mismatch of Bragg vectors between
neighbouringlayers (bottom-left panel) and along-wavelength moiré
superlattice represented by ashortq-vector (bottom-middle panel). Therelevant
features of this diffraction pattern can be captured by three quantities: the
commensurate Bragg plane order n, the moiré wavevector angle ¢ and the
moiré wavevector length |q|. d, SCXRD measurement of (SrTaSg),.5(TaS,)s, a

moiré materials'. Similar to a vertical stack of Sr,TaSg/TaS, moiré het-
erobilayers, these are also mechanically exfoliatable van der Waals
crystals (Supplementary Information). Therefore, this family is a
proof of concept for a potentially scalable approach for producing
high-quality moiré materials for next-generation electronics using
thetools of solid-state chemistry. (Sr,TaSg),,5(TaS,)s are ‘moiré metals’
whose undoped and unfolded Fermi wavevectors are much larger than
their moiré wavevectors (Supplementary Information). Their Fermi-
ology™" can be tuned through the tunable moiré superlattice of the
crystal. Furthermore, our measurements reveal a dense spectrum of
quantum oscillation frequencies that areinconsistent with previously
proposed non-Onsager mechanisms'>*. Instead, this spectrum can be
naturally understood by proposing that new oscillation frequencies
originate from extremal Fermi-surface orbits that propagate into a
synthetic superspace dimension generated by the moiré superlattice,
aframework inspired by higher-dimensional superspace models of
incommensurate crystallography™', Our results pave the way towards
using bulk moiré materials as superspace crystal platforms for access-
ing open theoretical proposals in higher dimensions” 2,

Moiré materials from aperiodic crystals

Our material design principle is depicted in Fig. 1a-c, showing two
hypothetical layered compounds (Fig. 1a,b left panels) with hexagonal
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new aperiodic compositecompound. e,f,Zoomed-in WAXS showing the

moiré superlattice and lattice mismatch between the Sr,TaSgand TaS, layers.

g, Proposed highest-symmetry model structure consistent with all structural
and stoichiometric characterization measurements. Alternating Sr,TaSgand
TaS, layers are atomically incommensurate with one another along the a-axis
and they share commensurate Bragg planes along the b-axis. The black
parallelogram outline denotes the intralayer unit cell of the Sr,TaSg layer, which
isincommensurate with TaS, along the a-axis. [hkl] crystallographic directions
are defined with respect to the TaS, lattice. Scale bars,2 nm™. a.u., arbitrary
units.

and monoclinic crystal systems and their in-plane diffraction patterns
(Fig. 1a,b right panels). Foliated superlattice materials®>* may result
from the natural intergrowth of these dissimilar crystals, although not
by respecting the competing symmetry constraints of both crystal
systems simultaneously. However, anaccommodative reaction prod-
uct that mitigates interlayer lattice frustration could satisfy a partial
subset of these symmetry constraints. For example, the schematically
depicted rightmost Bragg planes of the hexagonal layers (Fig. lamiddle
panel) and monoclinic layers Fig. 1b middle panel) could align to form a
new foliated superlattice material (Fig. 1c). Here hexagonal and mono-
cliniclattices are commensurate along the g, in-plane lattice direction
(b-axis) and share a Bragg reflection peak (Fig. 1c right panel). However,
this necessarily enforces the two interleaved layer types to be atomi-
callyincommensurate along the orthogonal g,-direction/a-axisin the
absence of enormous latticerelaxation or reconstruction effects. Hence
the result is an aperiodic composite crystal®™, accessible through
salt-catalysed reactions known to favour foliated superlattice lattice
motifs over competing non-superlattice polymorphs-,

Notably, X-ray diffraction techniques such as single-crystal X-ray
diffraction (SCXRD) and wide-angle X-ray scattering (WAXS) caniden-
tify two distinguishing signatures of aperiodic composite lattices. For
k> 0 (Fig. 1cbottom-left panel), lattice-mismatch incommensurability
between adjacent layers appears as a superposition of the diffraction
patterns from eachlayer (Fig. 1cright panel), in which Bragg vectors G,



and G, from different layer types (red and purple spots) are separated by
asmallwavevector q = G, - G,. Near k = 0 (Fig. 1c bottom-middle panel),
qitselfreveals the modulation of amoiré superlattice derived fromthe
lattice mismatch of the system (distinct from the out-of-plane foliated
superlattice). Both signatures are typical of 2D moiré materials®.

SCXRD measurements (Fig. 1d) of (Sr,TaSg),.5(TaS,)s, anew foliated
superlattice material, show Bragg reflections confined to specific g,
(Fig. 1d, arrow markers). Most peaks can be attributed to the hexagonal
transition metal dichalcogenide (TMD) monolayers (TaS,, red circles)
or the monoclinic ‘spacer’ monolayers (Sr,TaSg, purple circles). Super-
imposed peaks from different lattices (concentriccircles; g,~22 nm™)
indicate that the TMD and spacer layers share commensurate Bragg
planes along the b-axis. However, many diffraction peaks cannot be
attributed toeither lattice individually. Higher-resolution WAXS data
show the Bragg reflections of different layers separated by a small
momentum q (Fig. 1f), whereas this same q and its higher harmonics
appear near the origin (Fig. 1e) and as satellites near dominant Bragg
reflections (Fig. 1d; Supplementary Information). These features
are indicative of a 1D moiré superlattice with a moiré wavelength of
A =211/|q| = 4.13 nm, comparable with A,,in 2D moiré heterobilayers'.

The sharpness of diffraction peaks associated with qand its influence
on scattering extinction conditions (Supplementary Information)
demonstrate that naturally grown moiré superlattices show minimal
structural disorder throughout the bulk of millimetre-sized crystals.
Moreover, nearly identical diffraction patterns obtained from any
crystal within a batch (Supplementary Information) evidences the
reproducibility and potential scalability of our approach. By contrast,
nominally identical device assembly procedures produce 2D moiré
superlattices with twist-angle variations and strain gradient profiles®,
highlighting the advantages of our synthesis approachin addressing
reproducibility. Given the symmetries of these diffraction patterns
(Fig. 1d) and those of related measurements (Supplementary Informa-
tion), we construct the highest-symmetry model structure consistent
with all characterization observables (Fig. 1g). (Sr,TaSg),.5(TaS,)s mani-
fests our material design principle (Fig. 1a—c), consisting of the natural
intergrowth of lattice-mismatched monolayersin amoiré-modulated
aperiodic composite structure.

Moiré tunability through material synthesis

Anessential feature of moiré materials is their tunability without chemi-
cally altering their layers, typically achieved by rotationally misaligning
layers manually during the device assembly process**. We demonstrate
thatsynthesis parameters can offer comparable tunability inbulk moiré
materials. Figure 2a-e shows representative crystals from five distinct
groups of bulk moiré materials, all ternaries of Sr-Ta-S accessed by
means of temperature sequence and precursor stoichiometries varia-
tions (Methods). Figure 2b represents the class discussed in Fig. 1d-g.
Top-down images show the quasi-1D morphology of these ternary
crystals (Fig. 2a-e) with crystal facets that optically differentiate their
longer a-axis (horizontal) from their shorter b-axis (vertical) (Supple-
mentary Information). X-ray diffraction reveals five parent structures,
inwhich the spacer layers ‘snap’into g,-oriented (b-axis) commensurate
Bragg planes that 3-tuple (a), 5-tuple (b), 8-tuple (c), 11-tuple (d) and
13-tuple (e) the TaS, unit cell in this direction. Inthe orthogonal incom-
mensurate direction (a-axis), awide range of 1D moiré superlattices are
realized with various moiré wavelengths A, (3.0to 4.2 nm) and orienta-
tion angles ¢ (+20°) near the a-axis. Furthermore, different synthesis
conditions produce different moiré superlattices that even share the
same commensurate Bragg condition (Supplementary Information).
Eachstructureis denoted STS(n,p), inwhichnlabels the commensurate
Bragg plane order and ¢ defines the moiré q-vector angle relative to
the b-axis of the compound.

Anatural hypothesisis that crystals grown under different synthesis
conditions form chemically distinct ternariesin acomplex phase space.

However, stoichiometric probes such as wavelength-dispersive X-ray
spectroscopy (WDS) rule this out. Across 23 crystal batches, WDS meas-
urements show that the Sr:Tamolar ratios inthese compounds are very
similar, deviating from the mean by a maximum of 5.1% (most within
3%), comparable with the experimental error of the tool (sulfur stoichio-
metries were inconclusive; Supplementary Information). This suggests
that all of these foliated superlattice materials are the intergrowth
of the same two monolayer crystals, TaS, and Sr,TaS,, with different
moiré superlattice structures. To better understand this tunable moiré
structure, we conducted high-angle annular dark-field scanning trans-
missionelectron microscopy (HAADF-STEM; Fig. 2f) on cross-sectional
lamellae of STS(8,81°), for which the diffraction symmetries are more
complexthanthose of STS(5,72°) (Fig. 2b). HAADF-STEM images closely
match features of the model structure proposed previously (Fig. 1g)
andalso visualize the crystal’s out-of-plane moiré modulation along the
length of these dendritic crystals. Hence HAADF-STEM also suggests
that chemically identical TMD and spacer layers intergrow to form a
tunable variety of in-plane moiré superlattices.

Given these observations, we propose a comprehensive structural
solution thatbuilds bulk moiré crystals modularly from arelated com-
mensurate lattice motif** (Supplementary Information). This solution
is consistent with all characterization data and can naturally explain the
five structural families in Fig. 2a-e and many other subtle observations
(see Supplementary Information for discussion). Subtle variations in
interlayer heterostrain and heteroshear independently change n and
@, stabilizing different STS(n,¢) compounds (Supplementary Informa-
tion). Furthermore, interlayer heteroshear in bulk moiré materials can
be thought of as a continuously tunable analogue to twist angle in 2D
moiré materials (Supplementary Information).

Furtherinsights arise from abstracting the TaS, and Sr,TaSglattices
as simplified hexagonal and monoclinic lattices (Fig. 2h), respec-
tively, which are strained and sheared accordingto lattice parameters
extracted quantitatively from WAXS (Fig. 2i-k; see Supplementary
Information for details). These structures are strictly only atomically
incommensurate along their a-axis (horizontal); however, Fig. 2j,k mim-
ics strained 2D moiré superlattices in ways that parallel how so-called
‘crystalline approximants’ mimic quasicrystalline lattices?®. Whether
the electronic properties of these materials are governed by an approxi-
mate 2D moiré superlattice or astrictly 1D moiré superlattice remains
unresolved at this time and will be investigated in future work.

Quantum oscillations in moiré metals

The electronic properties of moiré materials can be controlled by the
structure of their moiré superlattices?, a mechanism that we exam-
ine directly through quantum oscillation maps of the Fermiology® of
bulk moiré metals for fields p,H rotated by a polar angle 6 within the
b-cplane. High-field torque magnetization and magnetotransport
measurements (Supplementary Information) reveal a dense cascade
of low-frequency oscillations beginning in these moiré compounds
near y,H=2 T (Supplementary Information). We first attempt toisolate
the influence of the moiré superlattice on Fermiology by comparing
quantum oscillations in ‘moiré cognate’ compounds, STS(8,81°) and
STS(8,90°). These compounds are nearly structurally identical (Sup-
plementary Information) but, notably, their moiré q-vectors point in
slightly different directions (¢ = 81° or 90°) owing to different degrees
of interlayer heteroshear established under different growth condi-
tions (Methods).

Athigh magneticfields (u,H > 15 T), torque magnetization measure-
ments (AM,; Fig. 3a,b) reveal de Haas—van Alphen oscillations that pull
inwardsto lower fields u,Hcos(6) with increasing 8, suggesting corru-
gated quasi-2D Fermi pockets (although separate neck and belly fre-
quencies were notidentified; see Supplementary Information for more
data). Fast Fourier transforms (FFTs) of the temperature-dependent
torque magnetization (Fig. 3¢,d) of these moiré cognates exhibit
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Fig.2| Tunable 1D moiré superlattices and 2D moiré approximants.

a-e, Opticalimages (left panels) and WAXS measurements (right panels) of five
related families of bulk moiré materials. The spacer Sr,TaSg layer in each family
‘snaps’into g,-oriented commensurate Bragg planes that 3-tuple (a), 5-tuple
(b), 8-tuple (c), 11-tuple (d) and 13-tuple (e) the TaS, unit cell in this direction.
Scalebars, 0.2 mm (left panels); 2 nm™ (right panels).f, HAADF-STEM cross-
sectionalimage of STS(8,81°) (c), which directly visualizes how neighbouring
TaS,and Sr,TaSg monolayers are mutuallyincommensurate with each other and
aremoiré-modulatedinthe z-direction. g, Line cuts of the HAADF-STEM image
inf.Neighbouring Sr,TaSgand TaS, layers are atomically incommensurate with
oneanother. h, Simplified visualizations of Sr,TaSgand TaS, lattices. i-k, Large
field-of-view, simplified visualizations of representative Sr,TaSg/TaS, moiré
patterns, realized through tunable interlayer couplings between Sr,TaSgand

similar amplitude profiles and frequency distributions but they are
clearly distinguishable. Notably, by shearing the moiré superlattice
from low-symmetry to high-symmetry directions, many neighbouring
FFT peaks seemto merge into sharp, isolated ones (Fig. 3c top labels),
whereas a few broader peaks split into well-separated ones (Fig. 3d
top labels) (see Supplementary Information for a direct comparison).
Through Onsager’s relation’, this suggests that the moiré superlat-
tice direction reshapes and resizes Fermi pockets in these bulk crys-
tals. Some of these data can be plausibly explained further by simple
Brillouin zone folding arguments (Supplementary Information), but
thisinterpretation neglects several key observations thatinvite amore
careful theoretical treatment.

These discrepancies are particularly apparent in the complex Fer-
miology of STS(3,90°), the structurally simplest moiré metal stud-
ied here. In STS(3,90°), Sr,TaSg and Ta$, lattices lie in atomic register
along the b-axis of the crystal (Fig. 2i), tripling the TaS, unit cell along
this direction, and a 1D moiré superlattice with A,, = 3.17 nm points
along the incommensurate a-axis of the crystal. This separates the
momentum scales of commensurate and incommensurate Fermi
surface reorganization effects and enables us to isolate the sali-
ent consequences of a purely 1D moiré superlattice. Figure 4a,b
shows the background-subtracted torque magnetization AM, in
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TaS, layers. Commensurate Bragg plane conditions (a,-multiple right labels),
themoiréwavelengthsA,, (top labels) and their rotational alignment ¢ with
respect to the TaS, lattice (bottom-left labels) are all extracted quantitatively
from X-ray diffraction measurements to construct these visualizations. Spacer
unitcellsareshown by black-outlined red-filled parallelograms. All percentages
represent measured deviations of the lattice compression (red numbers),
expansion (green numbers) and row-sliding shear (black numbers) of the
SreTaSglayer lattice relative to an average spacer lattice model. STS(3,90°)
represents the simplest structural member of the family with a purely 1D moiré
superlattice, whereas STS(5,72°) and STS(8,81°) are representative of structures
thatarestrictly 1D moiré superlattices but similar to 2D moiré approximants
owing to further lattice aliasing in the commensurate b-axis. a.u., arbitrary
units.

two representative crystals up to u,H =31.5 T. Notably, STS(3,90°)
has moderately high-frequency oscillations absent in related com-
pounds (see Supplementary Information for discussion). FFTs of the
temperature-dependent torque magnetization (Fig. 4c,d) uncover
arich spectrum of de Haas-van Alphen frequencies. STS(3,90°) also
hosts a cascade of low-frequency oscillations, but distinctive combs
of FFT peaks extend up to approximately 2,000 T. More than 40 FFT
peaks appear at nearly identical frequencies in both samples (black
triangle markers; Supplementary Information). These observations
arerobust under various signal processing windows, especially those
that suppress spectral leakage, and to field windowing that includes
the high-field regime (see Supplementary Information for full analysis).
Using alocal-fit peak-finding algorithm (Supplementary Information),
we extract the frequencies of FFT peaks, which vary roughly linearly
with peakindex with an approximate spacing of AFcos(0) =40 T (Fig. 4c
rightinset), a frequency not represented in the ultralow-frequency
regime (Fig. 4c,d leftinsets).

The Fermiology of this simple moiré metal has several seemingly
puzzling qualities. First, it seems counterintuitive to find sharp oscil-
lation frequenciesinanincommensurate metal without a well-defined
Brillouinzone®. Furthermore, their peak widths are comparable with
those of crystalline metals. Second, the approximate linear frequency
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Fig.3| Tunable Fermiology in moiré cognate crystals. a, High-field torque
magnetization measurements of quantum oscillationsin STS(8,81°) for the
field uoHrotated by a polar angle @ within the b-cplane of the crystal and scaled
by the out-of-plane component uyHcos(8). The moiré q-vector in STS(8,81°)
points alonganon-crystallographic, low-symmetry direction, 81° fromits
b-axis.b, Sameasabutfor STS(8,90°), whichis related to STS(8,81°) by means
of different degrees ofinterlayer heteroshear. The moiré q-vectorin STS(8,90°)
points alongacrystallographic, high-symmetry direction, 90° from its b-axis
(thatis, along the a-axis). c,d, FFTs of the temperature-dependent background-

spacing of these peaks exhibits a markedly higher degree of order
than those of the Fermi surfaces of typical multiband metals, whose
Fermi pocket sizes are unrelated to one another. Finally, itis unusual,
although not unique, that the extremal areas of these oscillations sum
to an area nearly 30-fold larger than the approximate Brillouin zone
size for this material (Supplementary Information). There are several
non-Onsager mechanisms'™ capable of generating new oscillation
frequencies unassociated with an extremal Fermi-surface orbit (for
example, magnetic breakdown®®, quasiparticle lifetime oscillations®,
Weiss oscillations®*#°). However, these are unlikely for two key reasons.
First, the dense comb of frequenciesis linearly spaced and spans most
of the frequency domain with similar amplitudes. Second, the effec-
tive masses of these frequencies increase weakly with peak index, a
quantitative feature inconsistent with magnetic breakdown among
several other known non-Onsager mechanisms (see Supplementary
Information for full discussion).

Moiré metals with superspace dimensions

These initially perplexing observations can be naturally understood
by drawing inspiration from a closely related solved problem con-
cerning the crystallography of incommensurate lattices. Before
1960, all solid matter was believed to be either crystalline (Fig. 5a,b)
or amorphous*. This viewpoint was challenged by discoveries of
aperiodic composites'® (Fig. 5¢) and quasicrystals®> %, which exhibit
long-range order without periodic unit cells®. Without translation
symmetry, these lattices cannot support Bloch electronic bands in
their physical dimensions (Fig. 5d), although effective theories often
suffice?°, Counterintuitively, these crystals exhibit dense arrays of

subtracted torque magnetization AM,of STS(8,81°) (c) and STS(8,90°) (d),
showing cascades of low-frequency oscillations. Careful comparisons of these
frequencies suggest that nearby Fermi pockets merge with one another (c) and
splitaway from one another (d) as the layers of these bulk moiré materials shear
against one another to sweep the moiré superlattice from alow-symmetry
direction (81°) to a high-symmetry direction (90°) with respect to the a-axis.
Insets, zoomed-in plots to show further peaksin the FFT with lower FFT
amplitudes. a.u., arbitrary units.

sharp diffraction peaks despite not having a well-defined unit cell®",
with peaks widths comparable with those of periodic crystals®. This
motivated the development of higher-dimensional superspace crystal
models™* as a unifying framework for describing incommensurate
lattices. Inthese models, long-range order inincommensurate lattices
arises from their description as projections of a higher-dimensional
periodic superspace lattice' (Fig. 5e). Through this construction,
the emergent symmetries of superspace crystals are fully encoded
in lower-dimensional incommensurate lattice representations. By
comparing our present problem, which aims to explain a dense array
of sharp de Haas-van Alphen frequencies in a moiré metal, with this
related problem from incommensurate crystallography, we propose
that both are similarly rectified by elevating incommensurate struc-
tures into emergent superspace dimensions. Such approaches have
previously explained static properties of solids, such as atomic lat-
tices and charge densities'®", but here we introduce how they apply
to dynamic electronic phenomena, such as the Fermi surfaces and
cyclotron orbits of itinerant charge carriers.

We propose amomentum-space network model derived froma Lif-
shitz-Kosevich treatment of quasi-2D metals withincommensurate 1D
moiré modulations (see Supplementary Information for details). Its
resultsareintuitively understood as describing quasi-2D Fermi pockets
linked at momenta defined by the moiré q-vector alongan emergent dis-
crete dimension k; (Fig. 5f). This mirrors synthetic dimensions encoded
by internal degrees of freedom in recent cold-atom experiments (for
example, through hyperfine states)'®*>**, Inunderstanding aperiodic
composite/moiré lattices in an emergent higher-dimensional space,
we regain translation symmetry and therefore regain the ability to
describe their properties in terms of Bloch bands of electronic states®.
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Fig.4|de Haas-van Alphenfrequency combinthe Fermiology ofasimple
moirémetal. a b, High-field torque magnetization measurements of quantum
oscillationsintwo crystals of STS(3,90°) for the field u,H rotated by a polar
angle O within the b-cplane of the crystal and scaled by the out-of-plane
component y,Hcos(6).STS(3,90°) is asimple, purely 1D moiré metal withits
moiré q-vector pointed along itsincommensurate a-axis (right inset of d).
c,d,FFTs of the temperature-dependent background-subtracted torque
magnetization AM, of each sample of STS(3,90°), showing an abundance of
oscillations thatare all roughly linearly spaced in frequency. FFT amplitude
scaledintheright panelsby12.2x (c) and 8x (d) for clarity. Black triangle markers
identify FFT peaks thatare closely shared between datasets. Grey triangle

In this picture, a Fermi pocket of the unmodulated structure with
cross-sectional area A, (Fig. 5g) developsinto a sequence of fictitious
Fermi pockets thatincrementby discrete areal values A, for extremal
cyclotron orbits that propagate discretely along k. (Fig. 5h). This is
distinct from Bragg scattering through the moiré q-vector (for exam-
ple, by magnetic breakdown) and instead is similar to a coherent, local
hopping process in a dimension orthogonal to physical space. Ulti-
mately, this proposal explains the complex Fermiology in STS(3,90°),
asgenerated by the ordered extension of the simple three-band Fermi
surface of monolayer TaS, into a synthetic dimension that generates
dense combs of de Haas-van Alphen oscillation frequencies with
approximate linear spacing and with comparable FFT amplitudes
and effective masses (Fig. 5i,j; see Supplementary Information for
further discussion).
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2,500

markersidentify FFT peaks that are either at slightly different frequencies
betweendatasets or are observedinonly one dataset. Leftinsets, zoomed-in
plots of the ultralow-frequency regime of the FFT. Right inset of ¢, extracted
FFT peak frequencies asafunction of peakindex, showing aseries of linearly
spaced frequencies spaced by roughly AFcos(0) =40 T,avalue not represented
by any observed peakin the low-frequency limit. Fitted peak index regions
(red-shaded regions) identify sub-sequences of FFT peaks that appear as clear
combs of FFT peaks with relatively similar amplitudes. Alinear fit of the entire
domainsimilarly yields linear peak spacings of AFcos(6) = 44.6 TwithR*=0.996,
avalueagain not represented by any observed peakin the low-frequency limit.
a.u., arbitrary units.

So far, mostincommensurate metals have exhibited low mobilities,
probably because of disorder from more complex formation energetics
compared with crystalline materials?. Rare exceptions with high mobili-
ties are aptly described by material-specific models that approximate
weak incommensurability effects in terms of Bragg scattering and
magnetic breakdown*>84¢*” Such models cannot describe the present
bulk moiré metals owing to their high mobilities (with mean free paths
orders of magnitude larger than A,,; Supplementary Information) and
their pronounced moiré modulations, thus necessitating our generaliz-
able superspace theoretical framework. Also, because of the homoge-
neity of their moiré q-vectors and the sizes of their Fermi pockets, bulk
moiré metals act as ideal material platforms for higher-dimensional
Fermiology in comparison with 2D moiré semimetals and semicon-
ductors (see Supplementary Information for discussion). Overall, we
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Fig.5|Moiré metals as quantum materials with synthetic superspace
dimensions. a,b, Schematic of the periodiclattice (a) and the quasi-2D Fermi
surface (b) of aquasi-2D crystalline metal. ¢, Schematic of a quasi-2D aperiodic
composite/moiré metal lattice.d, Schematic of the violated translation
symmetry of the aperiodic composite/moiré lattice, which prohibitsacomplete
description of the Fermiology of this metalin 2D. e, Schematic of the emergent,
higher-dimensional, periodic superspace lattice described by alower-
dimensional aperiodic composite lattice. By elevating the quasi-2D aperiodic
lattice into anew superspace dimension {,anemergent translation symmetry is
restoredin (2+1)D.f, Schematic of the resulting (2+1)D Fermi surface, making
use oftherestored translation symmetry. Stacks of quasi-2D Fermi surfaces are
linked along anew discrete synthetic dimension ;. g, Schematic of an extremal

propose that the Fermi surfaces of bulk moiré metals canbe understood
as (3+1)D Fermi surfaces with three continuous spatial dimensions
(k,, k,, k,) and one discrete synthetic dimension (k).

Discussion

Dimensionality is an idea that is pervasive throughout physics and is
often associated with the concept of holography, which captures the
relationship between acomplete description of a higher-dimensional

Quantum oscillation frequencies (T)

Fermisurfaceorbitinacrystalline metal, whose associated frequency is given by
Onsager’srelation. The wavy line depicts the phase of the electronic wavefunction,
whichis 2m-periodic. h, Same as g but for amoiré metal. Superspace cyclotron
orbits have phase discontinuitiesin 3D butare continuous and 2m-periodicin
4D. Alinear sequence of frequencies originates from superspace Fermi orbits
that coherently hopinto the synthetic dimension. Real-space orbits rotated by
90°forclarity.i,j, Schematics of the oscillations frequencies and cyclotron
orbitsinaquasi-2D crystalline metal (g) and a (2+1)D superspace moiré metal
(h). Cyclotron orbitsin the (2+1)D superspace moiré metal propagate by
discrete momentum quantain the synthetic dimension, producingadense
sequence of roughly linearly spaced de Haas-van Alphen oscillations
frequencies. BZ, Brillouin zone.

system that emerges from a lower-dimensional encoded representa-
tion. Holography is foundational to many fields of physics, includ-
ing its use in classical optics to produce projected 3D images from
2D films*8, in holographic dualities to describe the correspondence
between gravitational and quantum field theories* and in quantum
error correction to describe the emergence of fault-tolerant logical
qubits from their physical qubits encodings®. Similarly, we propose
that holography describes the relationship between certain quan-
tum phenomena of higher-dimensional superspace crystals (that is,
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emergent space) encoded in the lower-dimensional lattice degrees
of freedom of tunable aperiodic composite crystals (that is, physical
space; see Supplementary Information for discussion). The present
work demonstrates how different synthesis conditions can effectively
program the aperiodic lattice of bulk moiré materials in ways that
encode different superspace crystal lattices. High-resolution quan-
tum oscillation studies evidence the emergent higher-dimensional
Fermiology of these superspace crystals and provide a quantitative
fingerprint for theincommensurate lattice structure itself.

Looking forward, we predict many directions for realizing physical
phenomena that make use of holographic relationships®* (see Sup-
plementary Information for discussion). Arichlandscape of theoreti-
cal work has predicted higher-dimensional topological phases with
exotic bulk-boundary correspondences'***, as well as unconventional
superconductivity that breaks higher-dimensional symmetries?®?,
phenomena traditionally confined to abstract modelsin four or more
spatial dimensions. Broadly, this work demonstrates a powerful new
route towards realizing higher-dimensional quantum phases of matter
by targeting aperiodic composite materials capable of encoding the
requisite emergent superspace lattices for bridging abstract theoretical
predictions with experimentally accessible material platforms.
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Methods

Single-crystal synthesis

For full details of each growth recipe, see the Supplementary Informa-
tion. Briefly, SrS powder, Ta powder, S pieces and either SrBr, powder
(foronly STS(3,90°)) or SrCl, beads (for all other compounds) were com-
binedinan Ar glovebox and placed into an alumina crucible, which was
insertedintoaquartztube. Thisampoule was sealed at approximately
5x107 Torr without air exposure and grown under different tempera-
turesequences for each moiré superlattice, as detailed fully in the Sup-
plementary Information. In total, the moiré superlattices in STS(n,p)
compounds are controlled by the growth’s precursor stoichiometry
(SrS:Ta:S), itstemperature sequence and its salt catalyst (SrBr, or SrCl,).

X-ray diffraction

WAXS measurements were performed using the facilities of MIT.
nano. Thin (<100 pm) plate-like crystals were affixed to etched SiN,
windows usingsilicone vacuumgrease. Samples were analysed using a
SAXSLAB Retro-F instrument at room temperature under X-ray irra-
diation directed along the out-of-plane c-axis of the crystal. SCXRD
measurements were performed in the MIT Chemistry Department
X-Ray Diffraction Facility. Crystals were mounted on a MiTeGen loop
using paratone oil. Samples were cooled to 100 K using liquid nitrogen
and analysed using a Bruker Single Crystal X-Ray Diffractometer.

Wavelength-dispersive X-ray spectroscopy

WDS measurements were performed in the MIT Electron Microprobe
Facility. Flat-plate-like single-crystal samples were chosen of each
compound and affixed to a glass slide using carbon tape. This glass
slide was then coated with a thin conductive film to eliminate charg-
ing artefacts and the samples were analysed using a JEOL JXAS-8200
Superprobe capable of performing scanning electron microscopy
imaging and wavelength-dispersive spectroscopy measurements of
the stoichiometries of crystals. Before each session of stoichiometric
measurements performed on all of the single crystals affixed to asingle
glass slide, the tool was calibrated against a set of standard samples
with known stoichiometric ratios of Sr, Ta, S, O and Cl.

Torque magnetometry

Torque magnetometry measurements were performed at Cell 9 (main
text) and Cell 6 (Supplementary Information) of the National High
Magnetic Field Laboratory and inacommercial 14-T in-house cryostat
(Supplementary Information). Torque was measured using piezoresis-
tive cantilevers (SCL Sensor.Tech PRSA-L300) with an excitation ampli-
tude of 25 mV applied to the top and bottom nodes of aresistive bridge
including the sample piezoresistive cantilever and aroom-temperature
variable resistor used for balancing the bridge. de Haas-van Alphen
oscillations of the torque magnetization were analysed after asmooth
polynomial background (often quadratic or quartic) was removed from
theraw torque signal and the background-subtracted signal was Fourier
transformed with the use of a Blackman windowing function to sup-
pressspectral leakage artefacts. Details of this analysis and the role of

the field window, the windowing function and the background subtrac-
tioninthe analyses are discussed in the Supplementary Information.

Magnetotransport measurements

Longitudinal transport measurements were performed at Cell 6 of the
National High Magnetic Field Laboratory. Current excitation of 1-2 mA
was applied along the a-axis of the crystal and voltage modulations
were detected using the standard a.c. technique with alock-inamplifier.

Theoretical calculations and modelling

For full details about the momentum-space network model derived
from a Lifshitz-Kosevich treatment of quasi-2D metals with incom-
mensurate 1D moiré modulations, see the Supplementary Information.

Data availability

The datathat support the findings of this study are available from the
corresponding author onreasonable request.
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