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Two-dimensional superconductivity in single-band correlated 2H -type NbQO, layers
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The oxide superconductor Li; ,NbO, has two-dimensional (2D) NbO, layers consisting of edge-shared
triangular prisms. This structure is a unique oxide analog to 2H -type transition-metal dichalcogenides (TMDs),
yet its electronic properties have not received any significant attention. Using Li; ,NbO, epitaxial films, we find
the 2D superconductivity associated with the Berezinskii-Kosterlitz-Thouless transition and a large anisotropy of
the upper critical field. The temperature-independent anisotropy strongly suggests single-band superconductivity,
in contrast to TMDs. Correspondingly, the largely isolated single d,, state revealed by synchrotron-radiation
photoelectron spectroscopy and density functional theory is explained in terms of strong ligand field splitting.
These results indicate that superconductivity in Li; ,NbO, occurs in 2D NbO, layers with a narrow and correlated
single band, reminiscent of superconductivity in cuprates. Our study provides insight into the unconventional
correlation in the Hubbard system with a 2D triangular lattice.
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I. INTRODUCTION

While little has become known about the electronic state
of Li;.NbO, (0 < x < 0.55) since the discovery of its su-
perconductivity [1], two-dimensional (2D) electronic states
can be inferred from its crystal structure. Li and NbO, lay-
ers are stacked alternately, and each NbO, layer consists of
edge-sharing triangular prisms along the ¢ axis [Fig. 1(a)].
Except for A} ;NbO; (A = Li or Na), the triangular prism
unit is not found in oxides because ionic bonding favors
the octahedral unit as is found in LiMO, (M =V, Cr, Co,
Ni, Mo, or Rh), some of which are used as electrodes in
batteries [2-5]. By contrast, triangular prism coordination is
most common in 2H -type structure transition-metal dichalco-
genides (TMDs), with 2H-MoS, showing essentially the same
as that of LiNbO, [Fig. 1(b)] [6-8]. It has been reported that
2H-MoS, and 2H-NbSe, are excellent materials exhibit-
ing various exotic properties, including 2D superconductivity
and quantum-phase transitions [8—12]. In addition, extremely
clean 2D superconductivity has been recently found in bulk
Ba3;NbsS composed of superconducting NbS, and blocking
BagNbSg layers [13]. Based on TMDs and their derivatives,
it can be presumed that Li;.,NbO, is composed of super-
conducting “2H-NbO,” and blocking Li layers. Given their
structural similarities and superconductivity, it is worth re-
vealing the electronic state of Li; ,NbO; as an ionic analog
of van der Waals materials.

We have developed a method for the epitaxial growth of
superconducting Li; ,NbO; [14]. The superconducting films
exhibit high optical transparency in the visible range, which
is unprecedented for any p-type superconductor. Moreover,
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it was suggested that strong electron correlation and high
transparency arise from the large effective mass of carriers and
characteristic d-band splitting [14,15]. Despite their structural
similarities, the electronic states of Li;.,NbQO, differ from
those of TMDs because of their opaqueness and unremarkable
correlation [8—10]. In addition, the isolated d bands are incon-
sistent with a number of TMDs [6-8,16]. On the other hand,
correlated phases have been recently found in TMD moiré
superlattices, where the isolated narrow moiré band is ex-
plained by the Hubbard models applicable to transition-metal
oxides [17,18]. Furthermore, the moiré superlattices exhibit
a variety of electronic phases, such as superconducting, Mott
insulating, and spin-ordered phases. The TMD-based moiré
superlattices are reminiscent of cuprates and are thus re-
garded as a new unconventional superconductor family. Apart
from TMDs, superconductivity and strong correlation in the
2H-NbO; layer have attracted our attention for further eluci-
dation of the correlated physics in a 2D ionic compound.

In this study, the 2D characteristics and electronic states of
highly crystalline bulklike Li;..NbO, epitaxial films (thick-
ness ~100 nm) were investigated [14]. We observed clear
evidence of 2D carriers in magnetotransport and strong iso-
lation of Nb 4d states in photoemission spectra (PES) and
x-ray absorption spectra (XAS). In particular, 2H-NbO; lay-
ers exhibited large and temperature-independent anisotropy,
strongly suggesting the presence of correlated electrons in
a single band. Our results present not only insight into an
ionic analog of van der Waals materials but also relevance to
strongly correlated Hubbard systems such as layered cuprates.

II. METHODS

Superconducting Li; NbO, films were grown using a
three-step synthesis method, the details of which are described

©2022 American Physical Society
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FIG. 1. (a) Schematic illustrations of each crystal with space
group and structural units. (b) Crystal structures of LiNbO, and
2H-MoS, projected from the ¢ axis (top) and a axis (bottom).

in our previous report [14]. The film thickness was set to
~100 nm, as verified using a stylus profiler. The crystal struc-
tures and epitaxial relationship were confirmed by laboratory
diffraction (XRD) apparatus with Cu K« radiation (Rigaku,
SmartLab). See the Supplemental Material for detailed sample
properties [19]. The temperature dependence of resistivity and
the magnetotransport properties were measured by a standard
four-probe method using a physical property measurement
system (Quantum Design, PPMS) with a rotation stage and a
source meter (Keithley 2636A). The direction of the magnetic
field was regulated by using a sample rotator with an accuracy
of better than 0.01°.

PES and XAS measurements were performed at the BL-2A
undulator beamline at the Photon Factory, KEK (Tsukuba,
Japan). Samples for PES measurements were capped by sev-
eral nanometers thick alumina films deposited by pulsed-laser
deposition method at room temperature in situ to avoid sur-
face oxidation. The PES spectra were recorded using an
electron energy analyzer (SES-2002, VG Scienta) with an
energy resolution of less than 150 meV at a phonon en-
ergy of 600 eV at room temperature. The Er refers to
that of the Au in electrical contact with the sample sur-
face. XAS spectra were recorded in the total electron yield
mode.

Density functional theory (DFT) calculations were per-
formed using the QUANTUM ESPRESSO package with the
details given in the Supplemental Material [19] (also see
[20,21]).

III. RESULTS
A. Berezinskii-Kosterlitz-Thouless (BKT) transition

The BKT transition was investigated for a superconduct-
ing Li; ,NbO; film (sample A, Supplemental Material [19])
by measuring the resistivity (p) in parallel with the NbO,
layers. Figure 2 shows the current-voltage (/-V') profiles at
several different temperatures near the critical temperature
(T. = 3.5K). Linear /-V profiles (V o I) were obtained at 7
or temperatures above 7.. By contrast, below 7, the nonlin-
earity increased with decreasing temperature. The power-law
dependence (V o« I*, «a > 1) reflects the BKT transition,
which is a characteristic of 2D systems [22]. The inset of
Fig. 2 shows the exponent « (calculated as the gradient of
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FIG. 2. Temperature dependence of I-V profiles for Li; NbO,
films (sample A). The gray broken line guides the eye for V oc I°.
The inset shows the temperature dependence of the exponent o
obtained by fitting I-V to V o< I¢. Tpkr is estimated as 2.4 K at the
crossing point with o = 3.

the fitted lines) as a function of temperature. We obtained
a BKT transition temperature (Tggr) of 2.4 K, where o =
3. The temperature dependence of resistivity (p-7') fitted
the Halperin-Nelson equation [23] very well (Supplemental
Material [19]). Therefore, the 2D superconducting state was
verified below Tgkr in the Li;_ NbO, films.

B. Large anisotropy of upper critical field

The 2D characteristics were also confirmed from the mag-
netotransport properties. Figures 3(a) and 3(b) show the p-T
curves for different magnetic fields (H) for Li;NbO, films
(sample B with T, = 4.3 K) measured in parallel with NbO,
layers with the magnetic field applied both out-of-plane and
in-plane H. Superconductivity disappeared under the out-
of-plane H at 0.9 T, whereas it remained robust under the
in-plane H, indicating a large anisotropy of the upper critical
field (H.,). Figure 3(c) shows a contour image of p at 1.9 K
mapped against H and the field angle (6). The observed abrupt
contrast indicates a single peak at 4.1 T and 6 = 90° and
slopes approaching 0.69 T when 6 = 0° or § = 180°. The
anisotropy of H,, was thus evaluated six times, as discussed
below.

For further analysis, we extracted 90% normal-state p to
estimate H., following a previous study for bulk [24], and
plotted them as a function of 6 [Fig. 3(d)]. The inset shows
the resistivity as a function of H for 6 ranging from 0° to
90°. Then, the profile of uoH., vs 6 was analyzed based
on the anisotropic Ginzburg-Landau (GL) theory and the 2D
Tinkham model. For thre-dimensional (3D) systems, the GL
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FIG. 3. Anisotropy of upper critical field for Li; ,NbO, films
(sample B). Magnetic-field (H) dependence of p-T curves with the
applied field: (a) out of plane (8 = 0°), and (b) in plane (0 = 90°).
(c) Contour image in color scale for p measured at 1.9 K for different
H and angles. The measurement configuration of the sample, H, 6,
and current (/) is shown in the inset. (d) noH,; at 1.9 K as a function
of the 6, with fits to 3D Ginzburg-Landau (red) and 2D Tinkham
(blue) models, and their crossover (purple, @ = 0.5) derived by us-
ing Egs. (1)—(3), respectively. The inset shows H dependence of p
measured at various 6.

theory describes H.,(0) as [25,26]

|:H02(9)sin9]2 [ch(e)cose]2 _,
H Hy, ’

ey

where HCL2 and HC”2 are H, along the out-of-plane (6 = 0°)
and in-plane (@ = 90°) directions, respectively. By contrast,
the Tinkham model is used for the 2D limit, where supercon-
ducting layers are considered to be ultimately isolated [25,26].
In this case, H(0) is given by

‘Hc2(9)$in9’ [Hc2(9)C089]2 _1 )

1
Hg HY,

As shown in Fig. 3(d), Egs. (1) and (2) give similar but
notably different curves near & = 90° and bracket the experi-
mental data. This is common for crossovers between 2D and
3D systems. For such cases, Egs. (1) and (2) can be combined
as

H.(0)sin 6 H,(6)sin01*  [Ha(0)cosd?
o|——F |+ (1—a) T i
H02 c2 Hc2

=10<a<]), 3

where « is a dimensionality parameter that reproduces
Egs. (1) and (2) when o = 0 and 1, respectively [27-29].
Our data best fitted Eq. (3) with o = 0.5, supporting a
large anisotropy, even in thick and bulklike Li; ,NbO, films.
The ideal or nearly 2D superconductivity requires spatial
carrier confinement, as also realized in artificial structures
such as superlattices [27], atomic layer materials [11,12],
LaAlO3/SrTiO; interfaces [30], and field effect induced ac-
cumulation layers [31]. Moreover, naturally layered oxides
such as cuprates and ruthenates exhibit 2D superconductivity
with intrinsically large anisotropy [29,32]. The magnitude of
the anisotropy can be quantitatively discussed based on the
coherence length within the GL theory.

C. Ginzburg-Landau analysis for quantitative evaluations

For quantitative analyses of anisotropy, we measured the
temperature dependence of magnetoresistance at 6 = 0° and
90° [Figs. 4(a) and 4(b)] for sample B. We plotted HC”2 and
HCL2 as a function of temperature normalized by T, (T/T;)
[Fig. 4(c)]. The two variables showed substantially differ-
ent magnitudes but identical temperature dependences. In
addition, they traced up and down along H, reported pre-
viously for polycrystalline bulk Li; .NbO, [24]. This result
is remarkable because HC”2 and HZ clearly determined here
have never been distinguished in randomly oriented crys-
tals. Both H,, fitted the generalized GL equation shown as
broken curves, Ho(T) = He (0)[1 — (T/T.)*)/[1 + (T /T.)*]
[25,26,33]. This is inconsistent with the square-root tempera-
ture dependence often observed for ideal 2D systems [27,33].
Therefore, it is concluded that Li;_,NbO, is located in the
region of the crossover from 2D to 3D. Note that similar trends
are found in other dimensional crossover systems [27,29,33].

Having established Hc”2 and H3, the in-plane and out-
of-plane coherence lengths can be evaluated as £1(7T) =
V®/[2rHS(T)] and £5(T) = V' OoHS(T)/ (2w HY (T )],
respectively [26,33], where @ is the superconducting mag-
netic flux quantum. Using the aforementioned chz and H3,
we obtained £! =22nm and £+ = 3.7nm at 1.9 K. These
values exhibit the above-described temperature dependence,
and approached the constants (18 and 2.9 nm) at T = 0K
(Supplemental Material [19]). The £+ of 3.7 nm exceeds the
NbO, layer spacing (0.52 nm), but is comparable to £+ of
bulk TMDs [34]. As expected from the structural similarity
(Fig. 1), Li;,NbO, and TMDs have similar dimensionality.
The ratio of £/l to £* is known as the anisotropy ratio y, which
is equal to 6. By definition, y is equal to HC”2/HCL2. It is reason-
able, therefore, to suggest that superconductivity in Li;_,NbO,
occurs at 2D NbO, ™ layers with Lit-ion blocking layers that
also act as a charge reservoir. In this regard, Li; ;NbO, can
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FIG. 4. Temperature dependencies of upper critical field and
anisotropy (sample B). Magnetic-field dependence of resistance
at different temperatures with the field applied: (a) out of plane
(0 =0°) and (b) in plane (6 = 90°). (c) noH,, as a function of
T/T.. Red and blue filled circles indicate the out-of-plane and in-
plane H,, respectively. The polycrystalline bulk data [24] are also
shown with open circles. Broken curves indicate theoretical curves
calculated with the generalized GL equation. (d) Anisotropy ratio
(y = HY/HZ) as a function of T/T,. Purple filled circles indicate
our data. The data for MgB, [36], KFe,As; [39], and NbSe, [40,41]
are also shown in gray, brown, and green open circles, respectively.
Broken lines guide the eye.

be classified into both classes of TMDs and layered cuprate
superconductors. Interestingly, the £//&+ ratio for Li;.,NbO,
is comparable to those of a number of cuprates, including
YBa,;Cus30O [35]. Based on the GL theory, the effective mass
ratio is deduced as m*+/m*| = y? = 36, also supporting large
anisotropy in Li;_ NbO,.

We discovered a temperature-independent y, which is
remarkable because in most TMD-based and other supercon-
ductors y varies significantly with temperature [Fig. 4(d)].
The temperature dependence of y strongly reflects the elec-
tronic states near the Fermi level (Ep) and provides insight
into multiband superconductors [36,37]. Conversely, the prop-
erties of single-band superconductors manifest themselves in
a constant y, where a single band solely governs supercon-
ductivity regardless of the temperature [38]. The previous
results for multiband superconductors, MgB,, KFe;As,,
and 2H-NbSe;, are also shown in Fig. 4(d) for compari-
son [36,39-41]. In addition to a temperature-dependent y,
multiband structures of 2H-NbSe, have been confirmed by
angle-resolved PES [42,43]. The different electronic states
arise from individual chemical bonding, highlighting the
unique 2H -type oxide superconductor.
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FIG. 5. Electronic structure of two-dimensional and single-band
character of Li; ,NbO,. (a) Synchrotron-radiation PES and O 1s
XAS for the LiNbO, film. The energy was scaled as a value relative
to the Eg. Inset shows magnified PES near Er. DFT calculations
for LiNbO, showing (b) projected density of states, and (c) band
dispersion. (d) Schematic illustrations of crystal structure and band
diagram for Li; ,NbO,. The superconducting ‘“2H-NbO,” layers
consist of edge-shared triangular prisms that exhibit large ligand field
splitting of Nb 4d states. Strong ionicity of oxygen places the O 2p
state far below Ef resulting in the correlated single-band character of
the d,, state.

D. Strongly isolated single-band structure of 2H-NbO, layer

Synchrotron-radiation spectroscopic measurements re-
vealed the unique electronic states associated with the NbO,
layer. We used pristine LiNbO, films capped with ultrathin
amorphous Al, O3 deposited in situ to prevent sample surface
degradation [14]. Figure 5(a) shows the PES near the Er and
O 1s XAS. The XAS energy scale was shifted so that its
preedge with respect to the valence band maximum matched
the band gap determined by optical absorption measurements
[14] for obtaining a “combined plot” representing overall elec-
tronic structure near Ep [44,45]. The broad density of states
(DOS) between —13 and —4 eV is composed mainly of O
2p states, as is commonly observed for other metal oxides
[46]. The narrow DOS just below Er, magnified in the inset
of Fig. 5(a), was mainly derived from the Nb 4d states. No
DOS was observed at Ep, indicating the insulating ground
state of stoichiometric LiNbO, [14,47]. The XAS for the O
1s state provides the DOS for empty states derived from the
large hybridization of O 2p to Nb 4d states [48], revealing
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two prominent features at 3.1 and 4.8 eV that are also derived
from the Nb 4d states. A total of three peaks is primarily due
to ligand field splitting in the Nb 44 states, and are weighted
with d», dyy + dxay, and d . + d,, respectively [2-8].

Comparison of the PES and XAS spectra to DFT-
calculated projected DOS (pDOS) [Fig. 5(b)] shows good
agreement. Three peaks were reproduced by the pDOS near
Er, where the Nb 4d states were predominant with O 2p
hybridization and the remaining 4d states overlapped with
deep O 2p states. The band dispersion also indicated largely
isolated Nb 4d states [Fig. 5(c)]. The bandwidth W for the Nb
4d,, states was ~1.5 eV, much narrower than for perovskite-
type niobates with octahedral lattices [46]. When holes are
doped into the Nb 4d,, band by Li deficiency, superconduc-
tivity occurs in Li;,NbO,. Thus, 2D carriers confined in the
narrow single band play an important role in the correlated
electronic properties of 2H-NbO,.

IV. DISCUSSION

The clear evidence of the 2D and single-band characteris-
tics of superconductivity with isolated Nb 4d,, states enables
the following description of the electronic states of 2H-NbO,.
As shown in Fig. 5(d), the unique band structure originates
from structural similarity to TMDs and the strong ligand
field. The electronegativity of ligand atoms affects ligand field
splitting and the energetic isolation of transition-metal d states
from ligand atom p states. The fundamental band gap (E,)
of LiNbO, is as wide as ~2 eV, and increases to ~2.4 eV
with hole doping [14]. Moreover, the fact that E, exhibits
the minimum at the I" point is intriguing for possible optical
functionality. By contrast, TMDs show a much narrower E,,
e.g., only 1.2 eV (indirect) for 2H-MoS, [9]. For NbSe,, the
Fermi surface consists of strongly hybridized Nb 44 and Se
4p states [42,43]. The unique electronic states of Li; ,NbO,
lead to high optical transparency despite the presence of high-
density hole carriers [14].

Our study sheds light on exotic superconductors within
the framework of single-band Hubbard systems [49]. Due to
the layered structures and giant Jahn-Teller splitting, most
high-7; cuprates exhibit 2D characteristics, with a single
3dy.y» band with W smaller than the on-site Coulomb repul-
sion U [50]. The search for other classes of superconducting
materials involving 2D and single-band characters has been
a long-standing challenge, also motivating recent materials
informatics efforts [50,51]. Sr»IrOy is considered a good can-
didate due to the correlated 2D properties of the IrO, layer
with a single band realized by strong spin-orbit coupling [52].
In addition, it has long been discussed that quantum fluc-
tuations arising from geometrically frustrated 2D triangular
lattices are favorable for strongly correlated superconductivity
[53,54], as investigated in LiV,04 and layered Na,CoO, -
yH,O [55,56].

The electronic properties of Li; ,NbO, can also be under-
stood as a doped Mott insulator. Lee et al. predicted that the
Li-free pristine 2H-NbQO; is a half-filled Mott-Hubbard insu-
lator with a 2D triangular lattice, single Nb 4d,, band, narrow
W, and strong U [47]. Recently, the ideal 2D triangular-lattice
Hubbard system has been verified experimentally for TMD
moiré superlattices [17,18]. This guides us to further investi-
gate Li; ,NbO, exhibiting a heavy mass of hole carriers and a
crossover between Fermi liquid and non-Fermi-liquid behav-
iors (p o« T? vs p o< T') [14], implying 2D antiferromagnetic
fluctuations [57]. Therefore, 2H-NbO, can be an ideal plat-
form for understanding the correlated electronic properties of
2D triangular-lattice Hubbard systems.

V. CONCLUSION

In summary, we have investigated the electronic states of
2H-NbO; layers as an ionic analog of van der Waals mate-
rials. The observation of a clear BKT transition and largely
anisotropic Hg, in Li; ,NbO, epitaxial films reveals that su-
perconductivity occurs in the 2D to 3D crossover. The angle
dependence of H, is reproduced by averaging the 3D and
2D models’ contributions. According to the GL theory, the
superconducting coherence lengths parallel and perpendicular
to the NbO, layer approach 18 and 2.9 nm, respectively,
at T = O K. These properties are similar to those of TMDs
and cuprates. On the other hand, single-band superconduc-
tivity is strongly suggested by the temperature-independent
anisotropy ratio, synchrotron-radiation PES measurements,
and DFT calculations. The superconductivity at a correlated
narrow band is also reminiscent of cuprates, but differs from
TMDs. We conclude that the nature of ionic bonding and the
triangular prism coordination lead to a narrow Nb 44 band at
Er that is largely isolated from the O 2p states. Such electronic
states favor the accommodation of correlated electrons with
the triangular-lattice Hubbard system.
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