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ABSTRACT: Graphite intercalation compounds (GICs) serve as a highly tunable
platform for exploring phonon-mediated superconductivity in lightweight materials.
While theoretical models have long predicted that densely packed, first-stage (stage-1)
sodium-intercalated graphite (Na-GIC) could host elevated critical temperatures (T,),
its experimental synthesis has remained a formidable challenge. Here, we report the
realization of stage-1 Na-GIC that exhibits bulk superconductivity and achieves a
maximum onset T, of ~31 K, setting a record for all known GIC systems. By employing
a room-temperature mechanical synthesis with an excess sodium reservoir, followed by
lattice compression, we force a sequential staging transition in Na-GIC—from an initial
stage-8, through an intermediate stage-2, and ultimately to the densely intercalated
stage-1 phase at 15.6 GPa. By correlating room-temperature in situ synchrotron X-ray
diffraction with evolutionary structural searches, we identify the host of this high-T state
as an orthorhombic NaC; structure with Imma symmetry. First-principles calculations
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reveal a remarkably strong electron—phonon coupling (4 ~ 2.0), dominated by interactions between out-of-plane carbon 7 electrons
and low-frequency Na/C vibrations. Our findings not only capture the elusive stage-1 Na-GIC but also establish pressure-driven

compositional tuning as a robust strategy to unlock high-T. states in carbon-based superlattices.

B INTRODUCTION

Within the conventional Bardeen—Cooper—Schrieffer (BCS)
framework,' achieving a high superconducting transition
temperature (T.) relies on high phonon frequencies and
strong electron—phonon coupling (EPC), pointing naturally to
materials composed of light elements such as hydrogen,
lithium, boron, carbon, sodium, and magnesium. The discovery
of near-room-temperature superconductivity in hydrogen-rich
compounds provides a compelling demonstration that
electron—phonon-mediated superconductivity can achieve T,
exceeding the boiling temperature of liquid nitrogen and even
approaching room temperature, albeit only under ultrahigh
pressures.” ' At ambient pressure, magnesium diboride
(MgB,, T. = 39 K) remains the benchmark,> where a stiff,
lightweight boron network provides the high-frequency
phonons necessary to enable strong coupling between
electronic states and lattice vibrations. Replicating this MgB,-
like structural motif in other systems to surpass the McMillan
limit (~40 K) has been a central, yet largely unrealized goal in
materials science and condensed matter physics.””"'

Graphite intercalation compounds (GICs) offer a highly
tunable, structurally analogous platform to MgB,. By inserting
guest atoms between graphene layers, charge transfer populates
the carbon 7* bands and introduces new interlayer electronic
states, fostering emergent quantum phenomena such as
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superconductivity.”> ™' Superconductivity in GICs was first

reported in KCg with a T. of approximately 0.55 K."
Subsequent advances were realized in CaCg, which exhibits a
and 15.1 K at 7.5
GPa.***® Building on this trajectory, recent high-pressure

T. of 11.5 K at ambient pressure’””"

breakthroughs have dramatically advanced the field, demon-
strating T values of 22—28 K in stage-2 sodium-intercalated
graphite (Na-GICs).”*** These discoveries have reinvigorated
the community, particularly because ab initio calculations
predicted that a densely packed, first-stage (stage-1) Na-GIC
could sustain even higher T values—up to 41 K at 5 GPa and
48 K at 10 GPa—">""driven by optimal coupling between
carbon 7 electrons and Na/C vibrations. Yet, the experimental
realization of stage-1 Na-GIC has remained fundamentally
elusive due to the formidable thermodynamic barriers
associated with fully intercalating every graphene interlayer.
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B RESULTS AND DISCUSSION

Our prior work demonstrated that room-temperature grinding
of sodium and graphite (with a molar ratio of Na/C = 1:6)
yields a stage-8 Na-GIC with a fraction of unreacted sodium.”*
Under compression, this residual sodium acted as an
intercalant reservoir, progressively entering the graphite host
to form a superconducting stage-2 NaCg with a maximum T of
22.3 K at ~7 GPa (denoted SC1, Figure la). This pressure-
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Figure 1. Superconductivity and schematic structural evolution of Na-
GIC under compression. (a) Superconducting transition temperature
(T.) vs pressure. Star symbols denote the experimentally reported T,
values for the stage-2 NaCg phase.”* The two distinct super-
conducting domes, labeled SC1 and SC2, correspond to independent
measurements on separate Na-GIC samples synthesized via
mechanical grinding with initial Na/C molar ratios of 1:6 and 1:3,
respectively. (b) Schematic of the pressure-driven sodium inter-
calation into graphite. Applied pressure forces residual sodium into
the graphite host, driving a sequential structural transition from the
initial ambient-pressure stage-8 phase, through an intermediate stage-
2 phase, and ultimately to the densely intercalated stage-1 phase.

driven intercalation mechanism suggests that increasing the
initial sodium content may force the system into even more
densely intercalated states. Accordingly, we adopted a highly
Na-rich precursor (Na/C = 1:3). While ambient-pressure XRD
confirms the product remains a stage-8 GIC (Figure S1),”*** it
contains a substantially larger Na intercalation reservoir. Here,
by compressing this Na-rich precursor, we overcome the
synthetic barrier and report the realization of a stage-1 Na-GIC
that exhibits bulk superconductivity and achieves a maximum
onset T, of ~31 K. We discovered a new dome-shaped
superconducting phase (denoted SC2, Figure la) whose
record-breaking T, and bulk nature are unambiguously
confirmed by zero electrical resistance and pronounced
diamagnetism, respectively. Correlating room-temperature in
situ synchrotron XRD with first-principles calculations reveals
the underlying structural evolution: a sequential staging
transition from the initial stage-8 phase, through an

intermediate stage-2, and ultimately to the densely intercalated
stage-1 Na-GIC that hosts the observed high-T. super-
conductivity (Figure 1b).

To establish the superconducting properties of the densely
intercalated SC2 Na-GIC, we performed low-temperature
electrical transport measurements under compression. The
inset of Figure 2a presents the temperature-dependent
electrical resistance of Na-GIC at 15.6 GPa, the optimal
pressure for the highest T.. Upon cooling, the resistance
exhibits metallic behavior (dR/dT > 0), which is followed by
an abrupt drop initiating at an onset T. of ~31 K and
ultimately reaching a zero-resistance state at ~26.7 K—the
defining hallmark of a superconducting transition. This
superconducting transition is exceptionally sensitive to the
applied pressure (Figure 2a); the maximum T. ~ 31 K is
sustained only within a narrow pressure window of ~1 GPa
centered at 15.6 GPa. Tuning the pressure either below or
above this optimal value substantially suppresses T,, yielding
the characteristic superconducting dome of the SC2 phase
(Figure 1a). This dome-like behavior is highly reproducible
across multiple independent measurements (samples S2—S4,
Figure S2), with only minor variations in the optimal pressure
and peak T, values, verifying the intrinsic robustness of the
superconducting transition. Furthermore, the transition
remains nearly reversible during compression—decompression
cycles, underscoring the resilience of the pressure-induced
superconducting phase in the SC2 Na-GIC. Notably, the peak
T, of ~31 K in this SC2 phase surpasses the boiling point of
liquid neon (~27.1 K), setting a new record among all
experimentally achieved GICs.

The superconducting nature of the SC2 Na-GIC is further
corroborated by its responses to external magnetic fields and
by magnetic susceptibility measurements. As shown in Figure
2b, applying a magnetic field progressively shifts the super-
conducting transition to lower temperatures while the normal-
state resistance remains invariant, an observation that distinctly
separates superconductivity from conventional magnetoresist-
ance effects. Fitting the temperature dependence of the upper
critical field (Figure 2c) using the Ginzburg—Landau (GL)
model* yields a zero-temperature upper critical magnetic field,
H,(0), of 92 + 0.2 T and a corresponding GL coherence
length of 5.98 + 0.06 nm. This H,(0) value is significantly
higher than that of CaC,4”" but remains lower than that of bulk
MgB,,*" suggesting an intermediate electron—phonon cou-
pling. Crucially, zero-field-cooled (ZFC) magnetization meas-
urements reveal pronounced diamagnetic responses at ~15 K
and ~24 K under representative pressures of 16.6 and 19.1
GPa, respectively (Figures 2d and S3). Derived from the ZFC
data, the superconducting volume fraction of ~89.3% at 19.1
GPa (Figure S3) provides compelling evidence for bulk
superconductivity in the SC2 phase. While the absolute
maximum T, of ~ 31 K is not perfectly captured in the
magnetization data set—a consequence of the extremely
narrow optimal pressure window for this high-T. state and
inherent difference in detection sensitivity between resistance
and magnetization probes—the magnetization T, (e.g,, ~24 K
at 19.1 GPa) aligns remarkably well with the zero-resistance
temperature [T, (R = 0) = 23—27 K] measured across four
independent transport samples, as diamagnetism emerges with
the establishment of a zero-resistance superconducting state.
The slight pressure offsets between the electrical transport and
magnetization data sets are characteristic of pressure gradients
(Figure S4) commonly encountered in diamond anvil cell
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Figure 2. Electrical transport and magnetization evidence for superconductivity in the SC2 Na-GIC. (a) Temperature-dependent resistance curves
obtained during compression, showing the pressure-tuned superconductivity. (b) Suppression of T under external magnetic fields at 15.6 GPa. (c)
Ginzburg—Landau (GL) fitting of the H (T) versus T, curves. T, is defined by both the onset of the superconducting transition [T, (onset)] and
the half-normal-state resistances [T, (R = 0.5Ry)]. (d) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization data at 16.6 and 19.1 GPa,
obtained after subtracting the background signals of the DAC and the nonmagnetic rhenium gasket.

(DAC) experiments, a phenomenon well documented in other
high-pressure superconductors.”’ ~** Furthermore, the different
pressure calibration methods (ruby for electrical transport and
diamond Raman edge for magnetization measurements) may
also play a non-negligible role in the pressure offsets.**

To elucidate the crystal structure of the pressure-induced
superconducting SC2 phase, we performed synchrotron XRD
on powdered samples using a rigorous two-step experimental
protocol. First, we conducted low-temperature electrical
resistance measurements to identify the optimal pressure
yielding the maximum T & 31 K. Subsequently, we performed
in situ XRD measurements at this precalibrated pressure to
determine the corresponding crystallographic structure and its
evolution with pressure. Two independent experimental runs,
initially at 16.8 GPa (Figure 3a) and 15.8 GPa (Figure SS),
yielded a highly consistent XRD data set. Upon further
compression to 20.1 GPa and subsequent partial decom-
pression to 9.5 GPa, the XRD patterns remain nearly identical
aside from minor variations in relative peak intensities (Figure
3a), underscoring the structural robustness of the super-
conducting SC2 phase at these elevated pressures.

However, when the pressure is released further down to 5.1
GPa, two new characteristic peaks (marked by red triangles in
Figure 3a) emerge at 20 ~ 4.19° (d ~ 7.419 A) and 8.37° (d »
3.717 A). The appearance of these diffraction peaks indicates
the breakdown of SC2 and the formation of a stage-2 Na-GIC
structure (SC1 phase), consistent with a previous study.”* A
structural model (Figure S6) comprising a majority stage-2
NaC; and a minority stage-2 NaCy phases achieves an
exceptional Le Bail fit to the 5.1 GPa XRD pattern (Figure

34890

3b). Notably, a broad diffraction feature attributable to
element sodium reappears at this pressure (black triangle,
Figure 3a), signaling the partial deintercalation of sodium from
the graphite host during decompression. This observation
implies that the sodium intercalation stoichiometry is highly
pressure-dependent, with a lower intercalation stage (higher
sodium content) stabilized at elevated pressures. Consistent
with this, no diffraction peaks from elemental sodium were
observed in the 16.8 GPa pattern (Figure S7). This strongly
indicates that the SC2 phase, which hosts the 31 K
superconductivity, is a densely intercalated, lower-stage Na-
GIC relative to the stage-2 NaCg phase—specifically, a stage-1
Na-GIC.

We simulated XRD patterns for all thermodynamically stable
Na—C compounds documented in prior studies;”**” however,
none of these previously reported structures—including the
recently reported Cmcm-NaCq phase”—matched our exper-
imental data (Figure S7). To infer the crystal structure of the
emergent SC2 phase, we performed variable-composition
structural searches using the evolutionary algorithm USPEX
to predict thermodynamically stable compounds in the Na—C
system at 1S GPa (Figure 4a). Among the generated
candidates, a stage-1 NaC; phase with Imma symmetry
emerges very close to the convex hull, possessing a formation
enthalpy of ~—0.13 eV/atom. This indicates that while this
phase is metastable under pressure, it is synthetically accessible.
Strikingly, detailed structural analysis using the GSAS software
reveals that this Imma-NaC; structure perfectly captures the
dominant experimental diffraction features (Figure 3c and d).
Le Bail refinement yields lattice parameters of a = 4441 +
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0.021 A, b =8.539 + 0.025 A, and ¢ = 7.336 + 0.023 A at 16.8
GPa, in excellent agreement with the theoretically calculated
lattice constants (a = 4.334 A, b = 8.528 A, and ¢ = 7.461 A at
15 GPa). We note that several diffraction peaks (26 ~ 12.3°,
15.0° and 19.6°) remained unindexed in this NaC; structure.
These unassigned peaks were found to match a Na,C;
structure adopting R3m symmetry (Figure S8). Incorporating
both phases in our refinement model yields an exceptional fit
to the experimental data (Figure 3c), suggesting the
coexistence of a majority Imma-NaC; phase and a minority
R3m-Na,C; phase within the sample. Collectively, our in situ
XRD and theoretical results demonstrate pressure-driven
sequential staging transitions in Na-GIC: from the initial
ambient-pressure stage-8 phase, through an intermediate stage-
2 phase, and ultimately to the densely intercalated, super-
conducting SC2 phase—which we identify here as a stage-1
Na-GIC adopting an orthorhombic Imma structure. First-
principles calculations (Figure 4b) further corroborate the
structural evolution and energetic stability of Na-GICs under
pressure: stage-8 NaCg, has lower energy than competing
phases and is thermodynamically favored below ~3 GPa,
followed by stabilization of stage-2 NaCg with increasing
pressure and stage-1 NaC; above ~9 GPa. Molecular dynamics
simulations (Figures S9 and S10) provide further insight into
the dynamic formation of the stage-1 phase. Above 9 GPa,
sodium atoms spontaneously intercalate into graphite inter-
layers, with the Na/C ratio converging to approximately 1:3.
These results are quantitatively consistent with the NaC;
stoichiometry identified through both experiments and DFT-
based global structure searches.

To investigate the pairing mechanism driving this high-
temperature superconductivity, we performed systematic EPC
calculations on the proposed Imma-NaC; structure of the SC2
phase (Figure 4c,d). The calculations yield a large EPC
parameter of A = 2.0 and a logarithmic average phonon
frequency of @y, = 197.1 K at 15 GPa. Using the strong-
coupling-corrected McMillan equation®”*® with a Coulomb
pseudopotential of y* = 0.1, we calculated a theoretical T, of
35.1 K at 15 GPa (Table S1). This value is in agreement with
our experimental observation of T, &~ 31 K at 15.6 GPa. This
close correspondence between theory and experiment strongly
implies that conventional phonon-mediated pairing is the
fundamental mechanism underlying the enhanced super-
conductivity in the SC2 Na-GIC.

Band structure calculations further reveal that the electronic
states near the Fermi level are primarily derived from the out-
of-plane p, orbitals of carbon (perpendicular to the graphene
layers, given the stacking direction along the b-axis; Figure 4c),
with minor contributions from sodium p states. Integration of
the Eliashberg phonon spectral function, @*F(®), indicates that
approximately 92.0% of the total EPC strength (1) arises from
low-frequency (below 480 cm™) mixed Na/C vibrations,
while the remaining 8.0% is attributed to mid- and high-
frequency carbon vibrations (Figure 4d). These results
demonstrate that superconductivity in the densely intercalated
Imma-NaC; phase predominantly originates from the strong
coupling between carbon 7-electrons and low-frequency Na/C
phonon modes. Furthermore, our phonon dispersion calcu-
lations reveal that the minority R3m-Na,C; phase is
dynamically stable, showing no imaginary modes across the
Brillouin zone (Figure S11). Band structure calculations reveal
a semiconducting state with a bandgap of 1.3 eV at 15 GPa;

thus, its contribution to the observed macroscopic super-
conductivity is ignorable.

Placing these intrinsic electronic properties into a broader
context, we note that while T, in Na-GICs generally increases
with intercalant density—progressing from the stage-2 Pmma-
NaCg phase (maximum T, = 22.3 K) to the stage-1 Imma-
NaC; (maximum T, & 31 K)—staging alone does not strictly
dictate the superconducting properties. The significant T,
variation observed within stage-2 Cmem-NaCg (T, =~ 28 K)*
highlights that specific structural symmetry and atomic
coordination are equally crucial in modulating the Fermi
surface topology and electron—phonon coupling strength.
Furthermore, while superconductivity in GICs is traditionally
accounted for by an occupied interlayer state'”'*—which our
calculations confirm for NaCj at 15 GPa (Figure S12)—the
empirical rule that T, scales inversely with the interlayer
distance'¥** is challenged in the current work. Despite NaC,
and CaC, possessing nearly identical interlayer distances (2.13
+ 0.02 A vs 2.15 + 0.02 A),"**’ the maximum T, of NaC,
(~31 K) is more than double that of CaCs (15.1 K at 7.5
GPa). Ultimately, this demonstrates that high-T, states in
compressed GICs are not governed solely by interlayer
distance but emerge from a synergy of high-density
stoichiometry, optimal structural symmetry, and enhanced
electron—phonon coupling.

The identification of stage-1 Imma-NaCj; structure provides
a robust structural foundation for understanding this high-T.
state; however, the rich physics of densely intercalated Na-
GICs presents compelling avenues for future exploration.
While the proposed model accurately captures the bulk powder
diffraction profiles, advanced single-crystal or local-probe
investigations will be invaluable for resolving subtle crystallo-
graphic nuances, such as local distortions or partial sodium
occupancies. These microstructural details become particularly
relevant when considering the rapid suppression of T, as the
pressure departs from the 15.6 GPa optimum. Because the
calculated pressure dependence of T, (Table S1) does not fully
replicate the observed sharp T.—P dome, macroscopic
superconductivity in this system is likely not governed solely
by intrinsic changes in the electronic and vibrational states of
an idealized lattice. Instead, microstructural factors—such as
interlayer defects, stacking faults, pressure-induced twisting,
and pressure-induced structural instabilities”’—likely play a
pivotal role in degrading the superconducting state. Quanti-
tatively disentangling these complex microscopic eftects from
intrinsic electronic properties remains a formidable, yet highly
promising, frontier for high-pressure experimental techni-
ques.”

B CONCLUSIONS

In summary, we report the realization of a densely intercalated,
stage-1 Na-GIC that exhibits bulk superconductivity and
achieves a maximum onset T, of ~31 K under moderate
compression. By correlating room-temperature in situ
synchrotron X-ray diffraction with first-principles calculations,
we identify the host of this superconducting state as an
orthorhombic Imma-NaC; phase, which emerges through a
sequence of pressure-driven staging transitions. By elevating
the T, of a carbon-based intercalate above 30 K, this stage-1
Na-GIC bridges the long-standing gap between GICs and the
benchmark MgB, (T. = 39 K), establishing these densely
packed architectures as a premier platform for exploring high-
T. superconductors. Looking forward, there is a compelling
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prospect of retaining this high-pressure metastable phase to
ambient pressure via nonequilibrium approaches, such as a
low-temperature pressure-quench protocol.®”  Successfully
recovering this phase would unlock further optimization of
its superconducting properties through compositional tuning
and enhanced structural homogeneity, ultimately paving the
way for practical applications of lightweight superconductors.
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