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Bardeen-Cooper-Schrieffer (BCS) superfluidity and Bose-Einstein condensation (BEC) are the two extreme
limits of the ground state of the paired fermion systems. We report crossover behavior from the BCS limit
to the BEC limit realized by varying carrier density in a two-dimensional (2D) superconductor, electron-
doped layered material ZrNCI. The phase diagram, established by simultaneous measurements of
resistivity and tunneling spectra under ionic gating, demonstrates a pseudogap phase in the low doping
regime. The ratio of the superconducting transition temperature and Fermi temperature in the low carrier
density limit is consistent with the theoretical upper bound expected in the BCS-BEC crossover regime.
These results indicate that the gate-doped semiconductor provides an ideal platform for the 2D BCS-BEC
crossover without added complexities present in other solid-state systems.

The pairing and condensation of fermions are fundamental
to a variety of systems, ranging from neutron stars to super-
conductors and ultracold atomic gases (I-7). There are two
limiting cases for fermion condensation, described by two
distinct theories: the Bardeen-Cooper-Schrieffer (BCS) theo-
ry and Bose-Einstein condensation (BEC). The former ex-
plains superfluidity in the weak-coupling or high-density
limit, where individual fermions directly condense to a co-
herent state of fermion pairs. This type of condensation is
typically observed in the superconductivity (SC) of electrons.
The latter occurs in the strong-coupling, low-density limit.
Fermions first form pairs that behave as bosons, and these
bosons then undergo the BEC to the superfluid state (I).
This phenomenon is most clearly seen in fermionic gases
(3). These two limits are continuously connected through an
intermediate regime, exhibiting universal behavior called
the BCS-BEC crossover (2, 7).

Ultracold atomic gases and superconductors are exper-
imental settings favorable for the observation of the BCS-
BEC crossover because the coupling strength between the
constituent fermions can be controlled in a quasi-
continuous manner. In ultracold atomic gasses, the coupling
strength is highly modulated via Feshbach resonances (7),
sweeping through the crossover regime from the BEC limit
(4, 6). In superconductors, the crossover regime can be en-
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tered from the BCS limit by controlling the carrier density
and, consequently, the coupling strength.

The dimensionless coupling strength in superconduc-
tors is determined by A/Er, where A is the superconducting
gap, and Er is the Fermi energy measured from the bottom
of the conduction band. As A/Er is increased by enhanced
pairing interaction or reduced carrier density, the system
enters the BCS-BEC crossover regime accompanied by the
enhancement of 7./Ty, where T. and Tr are the supercon-
ducting critical temperature and the Fermi temperature,
respectively. As represented in the well-known Uemura plot
(8), conventional metallic superconductors, such as Nb and
Al, reside deep inside the BCS limit (7./Tr << 1), whereas the
“exotic” superconductors, including cuprates, organics,
heavy fermions, and iron-based superconductors, are locat-
ed rather close to the BCS-BEC crossover region with 7¢/T% ~
0.05. However, even in these systems, the coupling strengths
are not high enough to reach the BEC limit beyond the
crossover regime; additionally, in the low carrier density,
strong electron correlation effects and magnetic ordering (9)
cloud the crossover phenomena by added complexity. There-
fore, the clear demonstration of the BCS-BEC crossover is
still a key challenge in the study of SC. Although FeSe sys-
tems (10-12), magic-angle twisted bilayer graphene (13, 14),
and layered nitrides (15) have been studied in this context,
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the wide-range control of A/Er needed to go from the BCS
regime to the BEC limit has not been realized to date.

Here we study the superconductor Li,ZrNCl, a lithium-
intercalated layered nitride (15, 16) (Fig. 1A). Lithium sup-
plies electrons to the double honeycomb ZrN layer, which is
a band insulator in the absence of doping. A single conduc-
tion band originating from Zr 4d orbitals hybridized with N
2p orbitals exists at each corner of the hexagonal Brillouin
zone (K and K’ points). A unique property reported in poly-
crystalline bulk samples of Li,ZrNCl is the 7. enhancement
with decreased doping until SC is quenched by disorder (7).
Further increase of T, above 15 K is theoretically proposed
to exist in the low-carrier-density limit (18, 19), which corre-
sponds to a substantial increase of A/Er and the realization
of the BCS-BEC crossover.

Single-crystal measurements of pristine ZrNCl have
been performed by using ionic gating methods (20, 2I). In-
terface SC was realized in electrostatic electric double layer
transistors (EDLTs), where the intrinsic two-dimensional
(2D) nature of SC has been demonstrated in this 2D materi-
al. Recently, we introduced a modified device structure de-
signed for an electrochemical intercalation mode as well as
the tunneling spectroscopy measurements (15). The electri-
cal control of the Li amount in single crystals has been
proven to be more effective in pursuing the low carrier den-
sity limit of Li,ZrNCl, as well as of Li,HfNCI, than the con-
ventional chemical intercalation methods in polycrystalline
samples using n-BuLi. A dimensional crossover from aniso-
tropic three-dimensional (3D) to 2D SC was found to occur
with decreasing the carrier density (15).

Here, we report the superconducting behavior of
Li,ZrNCl in an even lower carrier density regime down to
= 0.0038. With diluting the carrier density, 7. shows the
maximum value of 19.0 K at # = 0.011. A/Er increases above
0.3, which is considered to be the border between the weak-
coupling BCS limit and the BCS-BEC crossover regime in 2D
systems (22). The Berezinskii-Kosterlitz-Thouless (BKT)
transition temperature Tgxr reaches 0.127%, which is close to
the maximum value generally predicted in the fermion sys-
tems, especially in the BCS-BEC crossover regime (23). Tun-
neling spectroscopy simultaneously performed with the
resistivity measurements reveals that the onset temperature
of the pseudogap phase at which the fermions form pairs
without condensation (6, 7), is higher in the diluted regime.
These results are an unambiguous demonstration of a
crossover from the BCS to BEC regime of a 2D superconduc-
tor by scanning the doping level across nearly two orders of
magnitude from x = 0.28 to 0.0038.

Figure 1B presents a schematic of our ionic-gating de-
vice structure. In addition to the Hall bar structure, narrow
electrodes for the tunneling spectroscopy were prepared on
the channel region between the source and drain electrodes,
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and the device was then covered with a poly(methyl meth-
acrylate) (PMMA) resist. The cover outside of the channel
region was removed such that Li ions in the electrolyte
could intercalate from both exposed sides of the flake. Dur-
ing the application of the gate voltage Vg, we traced the in-
tercalation process through the measurement of the source-
drain current (Fig. 1C). The forward scan shows a sharp in-
crease of current corresponding to sudden intercalation,
possibly owing to a shift of the layers causing a change in
the stacking pattern (16). In contrast, the deintercalation in
the reverse scan is rather gradual. This process enabled us
to control the intercalation level down to the lowest level of
& = 0.0038. The Hall effect showed a systematic dependence
on Vg (Fig. 1D) and was almost independent of temperature
and measurement position on the flake (figs. S2 and S3). To
determine the Li concentration x, we used the Hall carrier
density at 150 K and assumed that one electron per Li-ion is
supplied to the ZrNCl conduction layer.

In Fig. 2, A and B, we show the temperature depend-
ence of resistivity at various doping levels. The SC T. in-
creased from 11.5 K to 19.0 K by reducing the doping level
from 0.28 to 0.011. We defined T, as the midpoint of the re-
sistive transition. The maximum 7. of 19.0 K is higher than
the previously reported value (15.4 K) for the ZrNCI system
(15, 17); interestingly, this is realized by reducing the doping
level. Below x = 0.011, corresponding to a carrier density of
nsp = 2.1 x 102 ¢cm™3, T, starts to decrease, leading to a peak
structure in the phase diagram (see Fig. 3E).

The resistive transition in the highly doped regime is
sharp, whereas it is substantially broadened in the lightly
doped regime (Fig. 2B). As reported previously (15), this fea-
ture represents a dimensional crossover from anisotropic 3D
to 2D SC because of the reduced interlayer hopping, as dis-
cussed later. In the 2D regime, the superconducting transi-
tion is described by the BKT transition, and the temperature
dependence of resistivity follows the Halperin-Nelson equa-
tion (24, 25).

2
p(T)=apy expi-2 {%} W

BKT

where a, b, and T.' are fitting parameters, and py is resistiv-
ity in the normal state. According to this formula, [d(In p)/
d7T7?3 is proportional to (T - Tgkr) around Tgkr, from which
we determine Tyxr as the temperature-axis intercept of the
linear extrapolation (Fig. 2C, inset). With this Tgxr, Eq. 1
provides a good fit in the transition region for x = 0.011
(black line in Fig. 2C, where Tgkr = 17.9 K, apy = 1.59 mQ
cm, b = 1.23, and 7.’ = 20.1 K). This resistivity fit to Eq. 1
holds at least up to @ = 0.045, but not above 0.13 due to the
sharp transition. In the previous paper, the two-
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dimensionality of the SC was also confirmed at x = 0.06 by
the temperature dependence of the in-plane upper critical

field, H!, (T)oc J1-T/T., which is typical behavior for 2D

superconductors explained within the Ginzburg-Landau
(GL) model [figure 2C of (15)]. These results lead us to con-
clude that the crossover from anisotropic 3D to 2D SC oc-
curs around  ~ 0.1.

The dimensional crossover from anisotropic 3D to 2D
SC caused by the reduction of carrier density is a unique
and unexpected phenomenon, particularly when we recall
that the out-of-plane lattice parameter decreases with de-
creasing Li concentration (I7). This feature should be at-
tributed to the peculiar nature of rhombohedral stacking of
ZrNCl layers, where the unit cell is composed of 3 layers
(Fig. 1A). According to symmetry arguments, the interlayer
hopping at the K point of the hexagonal Brillouin zone be-
comes exactly zero up to the second nearest layer in the
rhombohedral structure (26). Our density functional theory
(DFT) calculation with improved energy resolution also con-
firms the indiscernible K-H dispersion (27). When the dop-
ing level is reduced, the Fermi surface converges to the K-
point. Consequently, the interlayer coupling is weakened,
and the out-of-plane coherence length is significantly short-
ened.

Figure 2D shows the temperature dependence of the
out-of-plane upper critical field H., at each doping level (see
fig. S4 for the determination of H.,). Based on the GL model,
HoHo(T) = Do/(27E)(A - T/T.) with @, a flux quantum, we
derived the in-plane coherence length at zero-temperature
(&) by using the slope of the poH-T line (Fig. 2E). Even after
T. starts to drop below @ = 0.011, § keeps decreasing, indi-
cating that strongly coupled small Cooper pairs are realized
in the low carrier density regime.

During the cooling process for the transport measure-
ments, we were able to perform tunneling spectroscopy,
thanks to the formation of a Schottky barrier at the elec-
trode interface which served as the tunneling barrier (15).
Figure 3A displays symmetrized tunneling spectra dI/dV at
T = 2 K (see fig. S5 for the raw data). We normalized the
spectra at 55 K after the subtraction of the channel re-
sistance contribution (75). The superconducting gap struc-
ture is clearly observed and becomes wider in the low
doping regime. The gap energy A is determined by fitting
the spectra to the Dynes function (28), and its doping de-
pendence is plotted in Fig. 3B. At high doping levels, the
present results agree well with the previously reported val-
ues determined by specific heat measurements on bulk pol-
yerystalline samples (29). The value of 2A/kgT. is around 3.5
at the highest doping level, indicating that SC in the highly
doped state is within the BCS regime. Decreasing carrier
density corresponds to stronger coupling, which is reflected
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in a dramatic rise of 2A/kgT,., reaching 6.0 at the lowest car-
rier density.

We show the temperature evolution of the tunneling
spectra at a low-doping level in Fig. 3C. The gap smoothly
evolves and, importantly, closes only at temperatures higher
than T.. The inset of Fig. 3C displays the temperature de-
pendence of the zero-bias conductance (ZBC), dI/dV at V =
0. We determined the gap-opening temperature 7* by a 1%
drop of the ZBC from the value at high temperatures. Figure
3D shows the temperature dependence of A at x = 0.0066
and 0.13 (see fig. S7 for further information). We set A = 0 at
temperatures above 7%, and the scaled BCS-type gap func-
tion was calculated by using Tt.. For £ = 0.0066, T* is more
than twice as high as T,, demonstrating the stabilization of
the pseudogap state. This is in marked contrast with the
case of x = 0.13, where 7. and 7% match each other. Such
behavior is summarized in the phase diagram, Fig. 3E,
showing that the pseudogap state is significantly developed
in the low carrier density regime.

In Fig. 4A, we show the doping dependence of A/Er and
1/(kE), where kr is the Fermi wave vector. A/Er can be con-
verted to the dimensionless crossover parameter In(kra.p),
where a,p is the 2D scattering length (22). The crossover
regime in 2D systems corresponds to In(kra.p) > 2 and A/Ex
> 0.3. Larger value of 1/(kr&) represents a smaller number of
overlapped pairs since 1/kr represents the interparticle dis-
tance. Er and kr are estimated by the carrier density and the
doping-independent effective mass of ZrNCl, 0.9m,, which
was extracted from the specific heat measurements (29).
This effective mass is also supported by the DFT calculation
combined with electron-phonon interactions (27). The mon-
otonic increase in A/Er and 1/(kr&) toward the low doping
limit represent the continuous shift from the BCS limit to-
ward the BCS-BEC crossover regime. Importantly, A/Er be-
comes larger than 0.3 at # = 0.005, corresponding to the
BCS-BEC crossover region (22). 1/(ks&) ~ 0.36 means that a
few Cooper pairs overlap, being distinct from the assump-
tion in the BCS theory.

By taking A/Er or 1/(ksE) as a bottom axis, we depict the
BCS-BEC crossover phase diagram (Fig. 4B). Both the super-
conducting and the pseudogap phase systematically evolve
as predicted by theories (2, 7). Because the 2D SC is realized
in the lightly doped regime, it should be compared to the
theory developed for 2D systems, where Tpkr/Tr = 0.125 is
derived as the upper bound for the transition in all fermion
systems (23). The present measurements reached the value
of Texr/Ty = 0.116 (T./Tr = 0.121) at A/Er = 0.36, which is
close to the theoretical limit. This agreement demonstrates
that superconductors, where charged electron pairs reside
in lattice potentials, can reach the general upper bound.
Figure 4C shows the Uemura plot of our results together
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with other materials (11, 13, 15, 30-32). Li,ZrNCl approaches
the limit of T./T% = 0.125 with decreasing Ty from the BCS
limit (lower right side of the plot), providing a strong piece
of evidence that the BCS-BEC crossover is indeed realized.
The T. reduction below @ = 0.011 (Fig. 3E) should be at-
tributed to the limitation of T. (Tskr) scaled by Ty in the
BCS-BEC crossover regime rather than to other causes, such
as a tendency toward electron localization.

Here, it is fruitful to discuss pseudogap states in several
materials and compare them with the present system. In
unconventional superconductors, pseudogap states are fre-
quently observed close to insulating phases, but they tend to
be complex because of strong electron correlation effects
and magnetic ordering in many cases (9). In stark contrast,
Li,ZrNCl offers a much simpler testbed because the un-
doped state at @ = 0 is a band-insulator free from electron
correlation effects, magnetic orders, and density waves. Al-
so, unlike magic-angle twisted bilayer graphene, the simple
parabolic conduction band does not apply further con-
straints on 7. (23) and makes Li,ZrNCI a model system for
the BCS-BEC crossover.

Even in disordered thin films, the pseudogap state is
observed owing to localized Cooper pairs (33). Such a local-
ized model is unlikely for the present system because resis-
tivity shows metallic behavior. Furthermore, as summarized
in table S1, the mean free path in the Li,ZrNCl system is
comparable to the Pippard coherence length E&pippara = 705/
A, where /A and vr are Dirac’s constant and the Fermi veloc-
ity, respectively, indicating that the system is far from the
dirty limit.

These considerations strongly support the notion that
the observed pseudogap state in Li,ZrNCl can be attributed
to the preformed pair formation in the BCS-BEC crossover
scenario. We note that the pseudogap state is observable in
a wide range, even when A/Er is less than 0.3. In a bulk
study, an NMR measurement on polycrystalline Li,ZrNCl
samples reported a pseudogap state on the high doping side
of the superconducting dome (34). T was reported to be
~25 K when Tt = 15 K (x = 0.08), which agrees with the pre-
sent result. The early appearance of pseudogap states below
& ~ 0.1 may be attributed to two-dimensionality, which pre-
fers the pseudogap formation (35). This scenario can be ap-
plied to the pseudogap state observed at a LaAlO;/SrTiO;
interface (36). That system is distant from the BCS-BEC
crossover regime (Fig. 4C), but its two-dimensionality gives
rise to pseudogap.

We have demonstrated a 2D BCS-BEC crossover through
the systematic tuning of the coupling strength of SC in
Li,ZrNCIl. The 2D BCS-BEC crossover was realized in the
present system owing to the dimensional crossover from
anisotropic 3D to 2D upon reducing the carrier density. This
crossover should be compared to arrays of 2D clouds of
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Fermi gases (37) where dimensionality is also affected by the
coupling strength. Such complementary studies advance our
understanding of fermion condensation physics.
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Fig. 1. Gate controlled intercalation in ZrNCIl device. (A) Side view of LixZrNCl crystal
structure. Solid lines represent the rhombohedral unit cell. (B) Schematic illustration of the
ionic-gating device based on a real optical micrograph picture of a ZrNCl single crystal flake and
patterned electrodes. Narrow contacts are prepared for the tunneling spectroscopy
measurements. PMMA covers the whole device except for the outer area of the flake and the
gate electrode. The electrolyte containing LiClO, is dropped on the device. Gate voltage Vs is
applied to the electrolyte, and lithium cations and ClIO, anions move oppositely. Lithium cations
intercalate from the sides of the flake. (C) Source-drain current Ips of the device in intercalation
operation. During the forward sweep of Vg (red), Ips increases steeply, whereas the change of Ips
is gradual in the backward scan (blue). Vg is swept at a speed of 10 mV/sec. (D) Anti-
symmetrized transverse resistivity at 150 K for various values of the Li content x. The linear
slope is used to determine x.
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Mo (T)

Fig. 2. Transport properties of LixZrNCI. (A) Temperature dependence of resistivity
at different doping levels. The resistivities at x = 0.080 and 0.13 are multiplied by 5
and 10, respectively. (B) Resistivity normalized at 30 K. Each curve is shifted by 0.5,
and gray dashed lines indicate zero lines. (C) Resistivity at x = 0.011 showing the BKT
transition. The black line is the fit to the Halperin-Nelson formula. Inset: resistivity
plotted on a [d(In p)/dT]™?? scale. (D) Out-of-plane upper critical field He, as a
function of temperature. Dashed lines are linear extrapolations to O K for each doping
levels. (E) Doping dependence of He; at O K in (D) (top) and in-plane coherence length

& (bottom).
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Fig. 3. Tunneling spectroscopy of Li,ZrNCI. (A) Symmetrized and normalized tunneling spectra
at 2 K. At each doping level, spectra at 55 K are used for the normalization to remove the bias-
and x-dependent background after the subtraction of channel resistivity (15, 27). (B) Doping
dependence of superconducting gap A (top) and its ratio to the critical temperature T, (bottom).
The BCS theory predicts 2A/kgT. = 3.52 (dashed line). Open symbols are measured values in
polycrystalline samples (29). (C) Tunneling spectra at x = 0.0066 for different temperatures
normalized at 55 K without symmetrization. Inset: temperature scan of zero-bias-conductance
(ZBC), dI/dV at V = 0. Gap-opening temperature T* is determined by a 1% drop of ZBC. (D) A at x
=0.0066 (circles) and 0.13 (diamonds) as a function of temperature. Solid lines indicate the BCS-
type gap function with T. determined by the resistive transition. (E) Phase diagram of Li,ZrNCI.
The temperature regime between T. and T* represents the pseudogap state. The error of carrier
density is estimated by measurements in multiple Hall probes. Inset: the ratio between T* and T..
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Fig. 4. The BCS-BEC crossover in superconducting Li,ZrNCI. (A) Doping dependence of the
ratio between superconducting gap and Fermi energy (A/Ef) (top) and the ratio between
interparticle distance and coherence length (1/kfE) (bottom). The orange area represents the
BCS-BEC crossover regime (22). Open triangles are measured values from specific heat
measurement (29). (B) The phase diagram of the BCS-BEC crossover. Gap opening temperature
T*, critical temperature T. and critical temperature of BKT transition Tgkr are normalized by Fermi
temperature Tr and plotted as functions of A/Er with red spheres, dark blue diamonds, and pink
squares, respectively. The dashed line represents the theoretically predicted upper bound, Texr/ Tr
= 0.125 (23). Inset: T./Tr and Texr/ T as functions of 1/krE. (C) Uemura plot: Critical temperature
versus Fermi temperature is plotted for various superconductors (11, 13, 15, 30-32). As x is
decreased, LiyZrNCl departs from the BCS limit, arriving at the crossover region having traversed
the shaded area, where most of the unconventional superconductors are located (8). The dashed
line denoted as “BEC in 3D” represents the critical temperature in the BEC limit in 3D Fermi gas
systems, T. = 0.218 T¢ (2). The other dashed line, denoted as “Limit in 2D", corresponds to the
general upper limit of Tekr = 0.125 Tr in all 2D fermionic systems (23).
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