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Reducing the dimensionality of layered materials can result in properties
distinct from their bulk crystals' . However, the emergent properties

in atomically thin samples, in particular in metallic monolayer flakes,

are often obtained at the expense of other important properties. For
example, while Ising superconductivity—where the pairing of electrons
with opposite out-of-plane spins from Kand K’ valleys leads to anin-plane
upper critical field exceeding the Pauli limit—does not occur in bulk NbSe,,
it was observed in two-dimensional monolayer flakes*. However, the
critical temperature was reduced as compared to bulk crystals* . Here

we take a different route to control the superconducting properties of
NbSe, by intercalating bulk crystals with cations fromionic liquids. This
produces Ising superconductivity with a similar critical temperature to
the non-intercalated bulk and is more stable than in a monolayer flake. Our
angle-resolved photoemission spectroscopy measurements reveal the
effectively two-dimensional electronic structure, and a comparison of the
experimental electronic structures between intercalated bulk NbSe, and
monolayer NbSe, film reveals that the intercalantinduces electron doping.
This suggestsionicliquid cationintercalation is an effective technique for
controlling both the dimensionality and the carrier concentration, allowing
tailored properties exceeding both bulk crystals and monolayer samples.

In monolayer niobium diselenide (NbSe,), the non-centrosymmetric
crystalline structure together with the spin-orbit interaction locks
the spin to the out-of-plane direction, resulting in Ising super-
conductivity* with an exceedingly high upper critical field of
up to 31.5 T. Such Ising superconductivity is intriguing; however,
the superconducting critical temperature T, is reduced from
7.0 K in the bulk crystal to 0.9-3.7 K (below the liquid helium
temperature) in monolayer samples*” ", and the monolayer

metallic sampleis unstable at ambient environment*". The reduction of
T. with thickness is surprising, since the observation of supercon-
ducting gap in the two-dimensional (2D) Nb 4d derived bands but
not in the three-dimensional (3D) Se p, derived bands'*" suggests
that the superconductivity is mainly contributed by the 2D Nb 4d
bands. While different scenarios including enhanced Coulomb inter-
action or thermal fluctuations in two dimensions*’, changes in the
band structure®’ and competition between superconductivity and
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Fig.1|Schematic for tuning the interlayer interaction viaionic intercalation
and evidence for successful intercalation of organic cations into NbSe,
crystal. a, Schematic drawing for tuning the interlayer spacing (d) through
ionicintercalation. The right panelis a schematic drawing for intercalated
imidazole cations [C,MIm]* (1-alkyl-3-methylimidazolium), where n represents
thelength of the alkane carbon chain. The green, purple, blue, grey and white
atomsrepresent Se, Nb, N, Cand H, respectively. b, Current-voltage (/-V)
curves with IL only (black curve) and IL with NbSe, sample at two different
temperatures (blue and red curves). A schematic drawing for the experimental

set-up is shownin the inset. The green shared region corresponds to the

gating region, while intercalation occurs in the orange shaded region. c,

XRD data of three intercalated samples with different ILs compared with the
unintercalated bulk sample. The error bar for the lattice constant is +0.1 A.[TFSIT
(bis(trifluoromethylsulfonyl)imide) isacommonly IL anion used, and [BF,]*
(tetrafluoroborate) is used for comparison. d, Raman spectra of intercalated
samples with three ILs compared with the unintercalated bulk sample. The
vibrational modes of A,; and E,, are shown on the top of this panel.

charge density wave (CDW)'*"® have been proposed, the origin remains
elusive.

Instead of reducing the sample thickness, whichis widely used to
control the dimensionalities of layered materials, an emerging attrac-
tive strategy for controlling the interlayer interactionis to expand the
interlayer spacing by intercalatingions with large sizeinto the van der
Waals gap of the layered crystals, as schematicallyillustrated in Fig. 1a.
Suchintercalation provides a convenient pathway for band structure
engineering, namely, maintaining the 2D bands while reducing or
removing the contribution of 3D bands. Moreover, the intercalated
ions can also inject carriers into the bulk crystal, thereby achieving
simultaneous control of the dimensionality and carrier concentration.
Developing a convenient experimental pathway for ionicintercalation
and experimentally evaluating its tunability are both highly desirable.
In this Article, using NbSe, as a model layered crystal and [C,MIm]*
(1-ethyl-3-methylimidazolium with the chemical formula of [C;H;;N,]*;
see Supplementary Fig.1for the structure and size) as an example for
organic ions, we demonstrate the successful intercalation of cations
fromionicliquids (ILs) into the van der Waals gap of the layered crys-
tal, resulting in Ising superconductivity with a 7, = 6.9 K higher than
any monolayer NbSe, flake or film reported so far*” >, Angle-resolved
photoemission spectroscopy (ARPES) measurements reveal the role
of the intercalated cations in reducing the dimensionality and tuning
the carrier concentration.

AlthoughILs have been widely used for tuning the charge carrier
concentration*, their application as intercalants for layered crys-
tals has been discovered only recently in Weyl semimetals MoTe, and
WTe,(ref. ) and semiconducting SnSe,(ref.*®), leading to enhanced
or induced superconductivity in the intercalated organic-inorganic
hybrid crystals. Here we apply this method to NbSe,, where highly
improved sample quality can be obtained after optimizing the interca-
lation conditions, allowing to reveal not only the intriguing phenomena
but also the underlying physics from ARPES measurements. Figure
1b shows a schematic drawing of the intercalation process, and the
experimental set-up isshownin Supplementary Fig. 2. At low voltages
(greenshadedregioninFig.1b), electronsareinjected into theinterface
between NbSe,and theionic liquid similar to previous electrostatic gat-
ingexperiments'?*, while ata higher voltage and a higher temperature,
the electrochemical intercalation becomes favourable (orange shaded
region in Fig. 1b). The intercalation process typically starts from the
surfaces and the edges of the single-crystal sample (Supplementary
Fig. 3), and the full intercalation of a bulk single crystal with a typical
thickness of 100 um can be completed within a few hours using the
optimum intercalation conditions in Supplementary Table 1.

The successful intercalation of IL cations into the crystal is con-
firmed by X-ray diffraction (XRD) and Raman spectroscopy measure-
ments shown in Fig. 1c,d, respectively. After the intercalation, the
diffraction peaks from the bulk NbSe, with an interlayer spacing of
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Fig.2|Electronic structure of intercalated NbSe, compared with
unintercalated bulk sample and monolayer film, showing layer-decoupled
electronicstructure and electron doping for the intercalated sample.

a,b, Comparison of dispersions along the K-T-M direction for intercalated (a)
and unintercalated bulk (b) NbSe, samples. The ARPES intensity is indicated by
alinear colour scale, as indicated by the colour bar. ¢,d, Calculated dispersion of
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NbSe, with interlayer spacing of 9.9 A (c) and 6.2 A (d) along the K-T-M direction.
k,=0isshownincand varyingk,is shownind, corresponding to monolayer

and bulk samples, respectively. The colour scale indicates the variation of
calculated k., from O to 0.5. e,f, Comparison of zoom-in dispersions along the
K-I-K direction for intercalated NbSe, (e) and monolayer MBE film (f). g,h, Fermi
surface maps for intercalated NbSe, (g) and monolayer MBE film (h).
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Fig. 3| Tailored Ising superconductivity in the intercalated sample.

a,b, Comparison of temperature-dependent sheet resistance of [C,MIm]*-
intercalated (a) and [C,MIm]*-unintercalated bulk (b) samples. c-g, Resistance
under different out-of-plane magnetic fields (4,) and in-plane magnetic fields
(H,) for [C,MIm]"-intercalated (c,e,g) and [C,MIm]"-unintercalated (d,f) bulk
samples. The out-of-plane magnetic fieldsare 0,0.5,1,1.5,2,3,3.5and 4 T from
theredtothebluecurvesincand0,0.5,1,1.5,2and 3 T from the red to the blue
curvesind. Thein-plane magnetic fieldsare0,1,2,3,4,5,6,7,8and 9 T from the
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(above 7). h, Extracted upper critical magnetic fields H,, for H, and H,as a
function of temperature. The grey dashed curveis fitted by 2D Ginzburg-Landau
equation, and the green dashed curveisfitted using He,, (T) = H:z,u a- T/TC)HX
.Hyis the Bardeen-Cooper-Schrieffer Pauli paramagnetic limit. The error bar
fromthe fitting is smaller than the symbol size.
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Fig. 4| Sample stability and experimental results onintercalated few-layer
flake samples. a, XRD data of [C,MIm]*-intercalated sample before and after
storage under ambient conditions for 16 days. b, Resistance measurements of
[C,MIm]*-intercalated sample before and after storage under ambient conditions
for12 days. ¢,d, Optical image (c) and AFM (d) of an exfoliated seven-layer NbSe,
flake, whichisindicated as S2 in h. The measured areais indicated by a red box
inc. The heightintensity is indicated by alinear colour scale, asindicated by the
colour bar. The topographic line-profile (white curve) is obtained by integrating
over the vertical direction of the image and shows a step height of 4.4 nm.
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() [C,MIm]" intercalation of this seven-layer flake sample. g, Extracted upper
critical magnetic fields H,, for H, as a function of 7. before and after intercalation.
h, T.as afunction of n,, (extracted from Hall data measured at 75 K) for flake
samples before and after intercalation. The thickness of these four flake samples
istenlayers, seven layers, five layers and seven layers from S1to S4, and they
exhibit overall similar trend (see acomparison between red and purple symbols
measured at different doping).

6.2+ 0.1A disappear, and a new set of diffraction peaks with a larger
interlayer spacing is clearly observed, indicating the effective inter-
calation of ions into the entire bulk crystal. To track which ions are
intercalated, we compare three ILs with different cations and anions,
respectively. The observation of similar interlayer spacing of 10.1 + 0.1 A
for ILs containing the same cation (red and blue curves in Fig. 1c),
and different interlayer spacings (10.1+ 0.1 A versus 19.7 + 0.1 A) for
ILs containing the same anion but different cations (blue and green
curves in Fig. 1c), provides definitive evidence that the cations from
the ILs are intercalated. This is consistent with the negative polarity
of the gating voltage, which drives positively charged cations into
the sample. In addition, the absence of fluorine and sulfur peaks in
the energy-dispersive X-ray spectroscopy (EDS) measurements using
scanning electron microscopy (SEM) confirms that there is negligible
intercalation of the anions from the ionic liquids (Supplementary
Fig.4). The successful cationintercalation leads to two distinct changes
in the Raman spectra: the suppression of low-energy shear mode at
26.5cm™and ablueshift of the E,, mode. The suppression of the shear
mode is consistent with the reduced interlayer interaction similar to
that observed in monolayer NbSe,(ref. *°), and the blueshift of the E,,
mode similar to that observed in monolayer NbSe,(ref. ) is attributed
to reduced interlayer interaction or electron doping” from the inter-
calated cations.

Owing to the high quality of the organic-NbSe, hybrid crystal,
ARPES measurements can be performed to reveal its corresponding
electronic structure directly. Figure 2a,b shows a comparison of the
electronic structures of a representative intercalated sample with a

[C,MIm]* cationand unintercalated bulk NbSe,. Inboth cases, the bands
contributed by Nb 4d states”***° cross Fermi level (E;), forming hole
pocketsatthel'andK points (pointed by red and orange arrowsinFig.2a
and blue and green arrows in Fig. 3b). In sharp contrast, the highly
dispersive 3D bands from the Se p,state®® at different k, (out-of-plane
momentum) values, which are observed in the unintercalated bulk
sample as broad features (pointed by yellow arrow in Fig. 3b) due to
the k,broadening®*, are absent in the intercalated sample (see also
second-derivativeimagesin Supplementary Fig.5), resultinginalarge
energy separation between the bottom of the conduction band and
the top of the valence band (marked by yellow arrows in Fig. 2a). Such
electronicstructureis similar to that of monolayer NbSe,(refs. °*°) and
isalsofurther supported by thefirst-principles calculationsin Fig. 2c,d.
The disappearance of the highly dispersive 3D Se p,bands at the I
point while maintaining the 2D Nb 4d bands shows that by expanding
the interlayer spacing, the intercalated NbSe, exhibits effectively 2D
electronicstructure, although the intercalated sampleisabulk crystal.

To further reveal the difference between the intercalated sample
and monolayer NbSe,, we show in Fig. 2e-h a detailed comparison of
the electronic structures of the intercalated sample and monolayer
NbSe, film grown by molecular beam epitaxy (MBE)"™. Although the
dispersionis overall similar, thereis a clear energy shift between these
two samples. In particular, the bottom of the conduction band for the
intercalated sample is shifted down by 0.14 eV, indicating that the
intercalated sampleiselectron doped compared with the MBE film (see
schematic drawings in the inset of Fig. 2g,h). Such electron doping is
also confirmed by the Fermi surface maps, in which the intercalated
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sample shows smaller hole pockets atboth the'and K points (Fig. 2g).
The 2D hole concentrations are calculated tobe 7.5 + 0.1 x 10* cm™for
theintercalated sampleand 11.5 + 0.1 x 10" cm™for the MBE film from
the size of the Fermi pockets based on the Luttinger theorem®. The
smaller hole concentration confirms that thereis electron doping for
the intercalated sample. Therefore, the intercalation of cations not
only provides an effective control for theinterlayerinteraction but also
leads to substantial electron doping into the NbSe, layers.

To investigate the effect of the cation intercalation on the super-
conductivity, Fig. 3 shows a direct comparison of transport measure-
ments before and after theintercalation. Theintercalated sample shows
anonset temperature 72"5¢'= 6.9 K (defined as the 90% resistance of the
normal state; Fig. 3a), which is comparable to 72"*' = 7.0 K in the unin-
tercalated bulk sample (Fig. 3b). Application of an out-of-plane mag-
netic field H, strongly suppresses the superconductivity for both
samples (Fig.3c,d); however, the suppression of superconductivity by
in-plane magnetic field H, is much less for the intercalated sample
(Fig. 3e) compared with the unintercalated bulk sample (Fig. 3f). For
example, high-field measurements show that superconductivity per-
sists above 25 T for the intercalated sample (Fig. 3g). Figure 3h shows
the extracted upper critical fields as a function of temperature. The
extracted in-plane upper critical field HC*Z,” =419 +1.2Tis more than
three times of the Paulilimit H, =12.7 T, where H, = 1.84 T, (refs.%*%),
where T, is the temperature where the sample enters zero-resistance
state. Takinginto account that the intercalated NbSe, consists of effec-
tively decoupled NbSe, layers with spin-momentum locking similar to
monolayer NbSe, (ref. '), the observation of large upper critical field
exceeding the Paulilimit suggests that the intercalated sample exhibits
Ising superconductivity similar to monolayer NbSe, (ref. ') and gated
MoS, flake**,

In addition to achieving a higher 7. than monolayer flake, the
intercalated NbSe, sample also shows improved stability compared
with monolayer NbSe,. While monolayer NbSe, degrades within a
few hours'®", the intercalated NbSe, sample is stable under ambient
conditions for more thanten days bothin terms of the crystal structure
and superconducting properties, as is supported by XRD and trans-
port measurements (Fig. 4a,b). The improved stability is in line with
the intercalated black phosphorus® and intercalated MoTe, or WTe,
(ref.”), where the intercalants protect the active 2D semiconducting/
metallic monolayers and their properties such as superconductivity.
Inaddition, further experiments on few-layer NbSe, flakes have shown
that theintercalation method also works for few-layer flakes. Figure 4c¢
shows the opticalimage of an exfoliated NbSe, flake, whose thickness
isdetermined to be 4.4 nm (seven layers) by atomic force microscopy
(AFM) measurements (Fig. 4d). The intercalated seven-layer NbSe,
flake shows a T,= 6.3 + 0.1 K (Fig. 4f), which is comparable to the bulk
NbSe,. While the changein T_is negligible (from 6.4 + 0.1Kt0 6.3 + 0.1K)
asshowninFig.4e,f, theintercalated seven-layer NbSe, flake shows an
enhancement of the in-plane upper critical field (Fig. 4g). This shows
that theintercalation method can also be extended to few-layer flakes
to enhance the in-plane upper critical field without sacrificing the T,
substantially. To further reveal the effect of carrier concentration on
the superconductivity, Fig. 4h shows a systematic investigation of T,
and carrier concentration for intercalated few-layer flake samples.
While 7. remains almost the same for small electron doping, for high
electron dopingthat corresponds to asmaller hole carrier concentra-
tion, T, decreases substantially. Similar behaviour is also observed
for bulk intercalated samples (Supplementary Fig. 6). This suggests
that the electron doping from the intercalated cations is not critical
for maintaining the high 7.in the intercalated sample and can be even
suppressing T.at high electron doping.

The tailored Ising superconductivity in the bulk intercalated
NbSe, sample shows superconductivity with an onset temperature
"¢ = 6.9 K, which is higher than the maximum 72" =3.7 K
reported in monolayer flakes*® and monolayer thin films’™ (see

Supplementary Table 2 for the summary). A comparison of our inter-
calated sample with monolayer flake provides some useful insights
on the physics of monolayer NbSe,. The intercalated NbSe, sample
shows effectively 2D electronic structure similar to monolayer NbSe,
yetwithout compromising the T, thereby suggesting that the absence
of Se-derived bands®’ is unlikely the main reason for the suppression
of T.in monolayer NbSe,. Instead, our work suggests that the deple-
tion of the superconducting density of states near the monolayer
superconductor-vacuum interface®”?* and the competition between
superconductivity and CDW are more likely reasons for the suppres-
sion of T.in monolayer NbSe,. In particular, our intercalated sample
shows alower CDW transition temperature Tpy = 68 K (Supplemen-
tary Fig.7) compared with monolayer sample, which shares a similar
electronic structure with T¢,,, =145 K. The observation of alower T¢py
and a higher T in the intercalated sample is in agreement with the
competition between superconductivity and CDW' proposed in
monolayer NbSe,.

Theinterlayerinteractionand carrier concentration have beentwo
major controlling knobs for enriching the fundamental physics and
intriguing properties of layered materials over the past two decades,
and our work identifies intercalation of cations from ionic liquids as
an effective route for simultaneous control of these two important
parameters. The intercalation method is quite generic and can be
readily extended to a large group of layered materials (for example,
MoTe, and WTe,(ref. ®), TaSe,, TaS,, SnSe,(ref.**), graphite and so on)
with awide variety of ILs with different cations (for example, [C,MIm]*
(1-alkyl-3-methyl-imidazolium, n represents the length ofthe alkane
carbon chain), [DEMB]" (N,N-diethyl-N-butyl-N-methylammonium),
[DEME]* (N,N-diethyl-N-(2-methoxyethyl)-N-methyl- ammonium)
and [C,MMIm]*(1-alkyl-2,3-dimethyl-imidazolium, n represents the
lengthof the alkane carbon chain); see Supplementary Figs. 8-10 and
Supplementary Table 1). Therefore, our work provides an important
methodology for creating hybrid materials with tunable functionalities
possibly exceeding the bulk crystals and monolayer samples.
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Methods

Sample growth

High-quality NbSe, single crystals were synthesized by the I, chemical
vapour transport method. Polycrystalline NbSe, were synthesized
by heating the high-purity stoichiometric mixture of Nb powder
(99.99%, Alfa Aesar) and Se ingot (99.99%, Alfa Aesar) at 800 °C in
a vacuum-sealed silica ampoule for several days. Using a chemical
vapour transport method with I, as transfer agent, polycrystalline
NbSe, were transferred from a high-temperature (820 °C) areato a
low-temperature (750 °C) areato achieve recrystallization. High-quality
NbSe, single crystals were obtained after several days. Monolayer NbSe,
film was grown under a Se-rich condition and monitored by in situ
reflection high-energy electron diffraction®.

Bulk sample intercalation

The intercalation of ionic liquid cations is achieved through electro-
chemical reaction with a simple lab-design intercalation device as
shown in Fig. 1b. High-quality NbSe, single-crystal sample acts as the
working electrode, which isimmersed in the ionic liquid electrolyte,
and Ptis used as the counter electrode. Applying a negative voltage
with the electrochemical workstation can drive organic cations into
NbSe, layers. And an appropriate heating temperature could remark-
ablyincrease theintercalation efficiency. A globally intercalated bulk
with typical thickness of 100 pm can be obtained within a few hours.

X-ray diffraction

The XRD patterns are collected from a diffractometer using Cu K,
(A=1.5418 A) radiation to reveal the interlayer spacings of the samples.
The samples are mounted in reflection geometry with the Q-vector
(scattering vector) along the out-of-plane direction.

ARPES measurements

ARPES measurements were performed in our home laboratory at
Tsinghuawith a helium discharge lamp. The samples were oriented by
Laue before loaded into the ARPES chamber, and the freshly cleaved
surface was measured at 80 K under an ultrahigh vacuum better than
1x107 torr. The datawere recorded by a ScientaDA30-L witha photon
energy of21.2 eV.

Device fabrication

Few-layer NbSe, flakes are fabricated in a glovebox (H,0 <0.1 ppm, O,
<0.1 ppm) from unintercalated single crystal on polydimethylsiloxane
stamps and transferred to pre-patterned Ti/Au (5 nm/30 nm) Hall bar
on Si/SiO, substrate. Hexagonal boron nitride thin flakes are fabri-
cated and transferred in the same strategy. The thickness of NbSe, and
hexagonal boron nitride flakes are confirmed by AFM measurements.

Transport measurements

Transport measurements were performed inaPhysical Property Meas-
urement System (PPMS, Quantum Design) with the lowest temperature
of1.6 Kand magnetic fieldup to 9 T. The longitudinal resistances were
measured through afour-probe method, and asmall excitation current
(50 pA) wasemployed to avoid sample heating. The high-magnetic-field
transport measurements were performed on the Steady High Magnetic
Field Facilities, High Magnetic Field Laboratory, CAS.

Theoretical calculation

First-principles calculations were performed in the framework of den-
sity functional theory as implemented in the Vienna ab initio Simula-
tion Package (VASP)*. The projector augmented wave method and
the Perdew-Burke-Ernzerhof-type exchange correlation functional*
and the plane-wave basis with an energy cut-off of 400 eV were used.
Vander Waals corrections were included by the zero damping DFT-D3
method*. The spin-orbit coupling was included in self-consistent
electronic structure calculations. A16 x 16 x 14 k-point mesh grid was

taken for bulk calculations. The atomic structure was fully relaxed with
aforce criterion of 0.001eVA™.,

Data availability

Source data are available with this paper. Other data that support the
findings of this study are available from the corresponding author
upon reasonable request.
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