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ABSTRACT: Vertical van der Waals (vdWs) heterostructures
based on layered materials are attracting interest as a new class of
quantum materials, where interfacial charge-transfer coupling can
give rise to fascinating strongly correlated phenomena. Transition
metal chalcogenides are a particularly exciting material family,
including ferromagnetic semiconductors, multiferroics, and super-
conductors. Here, we report the growth of an organic−inorganic
heterostructure by intercalating molecular electron donating
bis(ethylenedithio)tetrathiafulvalene into (Li,Fe)OHFeSe, a lay-
ered material in which the superconducting ground state results
from the intercalation of hydroxide layer. Molecular intercalation
in this heterostructure induces a transformation from a para-
magnetic to spin-glass-like state that is sensitive to the stoichiometry of molecular donor and an applied magnetic field. Besides,
electron-donating molecules reduce the electrical resistivity in the heterostructure and modify its response to laser illumination. This
hybrid heterostructure provides a promising platform to study emerging magnetic and electronic behaviors in strongly correlated
layered materials.
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The structural engineering of quantum materials has
attracted much research interest with attention focused

on the exploration of electronic and magnetic properties,
increasing an understanding of underlying physical mecha-
nisms, and creating a pathway for potential applications in
energy, quantum sensing, and communication.1−4 In this
context, chemical doping, extreme pressure, epitaxial strain,
and electric gating have been utilized to control the electronic
and spin structure of quantum materials to uncover emerging
phenomena such as superconductivity, topological phases, and
magnetic orders.5−11 The vdWs heterostructures are excellent
candidates to explore quantum tuning based on their intrinsic
interfacial coupling and interactions.12−19

The structural engineering of iron selenide (FeSe)-based
superconductors, through metal doping, molecular intercala-
tion, application of high pressure, and interfacial strain, has
yielded various results which are characterized by richly
correlated phenomena.20−24 The highest superconducting
critical temperature (Tc) of FeSe-based superconductors has
reached 65 K, and in one case above 100 K,25,26 in which
superconductivity was realized at the interface of a one-unit-
cell film of FeSe on a SrTiO3 substrate. Numerous FeSe-based
derivative materials that are electron-doped with alkalis or
molecules have suggested a tremendous flexibility in materials
by design.27−29 (Li,Fe)OHFeSe (LFS) layered material is
representative of a molecule intercalated system in which a
charge-transfer interface may enhance superconductivity with a

higher Tc compared to that of binary FeSe.28,30 Electron-
donating bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF,
abbreviated as ET) salts are known for their role in molecular
superconductors, Mott insulators, and quantum spin
liquids.31−38 Generally, two ET molecules in a strongly
correlated system are dimerized face-to-face and form a
conducting layer where each dimer is a hole site with an
unpaired spin, like κ-(BEDT-TTF)2Cu[N(CN)2]Cl.

39,40 Here,
we report the structural engineering of layered LFS through
intercalating the electron donating ET molecule in a
solvothermal reaction (Table S1). The heterostructure
(Li,Fe)OHFeSe ·zBEDT-TTF (LFS·zET) induces a spin-
glass-like transition which is sensitive to both the ET
stoichiometry and an applied magnetic field (Table 1). A
comparison of the laser-induced effects observed in the
electrical transport of LFS and LFS·zET heterostructures
suggests the influence of charge transfer and spin interaction
from ET molecules.41
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The vdWs forces and hydrogen bonds play a vital role in the
structural engineering of FeSe-based layered materials where
organic and inorganic molecules can be intercalated into the
layers to tune its electronic and spin properties.42,43 The
structure of FeSe consists of stacked and layered sheets
stabilized by vdWs forces (Figure 1a). Besides, LFS shows a
larger spacing between adjacent FeSe layers which are
connected via hydrogen bonds with (Li,Fe)OH layers (Figure
1b).28 The (Li,Fe)OH layer can be readily intercalated
between the FeSe layers, owing to the fact that the FeSe and
LiOH compounds share the common space group (P4/nmm)
and similar tetrahedral coordination. In addition, a portion of
the Li sites in the (Li,Fe)OH layer are occupied by electron
donor Fe ions resulting in charge transfer to the FeSe layer and
additional distribution of charges among layers.44 Inspired by
the formation of LFS heterostructure, we select electron donor
ET molecule that often presents intermolecular interactions
and hydrogen bonds to explore the spin-dependent and
charge-transfer behavior in the LFS system. On the basis of the
intercalated FeSe structures,43,45 an LFS·zET heterostructure is
schematically shown in Figure 1c. In this LFS·zET
heterostructure, the ET molecule with a spatial scale of
13.33 × 3.55 × 2.55 Å3 is an electron donor,46,47 while sulfur

and hydrogen atoms in ET molecules are inclined to form
hydrogen bonds with hydrogen and selenium atoms in the
(Li,Fe)OH and FeSe layers, respectively.
Magnetic susceptibilities and scanning electron microscopic

images of FS, LFS, and LFS·zET reveal changes of their
magnetic properties and morphology (Figure 1d−f and inset
images) due to the structural engineering by intercalating
electron donating molecules. Under an applied magnetic field
of 0.1 T, FS shows multiple metamagnetic transitions including
a broad maximum at around 200 K and a shoulder at around
130 K (Figure 1d) in addition to a diamagnetic transition
below 8 K (Figure S1). The spin correlation in FS, which is
characterized as an antiferromagnetic fluctuation, is likely
responsible for a linear magnetic susceptibility above the low-
temperature diamagnetic transition (Figure S1).48 Molecular
intercalation results in modified magnetic properties in LFS
that exhibit a paramagnetic behavior (Figures 1e and S2)
different from that observed in FS. In the meantime, low-
temperature diamagnetic transition in FS is increased to a
higher temperature that is discussed below. Specifically, the
magnetic susceptibility of the LFS·zET heterostructure (Figure
1f) exhibits a broad transition at 55 K, above which the linear
magnetic susceptibility dominates.

Table 1. Chemical Structures and Magnetic Properties of van der Waals Compounds

compounds donor host magnetic order Tc (Ts)

FeSe PMa 8 K
(Li,Fe)OHFeSe (Li,Fe)OH FeSe PM 40 K
(Li,Fe)OHFeSe·0.0013(BEDT-TTF) BEDT-TTF (Li,Fe)OHFeSe SG-likeb 160 K
(Li,Fe)OHFeSe·0.0017(BEDT-TTF) BEDT-TTF (Li,Fe)OHFeSe SG-like 145 K
(Li,Fe)OHFeSe·0.0065(BEDT-TTF) BEDT-TTF (Li,Fe)OHFeSe SG-like 110 K

aPM: paramagnetic above superconducting critical temperature (Tc).
bSG-like: spin-glass-like.

Figure 1. Crystal structures, morphologies, and magnetic susceptibilities of FeSe and its derived heterostructures. (a−c) The layered crystal
structures of FeSe (FS), (Li,Fe)OHFeSe (LFS), and (Li,Fe)OHFeSe ·zBEDT-TTF (LFS-ET) illustrate the FeSe-based heterostructures
engineered with LiOH and the BEDT-TTF molecule at the layer scale. The derived heterostructures inherit the layered nature of FS and are
governed by van der Waals forces and hydrogen bonds. (d−f) Temperature-dependent magnetic susceptibility of FS, LFS, and LFS-ET at an
applied field of 0.1 T demonstrates the large variations in magnetism that emerge as a result of molecular engineering. The scanning electron
microscopic images (inset) show their surface topography and morphologic integrity that are maintained after solution reaction. The white scale
bars are 1 μm in (d,f), 2 μm in (e).
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The host material LFS for molecular interaction is
superconducting, suggested from its diamagnetism and micro-
wave spectroscopy. Figure 2a illustrates the diamagnetic
transition at 40 K of the LFS powder under an applied
magnetic field of 50 Oe while zero-field-cooled (ZFC) and
field-cooled (FC). The inset of Figure 2a shows the ZFC
diamagnetic transition near Tc = 40 K. The existence of
superconductivity in the LFS powder sample is further
investigated using temperature-dependent magnetic field
modulated microwave spectroscopy (MFMMS). The

MFMMS signals (Figure 2b) at 50 Oe (ZFC and FC) show
the sharp upturns at 35 K which suggest superconductivity and
corroborate the diamagnetic transition at 40 K as a
superconducting transition.49 The relatively small difference
in temperature of 5 K between the onset of superconductivity
in the magnetization (Tc = 40 K) and MFMMS (Tc = 35 K)
measurements is not entirely understood but is possibly due to
differences in thermometry.
The evolution of X-ray diffraction (XRD) patterns is shown

as a function of ET stoichiometry z in the LFS·zET

Figure 2. Superconducting properties of the LFS host material. (a) ZFC and FC diamagnetic transition at 40 K of LFS suggests a superconducting
transition under an applied field at 50 Oe. (b) At the same magnetic field of 50 Oe, magnetic field-modulated microwave spectroscopy (MFMMS)
confirms the onset of a superconducting transition at 35 K. Note that the 5 K difference in the value of Tc may be related to differences in
thermometry between the two measurements.

Figure 3. X-ray diffraction (XRD) patterns of FS, LFS, and LFS-ET with different stoichiometries z of ET molecules and their magnetic properties.
(a) XRD patterns of FS, LFS, and LFS-ET show changes to the structure after solution reactions. (b) LFS-ET heterostructures (z = 0.0017 and
0.0065) have expanded structures that can be revealed by the slight left-shift of (001) peak compared to that of LFS. The sample of z = 0.0013
shows a vanishing (001) peak. (c) Normalized magnetic susceptibility χ/χ(300 K) show the magnetic transition. (d) The dependence of transition
temperature Ts on the ET concentration z illustrates the effect of the ET molecules on the magnetism under various applied magnetic fields. (e)
Magnetic field-dependent magnetization of LFS-ET heterostructures synthesized at different ET molecule concentrations shows the soft magnetic
properties at 10 K.
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heterostructure to reveal the structural evolution by molecular
intercalation (Figure 3a). The lattice parameters of LFS were
refined as a = b = 3.785 (3) Å, c = 9.333(8) Å for LFS host
material (Figure S3). The (001) diffraction peak observed in
the XRD pattern of LFS is observed in the LFS·zET
heterostructure but shifted downward, suggesting a crystal
lattice expansion of the LFS·zET heterostructure along c-axis
direction after the intercalation of ET (Figure 3b). This shift to
a lower angle is shown in the (001) peak for LFS·zET of z =
0.0017, which is marked by the dashed line in Figure 3b.
Besides, high-resolution transmission electron spectroscopy
reveals the a-axis constant is about 3.514 Å for z = 0.0017
(Figure S4). Relative to the LFS·zET heterostructure with z =
0.0017, heterostructures with higher or lower z-concentration
exhibit XRD patterns with a weakened or nearly vanishing
(001) peak. A (001) peak in LFS·zET of z = 0.0065 exists and
is slightly shifted to a lower angle as shown by the arrow in
Figure 3b. The small (001) peak in LFS·zET of z = 0.0065 and
the absence of a (001) peak for LFS·zET of z = 0.0013 are
evidence of a change in structure and suggest that the ET
intercalation occurred in the LFS·zET heterostructure.50,51

The ab initio calculations are applied to illustrate the
intercalated structure of LFS·zET heterostructure (Figure
S5). The shift in peak to a lower diffraction angle occurs in
each LFS·zET heterostructure at different z-concentrations,
confirming the lattice expansion upon intercalation with ET
molecules. The LFS·zET heterostructures present extra
hexagonal coordination of the FeSe layer52 due to the
molecule intercalation, according to the Raman peak at 255
cm−1 (Figure S6).52

In contrast to the paramagnetic feature in LFS, the LFS·zET
heterostructure exhibits a magnetic transition, which can be
tuned with either the ET stoichiometry or an applied magnetic
field. Figure 3c illustrates the temperature-dependent suscepti-
bilities of LFS·zET heterostructure at different ET stoichio-
metries. By increasing the ET stoichiometry z from 0.0013 to
0.0065, the magnetic transition temperature Ts, defined by the
location of the maximum in the magnetic susceptibility, varies
from 160 to 110 K (Figure 3c). At a higher magnetic field of
0.1 T, the magnetic transition is suppressed to lower

temperature, confirming the existence of magnetic-field-
dependent spin coupling in LFS-ET heterostructure. In
addition, when the applied magnetic field is above 0.1 T, the
magnetic transition vanishes and a small upturn in the
susceptibility appears (Figures S7−S9). The magnetic
transition temperature Ts in LFS·zET heterostructure
decreases with an increase in ET stoichiometry z and also
with an increase in an applied magnetic field (Figure 3d). At a
fixed temperature, magnetization of LFS·zET heterostructure
increases rapidly with magnetic field and tends to saturate at
above 1 T (Figures 3e and S10).
The magnetic state in LFS·zET heterostructures is further

studied as the spin-glass-like behavior and antiferromagnetic
interactions. The inverse magnetic susceptibilities of LFS·zET
samples exhibit negative intercepts (−θ), suggesting its
antiferromagnetic interactions (Figure 4a). Besides, the ZFC
and FC magnetic susceptibility of LFS·zET heterostructure (z
= 0.0065) shows an irreversibility that is often observed in a
spin glass53 (Figure 4b). Temperature-dependent AC magnetic
susceptibility for LFS·zET sample (z = 0.0065) at frequencies
from 10 Hz to 10 kHz further confirms its spin-glass behavior
(Figure 4c). The DC magnetic field of 100 Oe and the
amplitude of 10 Oe are applied during the AC magnetic
measurements. The inset shows that the transition temperature
Ts shifts to a higher temperature when the frequency is
increased, which is the representative characteristic of a spin-
glass state. According to the inverse magnetic susceptibility and
temperature- and frequency-dependent AC magnetic suscept-
ibility, the spin-glass state is confirmed in LFS·zET
heterostructures with the predominant antiferromagnetic
interactions. The ab initio calculations also reveal antiferro-
magnetic interaction in LFS·zET is more energetically stable
than ferromagnetic interaction (Table S2). The antiferromag-
netic and ferromagnetic ground state (Figure S11a,b) have a
very close energy (Table S2) so that this two states can
thermally coexist like a spin glass. Intercalated ET molecules
induce spin frustration that changes spin number in the preset
antiferromagnetic model (Figure S11c) and involves anti-
ferromagnetic coupling in the preset ferromagnetic model
(Figure S11d). All of the ab initio calculations indicate the

Figure 4. Spin-glass behavior with antiferromagnetic interactions in LFS·zET samples. (a) Inverse magnetic susceptibilities of LFS·zET samples
exhibit negative intercepts (−θ), suggesting antiferromagnetic interactions. (b) ZFC and FC magnetic susceptibility of LFS·zET sample (z =
0.0065) at a magnetic field of 0.1 T. The irreversibility between ZFC and FC curves indicates a spin-glass-like behavior below the transition
temperature. (c) Temperature-dependent real part of AC magnetic susceptibility for LFS·zET sample (z = 0.0065) at frequencies of 10, 100, 1000,
3000, 5000, and 10 000 Hz. The inset shows that the transition temperature shifts to higher temperature when the frequency is increased from 10
Hz to 10 000 Hz, confirming a spin-glass state. The DC magnetic field of 100 Oe and the amplitude of 10 Oe were applied during all the AC
magnetic measurements.
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disordered or frustrated spin in LFS·zET which can be
regarded as spin glass. Previous study on LFS system also
revealed a spin-glass state at 12 K in its parent phase,
nonsuperconducting and some superconducting samples,54

even though it was claimed as a canted antiferromagnet.28 The
ET molecule in LFS·zET heterostructures seems to promote
the spin-glass transition temperature through spin interaction
with (Li,Fe)OH and FeSe layers.
Upon molecular intercalation of LFS with ET, the electronic

transport properties of heterostructure can be affected by the
electron doping from ET building blocks. Temperature-
dependent electrical resistivity of LFS-ET heterostructure
with ET stoichemistry z = 0.0017 shows a semiconducting
behavior and a reduction in resistivity upon laser illumination
(Figure 5a). After ET intercalation, the electrical resistivity ρ of

LFS·zET is smaller compared to that of LFS (Figures 5a and
S12 a). The reduction in electrical resistivity of LFS·zET
heterostructure upon laser illumination is weaker at 300 K,
which is expected, considering the divergence in the semi-
conducting behavior at lower temperatures. Figure 5b displays
that relative electrical resistivity Δρ/ρ = [ρ(laser) − ρ(dark)]/
ρ(dark) responses to on (60 s) and off (120 s) cycles of laser
illumination at temperatures of 300, 200, and 140 K, showing
the photoinduced excitation and relaxation in LFS·zET
heterostructure. However, the relative decrease in resistivity
Δρ/ρ at 140 K is larger than that of 200 and 300 K. At each
temperature, the relaxation time for a complete return in the
electrical resistivity is less than 120 s. Laser illumination effect
on electric transport has been reported for ET-based insulators
and conductors55 due to the response of ET molecules.
Besides, FeSe layer has been reported to show a higher

conductivity or superconducting transition temperature by
photoexcitations upon laser illumination.56

The multiple roles of ET molecules in LFS·zET hetero-
structures including electron donors and magnetic interactions
might be a reason to explain the emerged spin-glass-like
transition and electrical transport behavior. The ET molecules
can transfer electrons into the conducting FS layers, as active
electron donors,37,38 to increase the carrier concentration and
result in a decreased electrical resistivity compared to that of
LFS (Figures 5a, S12, and S13) while the laser-induced
thermal effect can be ruled out as the main contribution
(Figures S14 and S15). Besides, the unpaired electrons in ET
molecules interact with (Li,Fe)OH or FeSe layers, emerging
the spin-glass-like state that is sensitive to magnetic field and
ET stoichiometry. Spin glass as a certain magnetic state is spin
disordered or frustrated. Regarding the antiferromagnetic
interactions suggested by inverse magnetic susceptibility,
LFS·zET heterostructures exist with a local spin coupling
that is antiferromagnetic or canted. It seems ET molecules’
intercalation transforms LFS into a spin disordered or
frustrated magnet (Figure S11) due to the diluted ET
concentration and fractional spin on the ET site. It could be
also the reason why ET intercalation promotes the spin-glass
transition at 12 K54 in the LFS system to above 100 K.
Disordered or frustrated spins can reorient along the direction
of a high magnetic field, leading to the enhanced and saturated
magnetization. Furthermore, two adjacent ET molecules in
LFS·zET heterostructure can form dimers that can be
stimulated by laser illumination,39,57 which modifies magnetic
interaction with LFS. This is consistent with the decrease of
Δρ/ρ in a LFS·zET heterostructure near the magnetic
transition temperature (Figure 5b). In addition, the structural
detail and spin configuration in the LFS·zET heterostructure
are still an open topic that needs further exploration for
potential applications in spintronics.58−60

In summary, the layered superconducting material LFS has
been utilized to synthesize a new heterostructure LFS·zET by
intercalating with ET molecules, which play an important role
on modifying magnetic interactions and electrical transport. A
spin-glass-like transition emerged in the LFS·zET hetero-
structure at a relatively high-temperature range where the host
material LFS is paramagnetic and shows a flexiable tunablility
by an magnetic field and ET stochiometry. Laser illumination
is a useful probe to induce free carriers and reversibly tune
resistivity in LFS-ET heterostructure. The emerged magnetic
transition in LFS·zET heterostructure is ascribed to
interactions between FS layers and ET molecules. The reduced
resistivity of LFS may originate from an increase on free
carriers due to electron donation by ET molecules. The
magnetic coupling and charge transfer between LFS and ET
molecules provide a promising platform to study magnetism
and electrical properties emerging from inorganic−organic
hybrid heterostructures.
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Materials and methods including sample preparation,
structural and morphologic characterizations, magnetic
susceptibility measurements, magnetic field-dependent
magnetization measurements, electron transport meas-

Figure 5. Laser illumination effects on electrical transport of the LFS-
ET heterostructure. (a) Temperature-dependent electrical resistivity ρ
of LFS-ET in the dark and under laser illumination shows the
reduction in ρ. The pressed sample used for electrical measurements
is shown in the inset. (b) On−off cycles of laser illumination on LFS-
ET show a flexiable tunability in the relative resistivity Δρ/ρ =
[ρ(laser) − ρ(dark)]/ρ(dark). A larger relative decrease in resistivity
is found at 140 K.
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urements and microwave spectroscopy measurements of
superconductivity; ab initio calculations based on density
functional theory, quantitative analysis of laser-induced
thermal effect (PDF)
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