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NbSe, is expected to host a rich variety of quantum phenomena such as Ising superconductivity and the
orbital Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state. So far, these intriguing states have been accessed only
in discrete samples with a fixed set of parameters regarding the spin-orbit coupling strength, lattice symmetry,
and dimensionality. Here, we invoke a lithium ion backgate to continuously tune those parameters and reveal a
systematic evolution of superconductivity in both ultrathin and bulklike NbSe, samples. The ultrathin NbSe,
after lithium intercalation possesses a further enhanced upper critical magnetic field over the Pauli limit,
confirming the doping dependence of Ising superconductivity. Moreover, we successfully tune the bulklike
NbSe, to a two-dimensional Ising superconductor at high doping. Additionally, at intermediate doping, we
observe behaviors akin to the emergent orbital FFLO state.

DOI: 10.1103/PhysRevB.110.104509

I. INTRODUCTION

Cooper pairs with Ising-like spin orientations occur in
two-dimensional (2D) spin-orbit coupled (SOC) supercon-
ductors [1]. This so-called Ising superconductivity was
discovered in ultrathin superconductors with broken inversion
symmetry [2-6] but was soon extended to centrosymmetric
films with degenerate bands at high-symmetry points of the
momentum space [7,8]. Among the Ising superconductors,
ultrathin 2H-NbSe, [4] has been investigated extensively. A
monolayer of NbSe, serves as a model system. Inversion
symmetry breaking gives rise to opposite spin splitting of the
hole bands at the K and K’ points. Cooper pairing across
these bands with spins locked to the out-of-plane direction
are resilient to a magnetizing field transverse to the spin
direction. This mechanism accounts for a largely enhanced
in-plane upper critical field (Bﬂz), more than six times the
Pauli limit (B,), in monolayer NbSe, [4]. Ultrathin NbSe,
also distinguishes itself from conventional superconducting
films by showing a gradual evolution of its superconducting
gap with the applied in-plane magnetic field [9]. This behavior
sharply differs from a sudden gap closing at a critical in-plane
field observed in aluminum [10] and beryllium films [11].
Of late, the unusual gap-closing behavior and the twofold
in-plane gap anisotropy [12-14] in few-layer NbSe,, revealed
by tunneling and magnetotransport experiments, hint at an
additional exotic pairing component.

Apart from the studies in the 2D limit, there is a re-
cent revival of interest in thicker forms of NbSe,. By
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electrochemically intercalating large organic ions, bulk NbSe;
was rendered to be an Ising superconductor with a strongly
enhanced ratio of Bﬂz /B, [15]. Similar enhancement was also
achieved by growing misfit compounds such as (LaSe); j4-
NbSe;, [16]. These breakthroughs facilitate further investi-
gations of the predicted enigmatic properties [1] because
they allow for bulk sensitive techniques on Ising super-
conductors. Another major achievement was from NbSe,
with a thickness ~20 nm [17]. There, a meticulous two-
axis rotation experiment unveiled sixfold in-plane anisotropy,
lending strong support to the orbital Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state that was theoretically proposed
recently [18]. Indication of this orbital FFLO state was also
reported in lithium intercalated MoS; bilayers [19].

The above achievements were from samples with discrete
thicknesses and at fixed densities. Exploration of the density
dependence of Ising superconductivity, in terms of Bl',z /B,
remains lacking. Theoretically, spin splitting in an Ising su-
perconductor should become stronger as the Fermi level shifts
closer to the band tops at the K and K’ points. Reducing
the hole concentrations would further enhance Ising pairing,
giving rise to a larger Bﬂz /B,. Additionally, bulklike NbSe,
(thickness 220 nm) is a superconductor in the clean limit.
How this clean superconductor evolves to be an Ising super-
conductor after intercalation [15] remains to be elucidated.
These investigations require effective tuning of the carrier
density of NbSe,. However, NbSe; is well in the metallic
regime, and its carrier density is as high as 10> cm™2 per
layer. Addressing the doping dependence of superconductivity
in NbSe; thus demands gating techniques beyond the standard
electrostatic field effect. To this purpose, ionic liquid gating
was employed to tune a bilayer NbSe, with its carrier density

©2024 American Physical Society
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FIG. 1. (a) Schematic drawing of a NbSe, flake under lateral
lithium intercalation. White arrows indicate the direct intercalation
of lithium ions from the solid ion conductor. Yellow arrows indicate
the lateral diffusion of lithium ions to the NbSe, flake on top of
the AlO, blocking layer. Right panel provides a stick-ball model of
NbSe, with lithium ions in the interlamellar gap. (b) Topographic
images of NbSe, before and after the lateral lithium intercalation.
The image is taken by using an in situ atomic force microscopy
(AFM; contact mode, scanning frequency: 1 Hz) in an Argon-filled
glove box. The scanned region is located on the AlO, buffer. White
rectangles indicate the areas for estimating the height of the flake.
(c) Representative height profiles taken at different gated stages.
(d) AFM determined sample height as a function of gating time.
Upper panel shows the corresponding backgate voltage.

modulated by ~10% [20]. Recently, ion backgating has been
demonstrated to tune superconductivity of NbSe, in a broader
density range [21,22], but the corresponding critical magnetic
field remains unexplored.

Here, we study the evolution of B, in NbSe, over a
wide range of carrier density by ion backgating. In few-layer
NbSe,, we demonstrate that lithium intercalation results in a
further enhancement of Bﬂz /Bp. In bulklike NbSe,, we un-
veil a gradual transition of its magnetic field response from
an anisotropic three-dimensional system to a purely 2D su-
perconductor. The enhanced Bﬂz /B, after extensive lithium
intercalation becomes comparable with that reported for a
trilayer NbSe;. Also, the bulklike superconductor at interme-
diate doping remains in the clean limit and exhibits features
akin to that of an orbital FFLO state. These observations
indicate that lithium intercalation can dramatically enhance
the 2D character of NbSe,, consistent with the expectation for
Ising superconductors.

II. EXPERIMENTAL RESULTS

A. Sample fabrication and technical details

We employ our recently developed lateral intercalation
scheme for tuning NbSe, [22]. Figure 1(a) is a schematic
drawing of our device. The substrate is a solid ion con-

ductor (SIC) [23] with the chemical formula: Li,O-Al,O3-
Si0,-P,05-Ti0,-GeO,. We patterned a square of AlO,
[100x 100 um?, pink in Fig. 1(a)] with a thickness of 15 nm
by e-beam lithography (EBL) and atomic layer deposition.
Our previous experiment demonstrated that the AlO, layer
can block the direct penetration of lithium [22]. After grow-
ing the blocking layer, we patterned the electrodes (Ti/Au,
10 nm/30 nm) by EBL and loaded the substrate into a glove-
box with Ar atmosphere (H,O < 0.1 ppm, O, < 0.1 ppm). In
the glovebox, we mechanically exfoliated the single crystal
of NbSe,. We then dry transferred [24] the NbSe, flake [dark
blue in Fig. 1(a)] onto the targeted area of the substrate such
that it covered both the AlO, region and the exposed surface
of SIC.

The sample thickness was typically determined by atomic
force microscopy (AFM) immediately after the sample fab-
rication. Afterwards, we carried out lithium intercalation and
magnetotransport experiments. The gating process was car-
ried out at room temperature (300 K). This process can be
reversed by applying negative voltages. It was terminated
at low temperatures (<200 K) for transport studies. Electri-
cal measurements were performed with the standard lock-in
technique. The typical excitation current was chosen to be
1uA (13.333 Hz). The carrier density was determined by
measuring the Hall effect of the sample at 50 K. The angular-
dependent study was carried out by rotating the sample in situ
via a home-built sample holder with a piezorotator.

B. Topographic study

Applying a certain positive backgate voltage can drive
lithium ions first into the region of NbSe, in direct contact
to SIC, as indicated by white arrows in Fig. 1(a). The inter-
calated lithium ions then migrate via the interlamellar gap of
NbSe, and permeate to the complete flake (yellow arrows).
In Figs. 1(b)-1(d), we carry out an in situ topographic study
of the sample during the intercalation. Our previous AFM
study at ambient condition [22] indicated that the intercalated
lithium may react with water and forms hydrated compounds
inside the interlamellar gap. To avoid this chemical reaction,
we now carry out the AFM study in an argon-filled glovebox.

Figure 1(b) shows the typical AFM images taken before
and after the lithium intercalation. The slightly darker color
in the left part of the image after intercalation indicates the
increase of sample height. We estimate the height of NbSe,
by averaging over the line profiles in a certain region close
to the step edge [white rectangle]. Figure 1(c) shows the
averaged results at different gating stages. We summarize the
sample height as a function of gating in Fig. 1(d). Clearly,
the height of the sample increases from the initial value of
~30.5-33.5 nm at the end. It corresponds to an expansion
ratio of ~10% in the c axis, in agreement with the previous
study on chemically intercalated NbSe; [25]. We note that the
AFM study is taken in the region located on the AlO, blocking
layer. The increase in height confirms the successful lateral
migration of the intercalated lithium ions.

C. Continuous tuning of the superconducting transition

In Figs. 2(a) and 2(b), we show representative curves
of resistance at low temperatures for few-layer (sample S1,
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FIG. 2. (a) and (b) Temperature-dependent resistances of two
lithium intercalated NbSe, samples (S1 and S2) with distinctly
different thicknesses. The resistance is normalized by the value at
7 K. Hole densities per Se-Nb-Se layer are obtained from the Hall
effect at 50 K for each state. (c) and (d) Superconducting transi-
tion temperature 7 as a function of carrier density per layer for a
few-layer NbSe, (S1) and three bulklike samples (S2—-S4). Empty
circles represent the states in which superconducting transition is not
observed down to the lowest temperature (1.9 K) of our instrument.
Insets illustrate the distribution of lithium ions in the interlamellar
gap. Top abscissa reflect the estimated lithium content for samples S1
and S2, respectively.

7.5 nm, 12 layers) and bulklike (sample S2, 30 nm, 48
layers) NbSe,, respectively. With consecutive gating, super-
conducting transitions of the two samples gradually move
to lower temperatures. The suppression of superconductivity
stems from a reduced total carrier density in NbSe,: Elec-
tron doping of lithium counteracts the predominant charge
carriers of holes. This density tuning is confirmed by low-
temperature Hall effect measurements at 50 K for each gate
state (above the temperature for charge density wave of bulk
Nb862 TCDW =32 K)

Figures 2(c) and 2(d) summarize the superconducting tran-
sition temperature T,y of the gated states as a function of
the hole carrier density per Se-Nb-Se layer p,p. Here, we
determine T, as the temperature point where the resistance
drops to half of the normal state value R, at zero magnetic
field. For sample S1(S2), we can tune p,p from 1.8x 10" to
0.4x10" ecm=2 (1.5%x 10" t0 0.5x 10" cm~2). It corresponds
to a density tuning of 78% (66%), which is dramatic in a
metallic system [21]. From the variation of p,p, we estimate
the lithium content [top abscissa in Figs. 2(c) and 2(d)] by
using an effective charge transfer ratio of 0.86 [26] for each
lithium ion [27]. The maximum lithium content reaches as
high as 160% for sample S1 and 115% for sample S2. It
indicates that a second layer of lithium ions starts to form

(a)5 (b) 5
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FIG. 3. (a) and (b) Temperature-dependent normalized resis-
tances of sample S5 (5 nm thick) under different lithium intercalation
and at a series of out-of-plane/in-plane magnetic fields. #0 denotes
the pristine state. Curves for different states are vertically offset for
clarity. Dotted lines represent zero resistance for the different states.
The out-of-plane magnetic fields applied for states #0/#1/#2/#3 are
from 0 to 2.8/2/1.25/0.5 T with intervals of 0.35/0.25/0.25/0.1 T.

within the interlamellar gap [schematically shown as inset to
Figs. 2(c) and 2(d)].

D. B, in few-layer NbSe,

After demonstrating the wide tunability, we study the evo-
lution of B.. We realize gated states with different T in
a few-layer NbSe, (sample S5, 5 nm thick). To enhance
the uniformity of lithium distribution, we carry out several
cycles of lithiation and delithiation [19,28]. For each gated
state of sample S5, we investigate its response to the in-plane
and out-of-plane magnetic fields. Figure 3(a) shows that, in
the perpendicular configuration, the required magnetic field
for suppressing superconductivity becomes much smaller as
T, decreases. By contrast, the superconducting state remains
resilient to the in-plane magnetic field after lithium intercala-
tion. Even for state #3 with a reduced T;¢ of 3.2 K, applying
the highest magnetic field of 12 T only increases the resistance
slightly at 2 K.

The above behaviors can be quantified by extracting the
temperature dependences of the upper critical fields Bj-z and
Bﬂz (we use the midpoint criterion). In Figs. 4(a) and 4(b), we
plot the extracted B and Bﬂz as a function of temperature.
Figures 4(c) and 4(d) show the same datasets but with B,
normalized by B,,. Here, we employ the conventional relation
of B, = 1.86T for the normalization. It assumes a standard
gap-to-T; ratio of 1.76 and a g-factor of 2. We note that, in re-
ality, the conversion factor may differ from 1.86 and can vary
with lithium doping. With this caveat in mind, B.,/(1.86T;¢)
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FIG. 4. (a) and (b) Temperature dependences of the out-of-
plane/in-plane B, for states #0 to #3 of sample S5. (c) and
(d) Temperature dependences of the out-of-plane/in-plane B., nor-
malized by B, for the same sample. Lines in (a) and (c) are from the
linear fitting. Curves in (b) and (d) are theoretical fits by using the
Werthamer-Helfand-Hohenberg (WHH) formula. (e) Extrapolated
zero-temperature in-plane upper critical field Bﬂz(T = 0) normalized
by B, as a function of Tj. Inset illustrates the spin-split bands
of NbSe, around the K point. Horizontal lines marked by Er and
E}. schematically indicate the upward shift of the Fermi level. (f)
Anisotropic factor Bﬂz /B% as a function of T,.

helps compare the results obtained at different T’s. To extract
B, (T = 0), we employ the Werthamer-Helfand-Hohenberg
(WHH) formula [29] to fit the in-plane data and use a linear
fitting for the out-of-plane data. The same trend of Bﬂz (T=0)
as a function of Ty can be obtained by fitting with the 2D
Ginzburg-Landau (GL) formula, as shown in the Appendix.
Figure 4(a) indicates that B5 (T = 0) is suppressed by
nearly a factor of four from state #0 to state #3. By con-
trast, Bﬂz (T =0) slightly decreases from ~30 to 25 T as
T,o drops from 5.7 to 3.2 K [Fig. 4(b)]. It reflects not only
a larger anisotropy ratio with lithium intercalation but also
a relative enhancement of B‘L“2 with respect to the reduced
T.o. These effects are better captured by Figs. 4(d)—4(e).
They indicate a continuous enhancement of Bﬂz (T =0) over
B),. This behavior is consistent with the expectation of Ising

superconductivity. Namely, the uplift of the Fermi level by
lithium intercalation enhances the effective Zeeman spin split-
ting around the K and K’ points [illustrated by the inset of
Fig. 4(e)]. The resultant Cooper pairs become more robust
against an in-plane magnetic field.

Figure. 4(f) shows that Bﬂz (T = 0)/Bci2 (T = 0) increases
by a factor of four with decreasing T;¢. For a further analysis,
we employ

i _ _ g
Bs(T=0)=5 5. (1)
V12D
l —0) —
B, (T =0)= YrEdy, )

where &y = h/2e is the flux quantum, £ is the in-plane su-
perconducting coherent length, and dj. is the superconducting
thickness. From state #0 to state #3, the estimated d,. de-
creases from 4.3 to 2.4 nm. Such a 50% variation seems
unlikely to stem solely from the lattice expansion induced
by lithium intercalation, which is only ~10% (as shown
in Fig. 1). Instead, we argue that the enhanced anisotropy
with lithium intercalation is largely due to the shrinking Se-
derived band around the I' point as the Fermi level moves
up. This band is more dispersive in the ¢ axis; thus, the
reduction of its contribution strongly promotes the 2D char-
acter of NbSe, [30,31]. Similar suppression of the Se-derived
band has been recently observed in the misfit compound of
(LaSe);.14-NbSe; as a result of electron doping to the NbSe,
layer [16].

E. B, in bulklike NbSe,

We now study B, in three bulklike NbSe, samples un-
der lithium intercalation: S3 (40 nm), S4 (35 nm), and S6
(30 nm). Figures 5(a) and 5(b) collect the resistance data
under a series of out-of-plane and in-plane magnetic fields.
Figures 6(a) and 6(b) plot the extracted BCLZ(T) and B!z(T)-
In Figs. 6(c) and 6(d), we normalize BCL2 and Bﬂz by B, (We
again use the standard conversion: B, = 1.86T,). Figures 6(a)
and 6(c) show that Bcl2(T) always follows the linear behavior,
and B5(0) gets prominently suppressed with lithium interca-
lation. This evolution is like that observed in few-layer NbSe;.
Figures 6(b) and 6(d) show that Bﬂz(T) gradually transitions
from a linear behavior for the pristine state to a parabolic be-
havior after lithium intercalation. For the state with x;; = 1.2,
BEZ(T) closely follows the 2D GL formula (dotted curve). It
suggests that such a bulklike sample becomes analogous to a
purely 2D superconductor.

Indeed, by using Egs. (1) and (2), we estimate that dg is
3.7 nm for x; = 1.2, much smaller than the sample thick-
ness (35 nm). Figure 6(e) further summarizes the extracted
Bﬂz (T = 0) normalized by B,. At high doping level with
x1i = 1.2, the extrapolated Bll,z (T = 0) reaches about three

times B,. Such a large Bﬂz (T =0)/B, ratio is comparable
with that observed in a trilayer NbSe, [9]. Meanwhile, the
anisotropy ratio Bﬂz (T = O)/Bcl2 (T = 0) is enhanced by a
factor of five after lithium intercalation [Fig. 6(f)].
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FIG. 5. (a) and (b) Temperature-dependent normalized resis-
tances of samples S3 (40 nm), S4 (35 nm), and S6 (30 nm) with
different contents of lithium ions and at a series of out-of-plane/in-
plane magnetic fields. Curves for different states are vertically
offset for clarity. Dotted lines represent zero resistance for the
different states. The out-of-plane magnetic fields applied for state
xi =0,0.7,0.8, 1.2 are from O to 4/2.4/2/0.6 T with intervals of
0.5/0.3/0.25/0.12 T.

F. Angular dependence of B,, in bulklike NbSe,

Recent experiments [17] have indicated that the clean su-
perconductor of NbSe, with a moderate thickness may host
the enigmatic orbital FFLO state under a certain in-plane
magnetic field. We point out that our bulklike superconduct-
ing NbSe,, even after lithium intercalation, seems to be in
the clean limit too. The estimated superconducting coherence
lengths for sample S3 with x;; = 0 and 0.7, using Eq. (1) and
the data in Fig. 6(a), are ~8 and 10 nm. These values are much
smaller than the corresponding mean free paths of the same
states: 29 and 26 nm (see Appendix B for the estimation). One
key feature of the reported FFLO state comes from the angular
dependence of B,,: It hosts a sharper cusp around the in-plane
situation than that based on the 2D Tinkham model [17,32].
In the following, we study the angular dependence of B, in
our bulklike NbSe, samples.

Figures 7(a) and 7(b) show the angular dependence of B,
of sample S3 with x;; = 0. The data points around 6 = 0°
constitute a cusp that is sharper than that from a 2D Tinkham
model [Fig. 7(b), solid curve]. The same behavior can be seen
for sample S6 [Figs. 9(a) and 9(b)]. We comment that the de-
viation ~0° is not as pronounced as that reported before [17].
This is possibly due to the stronger interlayer coupling in our
relatively thicker samples.

Interestingly, the cusp becomes more pronounced after
lithium intercalation and deviates more strongly from the
2D Tinkham model [Figs. 7(c), 7(d), 9(c), and 9(d)]. We
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FIG. 6. (a) and (b) Temperature dependences of the out-of-
plane/in-plane B, for state with x; =0,0.7,0.8,1.2. (c) and
(d) Temperature dependences of the out-of-plane/in-plane B, nor-
malized by the corresponding B,,. Lines in (a) and (c) are from the
linear fitting. Solid/dashed curves in (b) and (d) are theoretical fits by
using the Werthamer-Helfand-Hohenberg (WHH)/two-dimensional
(2D) Ginzburg-Landau (GL) formula. (e) Extrapolated BHZ(T =0)
normalized by B, as a function of 7. (f) Anisotropic factor B, /B
as a function of T.

argue that this enhancement is not a result of wrinkles or
inhomogeneities caused by lithium intercalation because (1)
we employ a lateral intercalation scheme such that lithium
distribution is quite uniform, as demonstrated in our previ-
ous report [22]; (2) the enhanced cusp ~0° is observed only
when & <[ is satisfied. By further increasing the lithium
concentration, [ drops such that the sample returns to the dirty
limit. There, no enhanced cusp can be observed for B (6),
although lithium intercalation presumably increases inhomo-
geneity. Such a recovery to the standard 2D Tinkham model
can be seen for sample S4 with x;; = 1.2 [Figs. 7(e) and 7(f)].

Instead, the enhanced sharp feature of B, at ~0°, for the
intermediately doped samples, seems consistent with the fea-
ture reported for the orbital FFLO state. As demonstrated in
Fig. 6, lithium intercalation promotes Ising superconductivity
and weakens interlayer coupling in our bulklike samples. In
addition, the expanded interlayer spacing after lithium inter-
calation can give rise to a larger center-of-mass momentum
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FIG. 7. (a) and (b) Angular dependences of B, of sample S3
in the pristine state. Solid/dashed curves are two-dimensional (2D)
Tinkham fitting to the data points with |8] > 1.5°/|6| < 0.5°. Inset
in (a) indicates the orientation of the magnetic field relative to the
sample plane. (c) and (d) Angular dependences of B, for sample S3
with x;; = 0.7. Solid/dashed curves are 2D Tinkham fitting to the
data points with |6] > 1.5°/]6] < 0.5°. (e) and (f) Angular depen-
dence of B, for sample S4 with x;; = 1.2. Solid curve is the fitting
by using the 2D Tinkham formula.

shift of the Cooper pairs under the applied in-plane magnetic
field. These effects can help stabilize the orbital FFLO state.

II1. DISCUSSION

The conversion from a bulk superconductor to a 2D Ising
superconductor is remarkable. A similar dimensional reduc-
tion effect was recently realized by intercalating large organic
molecules to bulk NbSe;, [15]. There, the c-axis expansion
was as large as 63%. In sharp contrast, lithium intercala-
tion employed here only causes a limited expansion (Fig. 1).
Here, we speculate on the unique role of the intercalated
lithium. First, a positively charged layer of lithium ions can
effectively screen the Coulomb interaction between different
NbSe, layers, suppressing the interlayer interaction. Sec-
ondly, by slightly exceeding a 1:1 ratio between Li and Nb,
a second layer of lithium ions starts to accumulate on top of
the first layer inside the interlamellar gaps [insets of Figs. 2(c)
and 2(d)]. This piling of lithium ions obviously breaks

inversion symmetry. Although lithium ions in reality may
distribute more randomly, the tendency of breaking inversion
symmetry of the lattice still persists in local areas. It enhances
the SOC effect and promotes Ising superconductivity.

In summary, we investigate the systematic evolution of
B, in NbSe, by electric-field-controlled lithium intercala-
tion. We obtain an enhanced Bﬂ2 /B, in ultrathin NbSe, after
intercalation, consistent with the expected behavior of Ising
superconductivity. In bulklike NbSe;, lithium intercalation
can convert the system to a stack of 2D Ising superconduc-
tors at high doping. Also, moderate lithium doping seems to
promote the features of the orbital FFLO state. Our results
demonstrate the distinct role of lithium ions in tuning SOC
superconductivity.
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APPENDIX A: BﬂZ(T) FIT BY THE 2D GL FORMULA

In Fig. 8(a), we employ the 2D GL formula to fit the
in-plane upper critical field for sample S5. Figure 8(b) sum-
marizes the extrapolated Bﬂz (T =0) normalized by B,.
These results also show the continuous enhancement of
B!, (T =0)/B,.

APPENDIX B: EVALUATION OF THE MEAN FREE PATH

We carry out Hall effect measurements for our samples at
different gated states at 50 K. The obtained Hall resistances
as a function of magnetic field always show linear behaviors
with positive slopes (up to the maximum field of 6 T that
we applied). It suggests that the CDW temperature remains
<50 K throughout the lithium intercalation. Otherwise, the
Hall effect at 50 K may show a negative slope at certain
dopings. We obtain the hole carrier density p from the slope
of the Hall resistance and estimate the mean free path:

_ h/ée?
 R2mgup

Here, g, represents the valley degeneracy (the spin degeneracy
of two has been considered), and R, is the sheet resistance. We

l B

3 : 3 4 5 6
T(K) Teo (K)

FIG. 8. (a) Temperature dependences of the in-plane B, normal-
ized by B, for sample S5 in states #0 to #3. Solid curves are fits
by using the two-dimensional (2D) Ginzburg-Landau (GL) formula.
(b) Extrapolated Bﬁz (T = 0) normalized by B, as a function of T,.
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TABLE I. Evaluated mean free path and the corresponding su-
perconducting coherence length for the bulklike NbSe, samples. We
use the relation &, = 1.35&5.,(0) for obtaining the Pippard coherence
length.

Sample [ (nm) &6L(0) (nm) &, (nm)
S3,x;=0 28.77 7.63 10.31
S3, x; = 0.7 25.79 9.88 13.34
S4, x; =1.2 8.93 17.71 2391
S6, x;; = 0.6 22.56 9.84 13.29

use g, = 3 for the three hole bands in NbSe,. The electron
band of NbSe,, which is prominent in the Seebeck effect [33],
is neglected here since the Hall effect shows dominating be-
havior of holes. The estimated values of / are given in Table 1.

APPENDIX C: EXTENDED DATA ON BULKLIKE NbSe,
WITH INTERMEDIATE LITHIUM INTERCALATION

Figure 9 shows the angular dependence of B, for sample
S6. We compare the data obtained in the pristine state and that
after lithium intercalation (x;; = 0.6). Like sample S3 with
xri = 0.7, the lithium intercalated state shows a pronounced
cusp in the angular dependence of B, around in-plane direc-
tion [Figs. 9(c) and 9(d)], sharper than that expected from a
standard 2D Tinkham model.

(@12 s6.30nm| (0) 12
xLi=0
10 ) Te0=6.7 K "
o 87 =10
B N
2° d
4 T/Te0=0.57
20 o 81
0L . . . .
0 20 40 60 80
6 (deg)
(c)12
S6,30nm
10+ xi=0.6
8 Teo=6 K
e
S
Q

T/Te=0.76

4 -2 0 2 4
6 (deg)

0 20 40 60 80
6 (deg)

FIG. 9. (a) and (b) Angular dependence of B, for sample S6
in the pristine state. Solid/dashed curves are two-dimensional (2D)
Tinkham fitting to the data points with |#| > 1.5°/|8| < 1°. (¢) and
(d) Angular dependence of B, for sample S6 with x;; = 0.6.
Solid/dashed curves are 2D Tinkham fitting to the data points with
0] > 1.5°/10| < 1°.
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