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Abstract

1 propose a physically realistic, experimentally tractable material architecture that by combining three independently

validated strategies from recent literature could plausibly host superconductivity at or near room temperature (=300 K)

at ambient pressure. The architecture (which I call a moiré-clathrate heterostructure) integrates

(1) Flat-band, strongly correlated physics produced by moiré engineering of two-dimensional layers (twisted bilayer
graphene and related moiré systems),

(2) Hydrogen-derived, high-frequency phonon modes and strong electron-phonon coupling localized in nanoscale
hydrogen-rich clathrate units (chemical precompression / super hydride concepts), and

(3) Controlled charge transfer / chemical precompression from adjacent oxide/rare-earth layers (nickelate / oxide
reservoir layers) to tune carrier density and stabilize hydrogen units at low pressure.

1 lay out the theoretical motivation, a concrete materials recipe using current synthesis tools (CVD, van-der-Waals
stacking, MBE, electrochemical intercalation, and clathrate encapsulation routes), measurable experimental signatures,
and ab-initio modeling steps required to evaluate feasibility. The proposal builds on high-Tc hydride results, moiré
superconductivity, and clathrate hydride chemistry, it highlights critical technical challenges (hydrogen stabilization
at ambient pressure, controlled hybridization, disorder management) and offers mitigation strategies. This document is
intended as a practical research roadmap rather than a claim of immediate success.

1. Introduction and Motivation

The pursuit of a superconductor that operates at ambient pressure ¢
and ~300 K remains the central challenge of condensed-matter
physics. Two lines of recent progress provide complementary
strengths that I propose to fuse:

under extreme pressures.

Moiré flat-band systems (magic-angle twisted bilayer graphene
and related moiré heterostructures) demonstrate tunable,
strongly correlated electronic states and superconductivity
in engineered narrow bands allowing precise electrostatic

Hydrogen-rich “super hydrides” have demonstrated record
high transition temperatures (Tc) when synthesized under
megabar pressures, thanks to very high phonon frequencies
and strong electron—phonon coupling associated with H
vibrations. These materials (e.g., L H,, YH /10 families)

10°

control of carrier density, band filling, and interactions using
gating and twist/strain. These systems are fabricable with high
precision using existing vander-Waals (vdW) stacking and
lithography techniques.

show that hydrogen networks can, in principle, support
superconductivity close to or above room temperature albeit
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lengths and metallic character at much lower external pressures
was proposed by Ashcroft and has been the guiding principle
for hydride superconductivity under pressure. Recent theoretical
and experimental work explores clathrate hydrides and chemical
strategies to lower the stabilization pressure of hydrogen
networks. I therefore propose to combine moiré flat-band physics
(to amplify electronic correlations and create narrow electronic
states) with hydrogen-rich phonon reservoirs that are chemically
pre-compressed and stabilized locally inside robust, atomically
precise cages (clathrate or boron-carbon frameworks) that are
then integrated into a vdW heterostructure. The graphene moiré
provides tunable flat bands that hybridize with Hderived electronic
states (or with states donated by adjacent rare-carth/oxide layers),
producing a composite pairing environment that mixes strong
electron—phonon and correlation-driven pairing channels. My
architecture is intentionally modular so that each subcomponent
can be independently fabricated and optimized with current
technologies.

2. Background: Key Experimental and Theoretical Facts
Motivating the Design

a) Hydride Superconductors Reach Very High Te¢ Under
Pressure

L H, and related rare-earth superhydrides have experimentally
shown superconductivity with Tc values well above 200 K at
pressures of hundreds of gigapascals; theory attributes the high Tc
to H-derived high-frequency phonons and large electron-phonon
coupling. These results demonstrate the viability of hydrogen
networks as a path to high Tc, provided the hydrogen network can
be chemically stabilized.

b) Moiré Engineering Creates Extremely Narrow Electronic
Bands and Tunable Correlated Superconductivity
Magic-angle twisted bilayer graphene (MATBG) and other moiré
systems form nearly flat bands whose bandwidths are orders of
magnitude smaller than in conventional metals; small interactions
or coupling to additional modes can therefore drive dramatic
electronic instabilities (insulators, magnets, superconductors),
with carrier doping and twist/strain providing powerful control
knobs.

¢) Chemical Precompression and Clathrate Architectures are
Promising Routes to Stabilize Hydrogen Networks at Reduced
Pressures

Work on hydrogen clathrates and chemically pre-compressed
hydrides shows that cage like frameworks (sodalite-like H cages or
B-C clathrates with embedded H units) can host dense hydrogen
motifs with favorable electron—phonon characteristics; theoretical
studies and some experimental progress indicate paths to lower the
pressure needed for metallic hydrogen networks via appropriate
chemistry.

d) Caveats from Recent Ambient-Pressure Claims (LK-99 etc.)
Allegations of ambient-pressure, room-temperature superconduc-
tivity (e.g., LK-99) generated large replication efforts; independent
studies largely found the original observations were explained by

impurities, diamagnetism, or measurement artefacts. This reinforc-
es the need for rigorous multiprobe confirmation (zero resistance,
Meissner effect, bulk susceptibility, thermodynamic signatures)
and careful control of impurities.

3. Concept: The Moiré-Clathrate Heterostructure

3.1. Architecture (Schematic)

a) Bottom Layer: A thin, epitaxial rare-earth oxide or nickelate
film (e.g., LaNiO_ engineered to an infinite-layer phase), grown
by MBE or PLD on a lattice-matched substrate. This layer acts
as a chemically active charge reservoir and provides chemical
precompression via strong ionic fields and lattice confinement.
(Nickelate progress demonstrates that oxide layers can be
superconducting and are tunable by pressure/strain; they are
natural choices for charge reservoirs.)

b) Middle Active Layer (vdW Stack): A precisely rotated pair of
graphene (or graphene + hexagonal boron nitride spacer) sheets
assembled into a moiré superlattice (twist angle near the “magic”
angle). The moiré unit cell is used to host and spatially localize
nanoscale guests (the clathrate clusters) at AA/AB sites where
electronic density is peaked. Gate electrodes allow continuous
tuning of band filling.

¢) Embedded Clathrate / Hydrogen-Rich Nanoclusters:
Nanoscale, preformed hydrogen-rich clathrate clusters (e.g., B-C
clathrate cages containing H-clusters or silicide/clathrate cages that
store molecular/atomic H) are synthesized separately (see §4) and
then intercalated into the moiré lattice by controlled deposition /
self-assembly so that one H-rich cage occupies each moiré site (or
a fraction thereof). Each cage provides localized high-frequency
vibrational modes and strong local electron—phonon coupling.

d) Top Encapsulation and Gating: A h-BN cap and electrostatic
gates (top and bottom) to tune filling and to apply perpendicular
electric fields. Optional top oxide or ionic-liquid gate for large
carrier doping if needed.

3.2. Design Rationale (How the Pieces Combine)

* Flat bands in the moiré layer create a small electronic
bandwidth (W), increasing the density of states and boosting
any pairing channel that couples to these states (either
electron—phonon or correlation-driven). This means relatively
moderate local electron-phonon coupling (A) from H-modes,
when resonant with flat bands, can yield large pairing scales.

* Hydrogen clathrates supply extremely high characteristic
phonon frequencies (w,,) and H-derived density of states
near the Fermi level—ingredients known to produce large
Tc in hydrides. Embedding these localized H units into an
electronically narrow system can hybridize itinerant moiré
electrons with H-modes, mixing conventional electron—
phonon pairing with correlation-enhanced channels.

*  Oxide / nickelate reservoir layers supply charge transfer,
chemical pressure, and lattice fields that both (i) stabilize
H-cages via “chemical precompression”, and (i) permit
controlled electron or hole doping of the moiré bands without
damaging the vdW stack. Recent successes in stabilizing novel
nickelate superconducting phases by epitaxy and pressure
show oxide thin films can be integrated and tuned.
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4. Materials and Synthesis Strategy (Realistic with Current
Technology)

Below is a modular, experimentally realistic pathway. Each step
uses current tools: CVD graphene, deterministic vdW transfer,
MBE/PLD oxide film growth, wet chemistry for cage assembly,
and electrochemical / vapor intercalation techniques. The overall
strategy is to pre-fabricate the hydrogen-rich cages under high-
pressure / chemical synthesis (if necessary), then trap and stabilize
them within robust atomic cages or covalent frameworks that are
stable at ambient pressure before integrating them into the moiré
structure.

4.1. Synthesis of Hydrogen-Rich Clathrate Nanoclusters

e Option A (Bottom-Up Solid Chemistry / Solvothermal
Synthesis): Prepare boron—carbon (B—C) or silicon clathrate
nanoparticles that can incorporate H /H atoms in their cages.
Recent theoretical and experimental work suggests B—C
clathrates or silicon clathrates can trap hydrogen and in some
cases be stabilized at modest pressures or ambient conditions
with proper chemical promoters. The B— C clathrate approach
has been proposed as a means to combine structural stability
with enclosed hydrogen units.

* Option B (High-Pressure Precursor + Quench): use
conventional high-pressure synthesis to form small hydrogen-
rich clusters (super hydride motifs) inside a host matrix, then
quench them into a metastable state while encapsulating
them chemically (e.g., functionalized boranes, carbon cages,
or surface ligands) that prevent hydrogen escape. Chemical
precompression literature and recent reports on metastable
hydrides indicate this route is used in current labs.

Characterize cluster composition and stability by TEM, Raman,
neutron or X-ray techniques (inert-gas atmosphere) to ensure H
occupancy and cage integrity.

4.2. Fabrication of the Oxide/Nickelate Reservoir Layer

*  Grow an epitaxial LaNiO, (or related perovskite) film on an
appropriate substrate (SrTiO,, NdGaO; etc.) using MBE or
PLD. Convert to the infinite-layer phase (LaNiO,) if desired
via topotactic reduction, or tune oxygen content to engineer
the desired electronic reservoir behavior. This is routine in
modern thin-film labs.

4.3. vdW Stack Assembly and Clathrate Intercalation

»  Fabricate high-quality graphene sheets by CVD or exfoliation;
assemble twisted bilayer graphene at target angle (near 1.1°)
using polymer-stamp deterministic transfer. Encapsulate with
thin h-BN as needed to prevent contamination. Existing labs
can produce millimeter-scale, high-quality moiré crystals.

*  Deposit preformed clathrate nanoparticles onto selected moiré
stacking sites using a combination of directed self-assembly
(surface functionalization to pin cages at AA regions) and
low-energy deposition (Langmuir—Blodgett, dip-coating
with solvent control, or direct-write assembly using an AFM
nanomanipulator). The size of clathrate cages can be tuned to
fit one or a few cages per moiré unit cell.

*  Anneal under inert atmosphere and perform mild chemical
crosslinking or surface grafting to lock the cages in place and
to create a local chemical environment that keeps hydrogen
confined. Electrochemical gating or ionic liquid gating can
be applied after assembly to tune carrier density and to help
“charge-stabilize” hydrogen species.

4.4. Final Encapsulation and Gating

*  Cover with h-BN and place dual gates (back gate via oxide
substrate + top gate) to tune filling. If larger doping is required,
apply ionic-liquid gating briefly under controlled conditions.

Why this is Experimentally Feasible Now

Each subcomponent and many integration steps (high-quality
moiré assembly, oxide thin-film growth, intercalation of
nanoparticles, electrostatic & ionic gating) are demonstrated
in current laboratories. The main novelty is combining them
and ensuring hydrogen stabilization at ambient pressure—an
area where active work (chemical precompression and clathrate
chemistry) has produced promising, incremental advances.

5. Theoretical Modeling and Target Properties

5.1. Modeling Workflow

*  Ab-initio structural relaxations (DFT) of representative unit
cells: moiré cell with an embedded clathrate cage + oxide
substrate. Use constrained relaxation to preserve moiré
registry and to compute hybridization matrix elements.

*  Wannierization to obtain an effective low-energy Hamiltonian
for the moiré flat bands and localized clathrate states.

* Density of states and EPC evaluation compute phonon
spectrum and electron— phonon coupling (Eliashberg function
o’F(w) focusing on H-derived modes; estimate A and w og*

*  Many-body treatment of correlations use a combination of
Migdal-Eliashberg (for EPC) and diagrammatic/DMFT
techniques (for correlation effects in flat bands) to assess
possible mixed pairing channels.

* Tc estimates for a predominantly EPC pairing channel, solve
isotropic/anisotropic Eliashberg equations; for mixed pairing,
explore phenomenological models where correlations enhance
pairing—fit parameters to DFT outputs. Isotope substitution
(H—D) should shift and offer an experimental test of EPC
dominance.

5.2. Plausible Parameter Ranges and Tc Scenarios (Qualitative)
High-pressure hydrides achieve very large ,, (hundreds to
thousands of K) and A values that yield Tc up to ~250-300 K under
pressure. If local H cages in my heterostructure can reproduce even
a fraction of these @, % A products and if hybridization funnels
spectral weight from the moiré flat bands into these phononcoupled
states, then high Tc becomes plausible in principle. However,
realistic expectations depend strongly on the achievable A and
the fraction of electronic. DOS participating in EPC; moderate
hybridization could produce Tc in the 50-250 K window, while
ideal coupling might push toward 300 K. Detailed Eliashberg/DFT
calculations are required to refine numbers.
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6. Experimental Tests and Signatures

A rigorous experimental campaign should seek the following

signals, in order:

*  Transport robust zero resistivity in four-probe measurements
(temperature sweep) with reproducible contacts; check
dependence on gate voltage and applied magnetic field (Hc).

*  Magnetometry Meissner effect (field expulsion) using SQUID
or torque magnetometry showing bulk diamagnetism; spatially
resolved magnetic imaging (NV-center magnetometry,
scanning SQUID) to confirm global Meissner screening and
rule out filamentary diamagnetism.

*  Thermodynamics heat-capacity jump at Tc (A-type anomaly)
indicating bulk superconducting condensation energy.

*  Spectroscopy tunneling / STS gap measurements (A), ARPES
to observe band hybridization and possible superconducting
gap on moiré bands, and optical conductivity signatures
(missing spectral weight).

» Isotope effect substitution H—D in clathrate units should
produce a measurable shift in Tc if EPC is dominant this
is a critical discriminant between phonon driven and
unconventional mechanisms.

Because ambient-pressure claims in the past have sometimes been
confounded by ferromagnetic impurities or measurement artefacts,
all the above must be satisfied reproducibly and across different
measurement modalities. Independent replication by separate
groups is essential (as illustrated by the LK-99 episode).

7. Key Technical Challenges and Mitigation Strategies

i) Stabilizing Hydrogen-Rich Units at Ambient Pressure

*  Challenge Many high-Tc hydride phases are only stable under
megabar pressures.

* Mitigation use chemical precompression—encapsulate
H units in stiff covalent cages (B—C, Si clathrates) or bury
them adjacent to strongly ionic oxide layers to provide local
electrostatic compression. Recent theoretical work and
experimental progress in clathrate chemistry suggest this
route is promising and is the most realistic path to ambient
stabilization.

ii) Hydrogen Escape / Diffusion During Processing

*  Mitigation functionalize cage surfaces, perform assembly
under controlled atmospheres, and use low-temperature
encapsulation and passivation. Consider in-situ annealing
under hydrogen at mild pressures followed by rapid chemical
capping.

iii) Disorder and Inhomogeneity in Moiré and Cage Placement

*  Mitigation use deterministic placement methods (AFM
manipulation, chemical patterning) and focus initial
experiments on small, well-controlled devices (um-scale) to
establish proof of principle.

iv) Unwanted  Magnetic
Diamagnetism

*  Mitigation strict materials purity, full chemical analysis (XPS,
ICP-MS), and crosschecking magnetometry signals with non-
magnetic reference samples.

Impurities and  Extrinsic

8. Roadmap for an Initial Experimental Program (First 18

Months)

*  Months 0-6: Fabricate high-quality moiré devices (twisted
bilayer graphene on oxide films) and demonstrate reproducible
gating and flat-band signatures (STM/ARPES, transport).
Grow and characterize oxide/nickelate reservoir films.

*  Months 4-12: Synthesize candidate clathrate nanoparticles
(B-C or Si clathrate) with hydrogen loading; characterize
composition and vibrational spectra (Raman, INS, XRD). Test
stability under ambient and mild annealing conditions.

*  Months 8-18: Integrate clathrate cages into moiré devices
by directed assembly; measure transport, magnetism, and
tunneling. Use gating to scan carrier density regimes predicted
by theory to be favorable. Perform isotope substitution tests
(H—D) if feasible.

*  Months 12-24: [terate on chemistry and interface engineering;
refine computational models with experimental inputs; scale
up promising architectures.

9. Ethical and Reproducibility Considerations

Given past controversies over claimed ambient superconductivity,
the program must emphasize transparency: deposit sample recipes,
raw measurement data, and independent replication protocols;
perform blind measurements when possible; and encourage
independent labs to reproduce devices. All claims of zero resistance
or Meissner effect must be supported by at least two independent
techniques and by third-party replication.

10. Conclusion

I propose a concrete, experimentally tractable route toward a
room-temperature, ambient pressure superconducting platform
based on hybridizing moiré flat bands with chemically stabilized
hydrogen-rich clathrate units, backed by oxide/nickelate charge-
reservoir layers that provide chemical precompression and doping
control. The concept combines three lines of empirical progress
super hydrides (high phonon frequencies and electron phonon
coupling), moiré flat-band engineering (enhanced DOS and tunable
correlations), and modern thin-film & nanoparticle synthesis and is
explicitly designed to be built with current laboratory capabilities
(CVD, MBE/PLD, deterministic vdW stacking, nanoparticle
chemistry). While substantial materials chemistry and interface
control challenges remain especially in stabilizing hydrogen
motifs at ambient pressure the modular design provides many
intermediate milestones (e.g., measurable hybridization, enhanced
pairing scales, isotope shifts) that would validate the approach even
before realizing room-temperature superconductivity. I encourage
experimental groups with complementary expertise (2D materials,
hydride chemistry, oxide epitaxy, and advanced spectroscopies) to
pursue the path outlined here. Even if the ultimate goal (7, 300k,
ambient pressure) is not achieved immediately, the combined
approach may uncover new, high-Tc regimes at accessible
temperatures and provide rich physics linking correlation and
phonon pairing mechanisms.

Detailed Computational Plan
DFT — Wannier — Phonons — Eliashberg for a Moiré-Clathrate
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Superconductor

1. Overview of the Multiscale Strategy (Important)

A full ab-initio treatment of a ~10—15 nm moiré cell is not feasible

directly. The realistic approach is hierarchical:

*  Microscopic DFT on local building blocks (graphene + single
clathrate + oxide fragment)

* Downfolding to an effective low-energy Hamiltonian
(Wannier / tight-binding + EPC vertices)

*  Phonons & EPC computed on representative local cells

»  Eliashberg / anisotropic gap equations solved on the effective
model This is standard practice in moiré and oxide theory—
and absolutely acceptable.

2. Reference Geometries and Unit Cells

i) Graphene Bilayer (Electronic Host)
Primitive cell (used for EPC coupling extraction):
+ Lattice constant: a =2.46 A°

*  AB-stacked bilayer graphene

* Interlayer spacing: d =3.35 A°

Why not full moiré here?
I extract local coupling constants (hopping, EPC matrix elements)
which are later modulated by moiré envelope functions.

ii) Hydrogen-Rich Clathrate Cluster (Phonon Engine)

A realistic starting choice (computable today):

* Option A (recommended): B-C clathrate cage with
encapsulated H, — H,, Example local unit:

Framework: B ,C, (truncated sodalite-like cage)
Encapsulated hydrogen: H, (initial guess)

Cell Size (Isolated Cluster Calculation):

Cubic box: 18-22 A

Vacuum padding > 8 A

Initial bond lengths:

B-C: 1.55-1.65 A

H-H (inside cage): 0.9-1.1 A (start slightly compressed)
This geometry is chemically plausible and consistent with chemical
precompression ideas.

VV*®*VYVY *VY

iii) Graphene + Clathrate Interface Cell
*  Minimal hybridization cell (key calculation):
»  4x4 graphene supercell
— lattice vector = 9.84 A
»  One clathrate cage adsorbed at hollow (AA-like) site
> Vertical separation (initial): z=3.0 — 3.5 4
This capture:
» n—H hybridization
» Charge transfer
» Local EPC enhancement

iv) Oxide / Charge Reservoir (Optional but Important)

For charge transfer estimation:

LaNiQ, slab (infinite-layer)

1x1 in-plane cell

4-6 layers thick

Graphene placed on apical-oxygen-free surface This is used

VVVY"*

only to estimate doping levels, not full EPC.

3. DFT Setup (Baseline)

i) Code stack

Recommended:

Quantum ESPRESSO (DFT + DFPT)
VASP (geometry cross-check, H stability)
Wannier90 (downfolding)

EPW (Eliashberg)

VVVVY

ii) Exchange—correlation functional

* Baseline

» PBE + D3 (or D4) for vdW forces

*  Cross-checks:

» SCAN+rVV10 (better H energetics)

» PBEsol (oxide lattice sanity)

Hydrogen systems are sensitive — test at least two XC functionals.

iii) Pseudopotentials

* C, B, H: PAW or ONCYV, hard H potential
* Ni, La: fully relativistic PAW

Energy cutoff:

Wavefunctions: 80-100 Ry

Charge density: 800-1000 Ry

Hydrogen phonons demand high cutoffs.

ovvo

iv) k-point meshes

System k-mesh
Graphene bilayer 24x24x1
4x4 graphene + clathrate 6x6x1
Isolated clathrate I' only
Oxide slab 12x12x1

*  Smearing
> Methfessel-Paxton or Marzari-Vanderbilt
> Ry

4. Structural Relaxation Targets

Convergence criteria:

Forces < 10 Ry/Bohr

Stress < 0.1 kbar

Important:

Allow full relaxation of H positions

Keep graphene lattice fixed initially, relax later

YV *Vvy"*

5. Phonon Calculations (DFPT)

a) Clathrate phonons (critical)

Compute phonons for:

Isolated clathrate

Clathrate + graphene (frozen graphene)
g-mesh:

I'-only (localized modes)

Optional 2x2x2 if cage is periodic
Expected modes:

*VvV°*®VvVy"
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» H-derived optical modes:
» These dominate

b) Electron—phonon coupling (EPC)
¢ Compute:

v 2
kK~ R,

’5 (€05 (€,)

v
i

* Focus on:
» m-bands near K, T’
» Flat-band-projected EPC

6. Wannier Downfolding

a) Wannier functions

Target subspace:

Graphene 7 orbitals (pz)
Clathrate H-derived s-like orbitals
Optional Nid , y
Number:

~8—12 Wannier functions total
Energy window:

[-1.5,+1.5] eV around EFE_FEF

2

vV *V *VvVvVvVvy"®

b) Effective Hamiltonian

H = Hppire + HH—cage + thb + th + He—ph

Where:

H,,,irs : Bistritzer-MacDonald continuum model
H, - extracted hopping ¢ _, ~20—80 meV

H,: Einstein-like H modes

7. Eliashberg Inputs (This is the Payoff)
a) Eliashberg spectral function
From EPW:

a’F(w)

Target ranges (plausible):
* o, =800-1500 K

log

*  A=0.8-2.0 (flat-band enhanced)
b) Coulomb pseudopotential Use:
pw=0.08-0.12

Flat bands justify lower effective u* due to retardation and
screening.

¢) Tc estimation (first pass)
Allen—Dynes modified McMillan:

Wiog 1.04(1 + }\)

Te=1 =+ 0620

Example realistic scenario:
© 0,=1200K

e A=15

o u*=0.10

— Te = 180250 K

Pushing A — 2.0 and better hybridization can approach 300 K
without violating Migdal because flat bands reduce Fermi velocity.

8. Anisotropic Eliashberg (Final Validation)
Solve:

Ak, iw,,)

Include:

*  Momentum-dependent EPC

*  Moiré miniband structure

*  Valley degrees of freedom

This determines:

*  Gap symmetry

e Multigap behavior

*  Isotope exponent (o = 0.3—0.5 expected)

9. Key Numerical Sanity Checks (Must Do)
*  H—D isotope substitution

*  Stability (no imaginary phonons)

*  EPC convergence vs cutoff

*  Hybridization robustness vs distance

*  Tcvs filling (gate dependence)

10. Deliverables after ~6 Months of Compute Time
*  Validated o?F(w) for graphene—clathrate hybrid
*  Tc vs carrier density phase diagram

* Isotope coefficient

*  Predicted gap magnitude (A= 20—40 meV)

*  Design rules for experimental optimization
Final Assessment

This plan:

»  Uses only existing methods

*  Avoids brute-force moiré DFT

*  Produces quantitative Tc predictions

* Is publishable even if Tc < 300 K

Short Experimental Proposal (1-Year Program)

Hybrid Moiré—Clathrate Heterostructures for Enhanced
Superconductivity at Ambient Pressure

Objective: To fabricate and characterize a hybrid van-der-Waals
heterostructure in which moiré flat-band electrons (twisted
bilayer graphene) are locally coupled to hydrogen-rich clathrate
nanoclusters stabilized by chemical precompression and oxide
charge reservoir layers, and to experimentally test whether this
architecture produces enhanced superconducting pairing at
elevated temperatures under ambient pressure.

Scientific Rationale: High-pressure hydride superconductors

Ann Comp Phy Material Sci, 2026
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demonstrate that hydrogen-derived phonons can support excep-
tionally high pairing energies, but require extreme pressures.
Separately, moiré materials provide ultra-narrow electronic bands
highly sensitive to coupling with phonons and correlations. This
project experimentally tests a hybrid strategy: embedding hy-
drogen-rich clathrate nanoclusters into a tunable moiré electron-
ic environment, with oxide layers providing charge transfer and
chemical stabilization. The approach is modular, uses established
fabrication techniques, and produces clear intermediate observ-
ables even if room-temperature superconductivity is not achieved.

Key Hypotheses

*  Hydrogen-rich clathrate nanoclusters embedded in a moiré
lattice will introduce high-frequency vibrational modes that
measurably enhance electron—phonon coupling.

*  Flat-band electronic states in twisted bilayer graphene will
amplify this coupling, producing superconducting transitions
significantly above those observed in pristine moiré devices.

*  Electrostatic gating and isotope substitution (H—D) will
provide tunable and diagnostic signatures of phonon-mediated
pairing.

Materials and Equipment List

Core Materials

2D and vdW Materials

*  Monolayer graphene (CVD and/or exfoliated)

*  Hexagonal boron nitride (h-BN) flakes (10-30 nm)

*  Polycarbonate / PPC stamps for deterministic transfer
Hydrogen-Rich Clathrate Candidates

*  Boron—carbon clathrate nanoparticles (B—C framework with

H loading)

*  Alternative backup: silicon clathrate nanoparticles with H
inclusion

*  Deuterated analogues (D-loaded) for isotope tests (small
batch)

Oxide / Reservoir Layers

*  LaNiO, or NdNiO, thin films (PLD or MBE grown)
*  SrTiO, or NdGaO, substrates (back-gate capable)
Fabrication & Processing

*  Electron-beam lithography resists (PMMA, HSQ)

*  Ti/Au or Cr/Au contacts

*  Jonic liquid gate (optional, late-stage)

Required Facilities / Equipment

¢ Cleanroom with e-beam lithography

*  Deterministic vdW stacking station

*  PLD or MBE for oxide films (can be external collaboration)
*  AFM (topography + nanomanipulation)

*  Raman spectroscopy

*  Low-temperature cryostat (1.5-300 K) with:

4-probe transport

Magnetic field (>9 T)

SQUID or scanning SQUID access (shared facility acceptable)
STM/STS access (optional but high value)

R A 74

Prioritized Experimental Sequence (12 Months)

a) Phase I (Months 0-3): Baseline Platform & Controls

Goal: establish reproducible moiré devices and clean measurement

baselines.

Tasks

»  Fabricate high-quality twisted bilayer graphene (6 = 1.1°)

devices encapsulated in h-BN.

Demonstrate:

» Flat-band signatures in transport

» Gate-tunable correlated states (insulating/superconducting
around 1-5 K)

*  Fabricate control devices:

» Monolayer graphene

» Untwisted bilayers

Measurements (Priority)

*  4-probe resistance vs temperature

*  Gate-dependent transport

*  Raman (twist angle confirmation)

Go/No-Go: If baseline moiré superconductivity cannot be

reproduced — stop and fix fabrication.

b) Phase II (Months 3-6): Clathrate Integration (No Oxide
Yet)

Goal: demonstrate stable integration of hydrogen-rich clusters and
detect their vibrational/electronic influence.

Tasks

* Deposit clathrate nanoclusters onto graphene or between
graphene/h-BN.

Optimize:

Cluster density (sub-monolayer)

Annealing / encapsulation conditions

Verify cluster survival and distribution.

Measurements (Priority)

*  AFM (cluster placement and stability)

Raman:

Identify new H-derived vibrational modes

Compare H vs D samples (if available)

Transport (room T — 1.5 K):

Look for increased resistivity curvature or scattering signatures
Go/No-Go: If hydrogen signatures are absent or clusters diffuse/
escape — revise chemistry before proceeding.

YVVVv*

vV *Vvy"*

¢) Phase III (Months 6-9): Full Hybrid Device (Moiré +
Clathrate)

Goal: search for enhanced superconducting pairing.

Tasks

*  Assemble twisted bilayer graphene with embedded clathrates.
»  Fabricate gated Hall-bar devices.

»  Systematically vary carrier density.

Measurements (Priority)

*  Resistance vs temperature (300 K — base T)

*  Critical current and magnetic field dependence

*  Gate-tuned phase diagram

Key Observable:

Superconducting transition temperature significantly higher than
pristine moiré devices (even 10-30 K would be a major success).
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d) Phase IV (Months 9-12): Validation & Diagnostics
Goal: distinguish genuine superconductivity from artefacts.
Tasks

» Isotope test (H — D clathrates).

*  Magnetic response measurements.

*  Replication on >2 devices.

Measurements (Priority)

*  SQUID magnetometry or scanning SQUID:

» Meissner screening

*  STS (if available):

»  Superconducting gap A

»  Isotope shift in Tc (ATc/Tc = 10-30%)

Success Criteria:

*  Zero resistance + magnetic screening

*  Reproducible across devices

» Isotope dependence consistent with phonon-mediated pairing

Risk Management & Backup Outcomes

Risk Mitigation

Hydrogen instability

Switch to heavier clathrate cages; lower-T annealing

No superconductivity

Still publish EPC enhancement, isotope-dependent scattering

Magnetic artefacts

Strict impurity analysis + multiple probes

Device variability

Focus on fewer, higher-quality devices

Expected Outcomes After 1 Year
Minimum Success

*  Demonstrated integration of hydrogen-rich clathrates into

moiré devices

*  Clear spectroscopic and transport signatures of enhanced EPC

Strong Success

*  Superconductivity above pristine moiré Tc (>10-30 K)
*  Gate-tunable pairing strength

Breakthrough

*  Superconductivity above liquid-nitrogen temperature
»  Isotope-confirmed phonon contribution

Why This Is Fundable and Publishable Even Without RTSC

*  Every phase yields publishable results

*  Clear falsifiable hypotheses

*  No reliance on extraordinary claims

*  Strong connection to hydride, moiré¢, and oxide communities
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