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ABSTRACT

Using bilayer graphene (BLG) as A-scale reaction cavity and focused electron beam as both a stimulus and imaging tool, we
report the controlled synthesis of a new class of two-dimensional (2D) alkali-iron-chloride compounds (M@FeCl;, M = Li, Na, K)
and lateral heterostructures formed by monolayer alkali halides (LiCl, NaCl, KCl) and iron chlorides. The electron beam locally
decomposes alkali carbonate precursors deposited on the BLG surface, stimulating ion migration into pre-intercalated FeCl, layers,
inducing redox-mediated phase transitions, and enabling confined crystallization. All these processes are recorded with atomic
resolution using scanning transmission electron microscopy (STEM). The resulting monolayer heterostructures feature narrow,
insulating halide nanostripes embedded within a magnetic FeCl, matrix. First-principles calculations reveal spin-polarized ground
states in M@FeCl, compounds and tunable quantum-confined behaviors modulated by the insulating halide domains. This work
introduces a versatile platform for selective solid-state synthesis and programmable interface engineering at the atomic scale, with
implications for quantum information, ultrathin spintronic devices, and solid-state ionic circuitry.

1 | Introduction but also as an active platform to initiate, steer, and modulate
atomic-scale reactions [11, 13-17].

The controlled synthesis of low-dimensional materials with

atomic precision is mandatory for the advancement of next-
generation quantum technologies, energy conversion systems,
and ultra-low-power electronics [1-8]. In this context, in situ
transmission electron microscopy (TEM) has emerged not only
as a powerful imaging tool that enables real-time visualization
of structural transformations during material growth [9-12],

Electron-beam-induced reactions in van der Waals (vdW) mate-
rials [18-20], particularly in Angstrom-scale interlayer cavities,
have enabled unprecedented insights into ion transport, crystal-
lization pathways, and phase transitions [21-24]. Among various
vdW hosts, bilayer graphene (BLG) stands out due to its atomic
flatness, mechanical robustness, and chemical inertness. Its weak
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interlayer coupling enables using interlayer space as nanocavities
that confine reactants, offering both a stable reaction vessel
and atomically transparent observation window for beam-driven
synthesis with A-resolution [14, 25, 26].

In particular, a recent work has demonstrated that quasi-2D
NaCl crystals can form inside BLG nanocavities after dehydra-
tion of trapped water pockets [27, 28], suggesting that alkali
halide crystallization is viable even under extreme confinement.
NaCl, along with other alkali halides, such as LiCl, and KCI,
represent archetypal ionic compounds, central to chemistry,
solid-state physics, and electrochemistry. Their wide bandgaps,
structural simplicity, and stability make them attractive for appli-
cations ranging from ultrathin dielectrics and decoupling layers
for single-atom/molecular imaging to components in quantum
sensing devices [29-33].

Meanwhile, transition metal chlorides (FeCl,, MoCl;, AlCl;,
CuCl,, etc.) were also synthesized between graphene sheets [14,
26, 34-36], and transformations between different phases were
induced by the electron beam inside TEM [14, 26, 34]. Among
these, iron chlorides (FeCl,, FeCl,) are of particular interest, as
they are 2D magnets [37]. This gives rise to a question: Can
alkali halides and transition metal chlorides be co-synthesized
and patterned at the atomic level within vdW heterostructures
to form novel lateral heterostructures or mixed ionic-magnetic
compounds?

Here, we present a strategy for controlled synthesis of two
classes of novel 2D materials within BLG: (i) previously not
reported alkali-iron-chloride compounds with a structural for-
mula M@FeCl; (M = Li, Na, K), in which alkali atoms selectively
occupy intrinsic Fe vacancies, and (ii) lateral heterostructures
comprising monolayer alkali halide crystals (LiCl, NaCl, KCI)
and FeCl, domains. Starting from alkali carbonate precursors
and pre-intercalated FeCl, in BLG, we exploit the interlayer
nanospaces as chemical reaction cells where the electron beam
drives the reactions and reveals the full reaction pathway. We
further demonstrate that electron beam parameters, including
energy, dose, and exposure time, can be tuned to program reaction
outcomes, establishing a versatile platform for atomically con-
fined chemistry and low-dimensional crystal engineering. This
approach establishes a new paradigm for solid-state synthesis in
A-scale nanoreactors and opens routes toward designer 2D mate-
rials for quantum interfaces, ionic circuitry, and magnetoelectric
nanodevices.

2 | Result and Discussion

2.1 | Strategy for Controlled Engineering of 2D
M@PFeCl; and Lateral Heterostructures

Figure 1 illustrates the electron-beam-guided strategy for syn-
thesizing alkali-metal-doped FeCl, (M@FeCl;) materials and 2D
lateral heterostructures formed by alkali halide (MCl) and FeCl,
crystals inside BLG. To construct a confined nanospace for solid-
state reactions, we employed FeCl;-intercalated BLG, where the
intercalation expands the interlayer spacing to ~1 nm, sufficient
for ion migration and crystallization. FeCl; acts not only as a
preexisting intercalant, but also a structural template or host

matrix. The intercalated FeCl; contains periodic hollow sites,
which can serve as trapping sites for alkali metal atoms generated
under electron-beam irradiation. In this sense, the FeCl; lattice
provides a spatially defined framework that helps confine and
stabilize the alkali species, allowing them to form an ordered
crystalline phase (M@FeCl;) within the BLG. Without such a
host lattice, alkali atoms are likely to remain highly mobile in the
graphene interlayer space, even if transient intercalation occurs,
and therefore do not readily nucleate into a stable crystalline
structure. Under electron irradiation FeCl; partially reduces to
FeCl, while largely retaining crystallinity. This transformation
spontaneously generates iron vacancies where incoming alkali
species are accumulated, so that lateral MCI-FeCl, heterostruc-
tures are formed.

Specifically, the low-dose (23.4 e~/A?) electron irradiation likely
induces decomposition of alkali carbonates (M,CO;) deposited
onto FeCl;-BLG, producing alkali species (e.g., Li*, Na*, and
K*) together with volatile byproducts such as CO;>~, and CO,.
Once liberated, the alkali species can then be incorporated into
the FeCl;-derived interlayer structure, whereas the carbonate
component is not expected to remain as an ordered part of
the final crystalline phase (M@FeCl,). First-principles calcula-
tions showed that Li-ion penetration though pristine monolayer
graphene has a high energy barrier of approximately 7.8 eV,
whereas the barrier is substantially reduced in the presence of
pore-type defects, decreasing to ~1.38 eV when two carbon atoms
are removed and to ~0.1 eV when four carbon atoms are removed
[38]. This indicates that structural discontinuities, including both
native and beam-induced defects such as open edges, grain
boundaries, cracks, pores, or defect sites, can provide much
more favorable pathways for alkali species transport than direct
penetration through an intact graphene basal plane. Subsequent
high-dose (1.7 X 10> ~ 1.0 X 10* e~ /A?) irradiation drives the FeCl,
to FeCl, conversion, continuously creating lattice vacancies that
promote ion migration and rearrangement. Within this confined
environment, the ions recrystallize into narrow monolayer alkali
halide nanocrystals embedded into FeCl,. Generally, the success-
ful electron-beam-induced co-intercalation and confined reaction
require several key conditions: (i), a preexisting intercalated host
lattice that can provide periodic trapping sites; (ii), precursor
species that can be decomposed or activated by the electron beam;
(iii), mobile intercalating species that can diffuse within the
confined graphene interlayer; (iv), appropriate size and chemical
compatibility between the intercalated species and the host
hollow sites.

BLG encapsulation plays a dual role: it confines reactions within
atomic-scale cavities and simultaneously protects the intercalants
from sputtering or degradation under the electron beam. This
architecture establishes a robust nanoreactor, enabling direct in
situ visualization of every stage of the transformations, from
precursor decomposition and ion migration to crystallization,
under scanning transmission electron microscope (STEM).

2.2 | Structural and Properties of Monolayer FeCl;
and M@FeCl;

The pristine FeCl; structure intercalated within BLG is shown
in the annular dark-field (ADF) STEM image (Figure 2a), where
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FIGURE 1 |

Schematic strategy for controlled synthesis of monolayer alkali-metal-doped FeCl; (M@FeCl;) materials and lateral heterostructures

formed by alkali halide (MCI) and FeCl, crystals inside BLG. FeCl; is intercalated into BLG mounted on a TEM grid to create a confined interlayer

space. Alkali carbonates (M,COs3) particles are deposited onto the BLG surface and subsequently decomposed under low-dose electron-beam exposure,
releasing alkali ions (M*) that diffuse into the FeCls lattice to form M@FeCl;. Continued scanning with a focused electron-beam induces the phase
transformation of FeCl; to FeCl,, creating voids which facilitate the spontaneous formation of nano-scale monolayer MCl stripes embedded into FeCl,

crystals within the confined interlayer space of BLG.

hollow sites at the middle of hexagons formed by Cl atoms
are visible (yellow dotted circle). The fast Fourier transform
(FFT) pattern (Figure 2a, inset) confirms crystallinity and also
verifies the presence of BLG highlighted by yellow and green
lines. The corresponding structural model (Figure 2b) illustrates
the FeCl, honeycomb lattice (a = b = 5.89 A), with each Fe
octahedrally coordinated by six Cl atoms. The hollow sites
are observed as dark contrast spots in contrast enhanced ADF
image in Figure 2c, and the intensity line profile (Figure 2d)
confirms the absence of atomic species at the hollow sites.
Electron energy loss spectroscopy (EELS) elemental mapping
(Figure 2e) clearly resolves Fe (red) and Cl (green), consistent
with the expected stoichiometry and further corroborated by
the EELS spectra (Figure 2f). The Fe L;-edge in FeCl; (yellow
spectrum) is shifted upward by ~1.2 eV compared to that in FeCl,
(red spectrum), reflecting the different Fe charge state in these
configurations.

Following low-dose electron-beam irradiation of surface-
deposited Na,CO;, Na ions diffuse into the interlayer space and
occupy the hollow sites, forming Na@FeCl;. The ADF image of
the structure (Figure 2g) indicates that the lattice symmetry is

conserved with subtle contrast changes at the hollow sites (green
circle). The main diffraction spots and the overall reciprocal-
lattice geometry of the FFT pattern (Figure 2g, inset) remain
nearly unchanged, indicating that the FeCl;-derived lattice
framework is largely preserved after Na incorporation. The key
difference is that the pair of diffraction spots associated with
the periodic hollow-site arrangement in the FeCl; lattice, which
is clearly visible and highlighted by cyan circles in the inset of
Figure 2a, but becomes significantly weakened or invisible at the
corresponding positions after Na incorporation, as marked by
cyan dotted circles in the inset of Figure 2g. This suppression is
consistent with Na occupying the hollow sites and modifying the
corresponding periodic scattering modulation. The geometry-
optimized Na@FeCl; structure using first-principles calculations
(Figure 2h) exhibits an expanded lattice constant (a = b = 6.40 A),
with Na atoms occupying hollow sites to form a stoichiometric
Na@FeCl; system (Na:Fe:Cl = 1:2:6). A detailed comparison
of the pristine FeCl; and different doping configurations is
provided in Figure S1. Enhanced ADF imaging and intensity line
profile (Figure 2i,j) confirm that each hollow site is filled by a
Na atom, as further corroborated by the detailed analysis of the
simulated ADF-STEM images and intensity profiles presented in
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FIGURE 2 | Structural and spectroscopic characterization of monolayer FeCl; and Na@FeCl; within BLG. (a) ADF-STEM image of FeCly

intercalated in BLG, with a hollow site highlighted by yellow dotted circle. Inset: FFT pattern, with yellow and green lines marking the two graphene
lattices. (b) Geometry-optimized structural model of FeCl; (a = b = 5.89 A). (c) False-colored ADF image with enhanced contrast, highlighting the Fe-Cl
lattice and hollow sites. (d) Normalized intensity profile from the white box in (c), confirming the absence of atomic contrast at the void state. (¢) EELS
elemental mapping resolving Fe (red) and Cl (green). (f) EELS spectra for FeCl;, Na@FeCls, and FeCl, showing identical Cl L-edge features at 201 eV and
progressive shift of the Fe L;-edge (FeCl, = 708.9 eV; Na@FeCl; = 709.5 eV; FeCl; = 710.1 eV). (g) ADF image of Na@FeCl; after electron-beam-induced
Na doping, with green circle marking Na atom occupying the hollow site. Inset: FFT showing weakened diffraction spots (cyan dotted circles) due to
the occupation of periodic hollow sites by Na atoms. (h) Geometry-optimized Na@FeCl; (NaFe,Cly) structure with expanded lattice constant (a = b =
6.40 A). (i) False-colored ADF image of Na@FeCl,, showing Na contrast at former hollow sites. (j) Normalized intensity profile from the white box in
(i), confirming single-atom Na occupancy. (k) EELS elemental map showing Fe (red) and Na (cyan), consistent with Na filling of hollow sites. (1) EELS

spectrum of the Na K-edge with a sharp peak at 1082 eV, collected from Na dopants.

Figure S2. EELS elemental mapping (Figure 2k) reveals a strong
spatial correlation between Na (cyan) and Fe (red), while the Na
K-edge spectrum (Figure 21) provides direct chemical evidence
of Na incorporation. The Fe L;-edge in Na@FeCl; (709.5 eV in
Figure 2f) lies intermediate between that of FeCl, (710.1 eV) and
FeCl, (708.9 eV), suggesting an average oxidation state of +2.5
for the overall charge compensations. Bader charge analyses
(Figure S3) further confirm the charge redistribution among Fe,
Cl, and dopant atoms in FeCl;-related structures for different
alkali metals. In the case of M@FeCl, system, the alkali metal
donates electrons to the FeCl; framework, thereby modifying
the local electronic and magnetic properties of the material. The
calculated total magnetic moments for the Fe-Cl compounds
exhibit a clear dependence on composition and alkali-metal
intercalation. Specifically, Fe;Cl,, Fe,Cl,, and NaFe,Cl; possess
total magnetic moments of approximately 12, 10, and 9 pj,

respectively. In Fe,Cl, and Fe;Cl,, Fe atoms predominantly exist
in the high-spin configuration, yielding strong ferromagnetic
coupling through Cl-mediated superexchange interactions. Upon
Na doping, there is a partial quenching of the magnetic moments
due to electron transfer from Na to the Fe-Cl framework. The
electron transferred from Na leads to a partial reduction of
Fe’* to Fe?*, which weakens the superexchange interactions
between Fe atoms, and alters the spin density distribution
within the Fe-Cl layers. According to the electronic structure
calculations presented in Figure S4 and Table S1, all Na@FeCl,
monolayers behave either as narrow-gap semiconductors or
metals, depending on the computational approach used. In
general, the band gap increases with the applied Hubbard U
value, and this effect is more pronounced for heavier alkali
metals, such as in K@FeCl;. Similar to FeCl,, the inclusion of
spin-orbit coupling (SOC) influences the electron population

40f10

Advanced Functional Materials, 2026

35USD17 SUOWILIOD dANERID 3|qeot|dde au Aq pauBA0H d1e SBILE VYO B8N J0'S3IN J0J ARIq1T BUIIUQ AB]IA LD (SUONIPUOD-PUE-SWLBIALIY AS | 1M ARG 1]BUI|UO//SANY) SUOIPUOD PUe SWS L 81 39S *[9202/90/9T] U0 Afiq 18Ul O 4811 'SSOY UBPS3IQ WNIUBZ-Z)OYWRH AQ L0v9. WIPe/Z00T OT/I0p/W0d A3 1M"Akeiq 1 jpul U0 paoUeApe//SdIY WO) papeojumoq ‘0 ‘8Z0E9T9T



in different spin channels and can induce a finite band gap, as
observed for K@FeCl,.

We further analyzed the charge transfer between graphene and
the intercalated M@FeCl; layers, as illustrated in Figure S5.
The charge-density-difference maps consistently show electron
depletion on graphene and electron accumulation on the inter-
calated layers, indicating that electrons are transferred from
graphene to M@FeCl;. This trend confirms the p-type doping
of graphene. The corresponding electronic band structures also
reflect this behavior: the Dirac point of graphene shifts above
the Fermi level in all cases, while the sandwiched M@FeCl,
layers exhibit metallic characteristics, as evidenced by their
continuous states (mainly from Fe-3d orbitals) crossing the Fermi
energy. The pristine FeCl; intercalated BLG shows a net charge
transfer of 1.66e for BLG to the FeCl, layer, indicating strong
p-type doping of graphene. After alkali metal incorporation, the
net charge transfer decreases to 1.07e for Li@FeCl;, 1.04e for
Na@FeCls, and 0.87e for K@FeCl,. These results show that alkali
metal intercalation affects graphene by partially compensating
the electron-withdrawing effect of FeCl, and reducing the p-type
doping level of BLG.

2.3 | In Situ Synthesis and Characterization of
NacCl-FeCl, Heterostructure

Previously, we discovered that within the BLG interlayer space,
FeCl; can transform into FeCl,, generating nanoscale voids
through Cl sputtering and Fe atom migration into neighboring
hollow sites [26]. Leveraging this effect, the electron-beam-
induced voids surrounding the Na@FeCl; domains act as natural
chemical reaction cells that enables formation of NaCl crystals.
Figure 3a-d present a sequential ADF images recording the
transformation of Na@FeCl; into NaCl embedded in FeCl,. In
the initial state (Figure 3a), Na@FeCl, exhibits a uniform lattice.
Upon electron-beam exposure, Na atoms begin to accumulate
in the lower-left region of the field of view (cyan shading in
Figure 3b). With increased scanning time, the Na-rich region
expands and transforms to nanostripes, gradually separating
distinct Na@FeCl; domains (Figure 3c). Eventually, most of the
FeCl, converts to FeCl,, while segregated Na atoms fully crys-
tallize into well-defined monolayer NaCl domains that display a
slightly distorted cubic lattice (Figure 3d). FFT analysis (Figure
S6) corroborates this transformation. The overall transformation
from Na@FeCl; to FeCl,-NaCl heterostructure occurs between
two recorded frames, given an estimated upper time limit of
11 s Video (Sl), driven by spontaneous Fe-Cl bond breaking
and Na-Cl bond formation following Fe-Na site exchange. The
migration barrier for Na-Fe site exchange is calculated to be
approximately 1.3 eV in NaFe,Cl,, as shown in Figure S7. Its value
indicates that the transformation is driven rather by the electron
beam than thermal fluctuations.

The resulting NaCl nanostripes remain stable within the FeCl,
lattice and preferentially align along the equivalent in-plane
crystallographic directions [100], [010], and [110], separated by
120° in the hexagonal basal plane. Figure 3e-h and Video S2
highlight the elongation of a NaCl nanostripe in the FeCl,
lattice during continuous beam scanning. Initially dispersed
Na dopants occupying substitutional Fe sites within the FeCl,

lattice gradually migrate and coalesce into the extended NaCl
nanostripe. Immobile Na dopants are marked by cyan circles,
while mobile Na dopants exhibit directional migration, leading
to the growth and enhanced crystallinity of the NaCl nanostripe.
As reported previously, defects or holes of graphene would
significantly destabilize the confined NaCl structure [27] rather
than promote stable stripe elongation, indicating the observed
nanostripe elongation is more likely occurring in regions where
the graphene encapsulation remains larger intact. Compared
with Na@FeCl; (Figure 3a-d), the growth of NaCl nanostripe is
slower, since the migration of substitutional Na dopants in the
FeCl, lattice is expected to require a higher activation energy
and longer time. Moreover, the FeCl, lattice is structurally more
compact and does not provide additional open space or diffusion
channels for facile Na migration, making them relatively immo-
bile. The nanostripe is preferentially aligned along the equivalent
in-plane crystallographic direction of the confined FeCl,/NaCl
lattice, suggesting their elongation is mainly controlled by the
coherent interface between NaCl and FeCl,, where the two phases
share common CI atoms.

Two distinct structural configurations of NaCl nanostripes are
identified. The first configuration (Figure 3i,j) corresponds to
the narrowest stripe, consisting of two alternating Na-Cl atomic
rows in a zigzag arrangement. Each vertical atomic column
contains one Na and one CI atom, slightly shifted as predicted
by our DFT calculations for the narrowest configuration. This
nanostripe spans a single Fe lattice row in FeCl,, with a width of
~2 A (Figures S8 and S9). The lattice-matched interface allows
coherent epitaxial growth, since the calculated thickness of
monolayer NaCl (2.82 A) closely matches that of monolayer FeCl,
(2.79 A). The second configuration is shown in Figure 31,m. This
wider NaCl nanostripe spans two Fe lattice rows and contains
four alternating Na-Cl rows (~6 A wide), clearly exhibiting the
cubic NaCl lattice. EELS elemental mapping (Figure 3k,n) further
confirms the spatial distribution of Na and Fe during NaCl
formation, where Na (cyan) and Fe (red) signals align with NaCl
nanostripes embedded within the FeCl, matrix.

Due to lattice mismatch at the coherent NaCl/FeCl, interface,
local strain develops near the longitudinal stripe edges. As shown
in Figure S8, the structural response depends on the width of
the NaCl nanostripe. For odd-numbered NaCl nanostripes, the
adjacent FeCl, lattice exhibits an in-plane registry shift along
the longitudinal direction of the stripe, as supported by the
model/ADF overlay in Figure S8h. In contrast, even-numbered
NacCl nanostripes do not exhibit such a longitudinal registry shift,
but instead show lattice expansion perpendicular to the stripe
direction, consistent with the slightly larger lattice spacing of
NacCl relative to FeCl,, as shown in Figures S8f-g, and S8i.

2.4 | Calculations and Controllable Synthesis of
NacCl-FeCl, Heterostructure

DFT calculations provide further insight into the local electronic
properties of NaCl nanostripes embedded in FeCl,. Figures 4a,c
present the local density of state (LDOS) for heterostructures
with one and two NaCl chains, respectively. In each case,
four representative LDOS are plotted, corresponding to specific
areas marked in the adjacent structural models, ranging from
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FIGURE 3 | Solid-state growth of monolayer NaCl from Na@FeCl; within BLG. (a-d) Time-resolved ADF images showing electron-beam-induced
transformation of Na@FeCl; into monolayer NaCl embedded in FeCl,. Cyan ribbons highlight the growing NaCl domains. The insets showing the
corresponding FFT patterns of (a) Na@FeCl; and (d) NaCl embedded in FeCl,, respectively. (e-h) Sequential ADF images showing the migration and
aggregation of Na dopants within NaCl-rich regions, leading to the formation of elongated NaCl nanostripe with improved crystallinity. (i, j) ADF image
and geometry-optimized structure of the observed narrowest NaCl nanostripe, consisting of two alternating Na-Cl atomic columns forming a zigzag-
shape stripe embedded in the FeCl, lattice. (k) EELS elemental map of Fe (red) and Na (cyan) corresponding to the region marked by yellow dashed box
in (i), confirming the spatial confinement of NaCl within the FeCl, matrix. (1, m) ADF image and geometry-optimized structure of the second narrowest
NaCl nanostripe, composed of four Na-Cl atomic columns forming a well-defined cubic NaCl structure. (n) EELS elemental map of Fe (red) and Na

(cyan) corresponding to yellow dashed box region in (1), showing Na localization in the wider nanostripe.

the FeCl, lattice to the NaCl ribbon. The FeCl, monolayer is
known to be a fragile symmetry-protected half-metallic system
where symmetry-induced degeneracies can be lifted by electron
correlations and SOC [39]. Our DFT+U calculations, presented
in Figure S10, also show that FeCl, monolayer retains its half-
metallic character independent of the Hubbard parameter, while
inclusion of SOC opens the band gap for the U > 0.7 eV. The
LDOS at NaCl sites exhibit a clear insulating gap, similar to that
of its 2D counterpart (see Figure S11), confirming that electronic
states in FeCl, domains are effectively decoupled even by the
narrowest NaCl-chain stripe. Charge density distributions and
their line profiles (Figure 4b,d) further reveal strong confinement
of electron density along the NaCl channels, demonstrating that
the ribbons act as nanoscale barriers isolating FeCl, regions.

Experimentally, electron dose and thermal activation critically
influence the growth of NaCl nanostripes. At low beam dose
(Figure 4e), interconnected NaCl network is formed, visible as
channels with dark-contrast. Within the FeCl, matrix, Na and Fe

remain randomly distributed over the lattice sites, producing only
short-range order. These Na chains partition the FeCl, matrix into
sub-nanometer regions, effectively generating quantum-confined
FeCl, magnetic islands. This structure offers a potential platform
for nanoscale spintronic or quantum magnetic devices based on
localized insulating barriers.

With prolonged irradiation (Figure 4f), Na migrates and recrys-
tallizes into ordered NaCl nanostripes, while neighboring FeCl,
domains expand. Stripe widths increase progressively, evolving
from interconnected but randomly oriented single chains to NaCl
domains formed by one, two and eventually four NaCl zigzag
chains with ~1 nm periodicity and among FeCl, crystals. The
saturation of NaCl stripe width originates from the intrinsic
lattice symmetry of the FeCl;-derived host. In the hexagonal
framework, Na dopants occupy periodically equivalent sites, and
their random aggregation is constrained by the mean free path of
dopant migration. As a result, the probability of forming domains
beyond four chains decreases, leading to a characteristic stripe
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FIGURE 4 | Electronic structure and beam/thermal control of NaCl nanostripes embedded in FeCl,. (a,c) LDOS for the narrowest nanostripes,
with four LDOS spectra (U = 0 eV) corresponding to different spatial regions of the heterostructure. FeCl, regions show metallic-like features, while the
NaCl region exhibits an insulating gap. (b,d) Charge density maps and profiles reveal strong confinement of electron density along NaCl channels. (e)
ADF image showing interconnected Na chains that partition the FeCl, matrix into sub-nanometer domains. (f) The NaCl ribbons emerge under high

beam dose, separating larger FeCl, regions and demonstrating programmable in-plane domain design. (g) ADF image after annealing at 250°C for 1 h,

where NaCl nanostripes broaden (~4 nm average width), creating more robust insulating domains.

spacing of ~1 nm. This electron-beam-directed transformation
effectively produces an in-plane architecture, where nanostripes
serve as insulating barriers defining nanoscale conduction paths.

Thermal annealing provides an additional degree of control.
Heating the sample to 250°C for 1 h (Figure 4g) produces wider
NaCl ribbons with an average width of ~3 nm. These broader
ribbons enhance charge isolation and establish more robust insu-
lating boundaries, expanding opportunities for device-oriented
circuit design. As an example, we examined the electronic struc-
ture of the thinnest Na-substituted FeCl, nanostrip consisting
of a single atomic chain (Figure S12). The projected density
of states (PDOS) clearly exhibits a half-metallic character, as
indicated by the pronounced spin asymmetry around the Fermi
level. This observation confirms that the Na-substituted system
retains a robust spin polarization. The Fe-3d states dominate in
the vicinity of the Fermi level, whereas the Cl-3p orbitals mainly
contribute at lower energies, reflecting strong Fe-Cl hybridization
and the covalent nature of Fe-Cl. Such spin-polarized electronic
states in an atomically thin geometry, highlight the potential
of Na-substituted FeCl, nanostrips as promising candidates for
spintronic applications.

2.5 | General Synthesis of MCl-FeCl,
Heterostructure

To explore the generality of our approach to form M@FeCl,
materials and heterostructures, we extended our study to Li and

K atoms. Figure 5a shows an ADF-STEM image of Li-doped FeCl,
(Li@FeCly) after electron-beam irradiation, where alternating
FeCl, and LiCl domains are observed. A magnified region
(Figure 5b) reveals crystalline contrast, while EELS elemental
mapping (Figure 5c,d) confirms the segregation of Li (cyan) and
Fe (red) into distinct regions. The corresponding EELS spectra
(Figure 5e) displays a clear Li K-edge alongside Fe M- and CI L-
edges, providing direct evidence of LiCl crystallization embedded
within the FeCl, matrix.

Similarly, potassium-doped FeCl, (K@FeCl;) undergoes electron-
beam-induced transformation into mixed phases of FeCl,,
K,FeClg, and KCl, as shown in Figure 5f. High-resolution ADF-
STEM imaging resolves the K,FeCl; perovskite-type structure
(Figure 5g) and adjacent crystalline KCl1 domains (Figure 5h).
EELS spectra (Figure 5i) further distinguish these phases, with
the Cl L-edge, K L-edge, and Fe L-edge signatures unambiguously
identifying the coexistence of K,FeCl; and KCl within the FeCl,
host. These results confirm that confined reaction cells within
BLG can accommodate different alkali species, enabling the
formation of diverse novel M@FeCl; materials and MCIl-FeCl,
heterostructures through electron-beam-guided synthesis.

In terms of scalability, several strategies may be considered
in future studies. A larger processed area may be achieved
by using broader-beam or parallel-beam irradiation, provided
that the electron dose, dose rate, beam energy, and precursor
distribution can be controlled uniformly. In addition, combining
this approach with electron-beam lithography-like patterning,
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FIGURE 5 | Formation and spectroscopic identification of LiCl and KCI nanostructures embedded in FeCl,. (a) ADF-STEM image showing the

coexistence of FeCl, and LiCl nanodomains. (b) Magnified view of the boxed region in (a). (c,d) EELS elemental maps highlighting Li (cyan) and Fe
(red) distributions. (e) EELS spectra comparing LiCl and FeCl,, where the Li K-edge and Fe M-edge confirm the segregation of LiCl within the FeCl,
matrix. (f) ADF-STEM image of K-doped FeCl; after electron-beam-induced transformation, revealing the coexistence of K,FeClgs and KCl domains
with FeCl,. (g,h) High-resolution images of K,FeClg and KCl, respectively. (i) EELS spectra of FeCl,, K,FeClg, and KCl, showing distinct Cl L-edge, K
L-edge, and Fe L-edge features that unambiguously identify the co-crystallized phases. (Fe Ly-edge: FeCl, = 708.4 eV; K,FeClg = 708.8 eV.).

automated scanning protocols, or pre-patterned precursor/
intercalant distributions could provide a route toward larger-area
or array-type confined structures. The use of wafer-scale BLG
and spatially controlled pre-intercalation may further improve
the scalability of the process.

3 | Conclusion

In summary, we have developed a confined-space strategy for
the controlled synthesis of lateral heterostructures formed by 2D
alkali halide crystals and FeCl, inside BLG. Moreover, we showed
that a completely new class of alkali-iron-chloride 2D materials
with a structural formula M@FeCl; can be manufactured. By
leveraging the intercalated FeCl, lattice as a chemically active
host and the electron beam as both an imaging and activation tool,
we demonstrated how new materials and lateral heterostructures
can be engineered through solid-state reactions with atomic-
scale spatial control. The resulting heterostructures exhibit a
variety of structural forms, including ultrathin zigzag chains and
wider domains of alkali metal chlorides, with lattice configura-
tions tunable through beam parameters and thermal treatment.

These insulating domains can be programmed to define in-plane
boundaries, effectively partitioning the magnetic FeCl, matrix
into sub-nanometer magnetic islands, opening new possibilities
for quantum confinement and nanoscale circuit design.

4 | Experimental Section
4.1 | Synthesis of FeCl; Intercalated in BLG

The FeCl, intercalated in BLG sample is synthesized by the
same method reported in our previous paper [14, 26, 34]. BLG
used for the FeCl; intercalation was grown by chemical vapor
deposition on Cu-Ni/sapphire substrates [40, 41]. Firstly, BLG
was transferred onto a commercial Mo-QUANTIFOIL grid. The
transfer method was as following: A layer of polycarbonate (PC,
2.5 wt% dissolved in chloroform) was coated to the BLG grown on
the Cu-Ni/sapphire substrates, which was then immersed in an
etching solution containing hydrochloric acid and iron chlorid
(FeCl;) to dissolve the catalyst film. After thoroughly rinsing
with deionized water, the BLG/PC sheet was transferred onto
a TEM grid, and then the PC film was removed with standard
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cleaning steps. Subsequently, FeCl; powder and BLG-TEM gird
were sealed in a glass tube, which was evacuated to 2 x 1073 Pa,
and heated in a box furnace at 250°C for 12 h. The glass tube was
opened inside a glove box to prevent sample damage. A saturated
alkali metal carbonate ethanol solution was dropped onto the
sample surface, and after the ethanol evaporated, the TEM grid
was transferred to microscope chamber using a vacuum transfer
holder.

4.2 | Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) characteri-
zation was conducted on JEOL TripleC#3, an ARM200F-based
ultra-high vacuum microscope equipped with a JEOL delta cor-
rector and a cold field emission gun operating at 60 kV. The ADF
probe current was ~50 pA, and the convergence semi-angle of the
probe and internal collection semi-angle of ADF detector were
37 and 76 mrad, respectively. The resolution of the typical ADF
images was either 1024 x 1024 or 2048 x 2048 pixels. ADF-STEM
image simulations were carried out using the multislice method
as implemented in the MacTempas software, with simulation
parameters set close to the experimental conditions. The EELS
mappings and spectra were acquired using a Gatan system
combining DigiScan 3 and GIF Continuum plus STELA hybrid-
pixel camera, optimized for low-voltage operation. All STEM
images and EELS were acquired at room temperature.

4.3 | Density Functional Theory (DFT)
Calculations

Spin-polarized DFT calculations were performed using Vienna
Ab initio Simulation Package (VASP) [42, 43], based on the plane-
wave projector augmented-wave (PAW) method [44]. All the
calculations were carried out using the Perdew-Burke-Ernzerhof
exchange-correlation functional [45]. All structures are fully
optimized until the maximum force on each atom is less than
0.01eV/A. The Brillouin zone of the primitive cells and supercells
were sampled using (18 x 18 X 1) and (6 X 6 x 1) Monkhorst-Pack k-
point, respectively. van der Waals (vdW) interactions were taken
into account using the Grimme method (DFT-D2) [46].
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