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We report the crystal and electronic structures, charge density wave (CDW), and superconductivity of poly-
crystalline 4H,-NbSe, studied by x-ray diffraction, ab initio calculations, electrical resistivity, magnetization,
and specific heat. 4H,-NbSe, has no central inversion symmetry (space group P-6m?2), and the stacking-fault
structure was observed in the crystal lattice. The weak CDW transition at Tepw ~ 43 K thermodynamically is of
second order. 4H,-NbSe, has a superconducting critical temperature 7. ~ 6.4 K, which is a moderately coupled
BCS superconductor with two-gap s + s-wave-like pairing. The upper critical field uoH.(0) is as high as 26.5
T which far exceeds the Pauli paramagnetic limit and this violation is mostly attributed to the breaking of the
central inversion symmetry. Second magnetization peaks can be observed in the system with weak flux pinning.
Electronic structure calculations reveal that the Nb 4d orbitals dominate the bands near the Fermi level with
different degree of hybridization between the Nb 4d and Se 4p orbitals in 2H- and 4H,-NbSe,, and the band
structures of 4H,-NbSe, favor a higher Tcpw. The higher Tcpw but lower 7, compared to 2H-NbSe, leads us
to conclude that the two collective electronic states are competitive on the Fermi surface in this system. The
large 1oH»(0) derived from 4H,-NbSe, is expected to stimulate the explorations for high-field superconductor

applications from a noncentrosymmetric structural strategy.
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I. INTRODUCTION

Quasi-two-dimensional transition-metal dichalcogenides
(TMDs) have received great interest due to hosting poly-
morphism, for example 17, 2H, 3R, and 4H polytypes,
and exhibiting rich electronic properties, such as Mott state,
possible spin liquid state, charge density wave (CDW), and
superconductivity (SC) [1-11]. NbSe;, one of the most fa-
mous TMD compounds, has eight structural modifications
reported up to now [12,13]. There has been no experi-
mental report about bulk 17-NbSe, up to now, and recent
electronic-structure calculations indicate a band gap ~0.02 eV
in bulk CDW 17-NbSe, by considering the interlayer antifer-
romagnetic ordering and a strong dependence of electronic
structures on stacking configurations [14]. Monolayer 17 -
NbSe; on bilayer graphene with Star-of-David CDW structure
was found as a Mott insulator with a gap ~0.4 eV [15,16].
2H-NbSe; (2H, ) with superconducting and CDW transition
temperatures, respectively, at 7. ~ 7.4K and Tepw ~ 33K,
has been extensively investigated. The origin of the CDW
instability in the 2H phase is believed to be primarily driven
by momentum-dependent electron-phonon coupling (EPC)
rather than Fermi-surface nesting and saddle-point mecha-
nisms [17-20]. The superconductivity in 2H-NbSe, exhibits
a multigap feature [21-24]. It is curious that the SC and CDW
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orders in 2H-NbSe, are usually suppressed concurrently by
impurity doping. The reason for this remains an open question
and the EPC may play an important role in the anomalous
behavior. Besides, the weak CDW transition is very sensitive
to native defects, such as vacancies, intercalants, dislocations,
and so on [25]. The CDW order was strongly enhanced and
Ising superconductivity was realized in monolayer NbSe, (
1H-NbSe;) [26,27]. However, the study on the 4H poly-
morph is scarce, though several 4H forms, such as 4H,, 4Hy,
and 4Hgy, have been reported in the literature [12]. Noncen-
trosymmetric 4H,-NbSe;, as a member of CDWs in TMDs,
has received less attention. The SC and CDW with T, ~ 6.5K
and Tecpw ~ 42 K were only revealed by very few sporadic
experiments [28-31]. Only a simple H.,-T phase diagram
was reported and the nature of the CDW transition has not
been identified yet [30]. wSR experiment indicates that the
superfluid density in 4H-NbSe; scales linearly with 7, and
could be described by a two-gap s+s-wave picture [31].

The lack of systematic electrical, magnetic, and specific-
heat data for 4H,-NbSe, prevents one from gaining more
insight into the superconducting state and from revealing the
nature of the CDW transition. In this paper, the properties of
the CDW transition and SC state were systematically char-
acterized on 4H,-NbSe, polycrystalline sample by electrical
resistivity, magnetization, and specific-heat measurements.
The reasons for choosing polycrystalline sample as the re-
search object were as follows: (1) in most cases the CDW
transition in 4H,-NbSe, could not be observed in single
crystals in macroscopic measurements due to native defects
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produced by quenching the sample from high temperature
(900 °C) to room temperature, and (2) 4H,-NbSe; is usually
symbiotic with 2H-NbSe, due to the incomplete quenching
in large-size single crystals. The crystal structure was stud-
ied by x-ray diffraction and the electronic structures were
evaluated by ab initio calculations. It was revealed that the
CDW transition is second order in nature. Superconducting
state was analyzed, which indicated that 4H,-NbSe, is an
intermediately coupled s-wave superconductor with possible
two-gap pairing feature and with a high upper critical field
oH, violating the Pauli limit. The reverse relation of SC and
CDW orders in 2H- and 4H,-NbSe, revealed a competition
between the two electronic states in NbSe, system.

II. EXPERIMENTAL DETAILS

Polycrystalline 4H,-NbSe, sample was prepared by solid-
state reaction from stoichiometric amount of Nb (99.99%)
and Se (99.999%) powders. The starting materials were fully
mixed and pressed into pellets, which were sealed in an
evacuated silica ampoule and then heated at 900 °C for 2
days. The as-prepared sample with metallic luster was ground,
pelletized, and heated at 900 °C under vacuum for 3 days.
Finally, the bulk polycrystalline sample was obtained by a
quick quenching process in the air.

The morphology and composition for the pristine surface
of the bulk specimen were analyzed by using a Phenom
scanning electron microscope (SEM) equipped with an
energy-dispersive x-ray spectrometer (EDS). X-ray diffrac-
tion (XRD) patterns were recorded at room temperature on
a PANalytical x-ray diffractometer with Cu-K,, radiation. The
crystal structure was refined by the Rietveld method (GSAS
software) [32]. Ab initio calculations were performed with
the QUANTUM ESPRESSO package by using the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functionals and ultrasoft pseu-
dopotentials [33-35]. Electrical resistivity and heat-capacity
measurements were carried out on a Quantum Design physical
property measurement system (PPMS-16T) by using the four-
probe method and thermal-relaxation method, respectively.
Magnetization was measured on a Quantum Design vibrating
sample magnetometer (MPMS-VSM).

III. RESULTS AND DISCUSSION

A. Crystal structure

The SEM micrograph for the pristine surface of the bulk
sample in the inset of Fig. 1(a) shows that the crystal possesses
hexagonal morphology and layered structure with in-plane
grain size of about 50 um. The c-axis preferred orientation
frequently occurring in layered TMDs can be clearly observed
in the bulk 4H,-NbSe; as revealed by SEM image [the inset
in Fig. 1(a)] and XRD pattern [the upper pattern in Fig. 1(b)].
EDS analysis on multiple points obtained the average atomic
ratio of Nb and Se as 0.97(6):2, which is close to the nom-
inal/ideal composition. The elemental mappings show the
homogeneity of the sample. The phase purity was checked
by XRD, revealing the single 4H,-NbSe, without intergrowth
with the 2H-polytype. This indicates the high quality of the
sample. As shown in the inset of Fig. 1(b), the weakening

TABLE I. Refined crystallographic data for 4H,-NbSe, deter-
mined at room temperature together with the refinement residuals.

Chemical formula 4H,-NbSe,

Space group P-6m2 (No. 187)
Cell content Z 4
a(A) 3.4432(8)
c (A 25.2294(7)
Cell volume (10\3) 259.04(2)
R, 4.64%
Ryp 7.42%

Atom Wyckoff letter X y z Occ.
Nbl la 0 0 0 1.0
Nb2 2g 0 0 0.2492(6) 1.0
Nb3 1f 2/3 1/3 172 1.0
Sel 2i 2/3 1/3 0.0664(7) 1.0
Se2 2h 173 2/3 0.1846(8) 1.0
Se3 2h 1/3 2/3 0.3210(3) 1.0
Se4 2g 0 0 0.4303(1) 1.0

and broadening of the reflections with index (10/) is a typ-
ical feature of randomly stacked structure that may cause
an enhanced anisotropy of the quasi-2D compound [36-39].
Stacking-fault structure is common in TMDs with a noninte-
ger number of valence electrons and could be described by
the mixed-layer structure model [37,38]. The crystal structure
was refined by the Rietveld method based on the XRD data of
the powder with a slightly weaker preferred orientation [the
lower pattern in Fig. 1(b)]. The refinement profiles are plotted
in Fig. 1(c), and the structural parameters and refinement
residuals are listed in Table I. The structural motif in both
2H,- and 4H,-NbSe; is the NbSeg trigonal prism illustrated in
the inset of Fig. 1(c); they contain, respectively, two and four
NbSeg layers in the unit cell. The axial ratios c/a for 2H,-
and 4H,-NbSe, are, respectively, 3.64 and 7.34,indicating
higher anisotropy of the 4H, polymorph and thus enhanced
two dimensionality. The 4H, could appear as a consequence
of periodic stacking fault in the 2H, . In the 4H, phase,
the first two layers (layer 1 and layer 2) stack in 2H-form,
while the third layer (layer 3) translates by a vector (2a/3 +
b/3) within the ab plane relative to layer 2. This thus leads to
a reduced symmetry from P63/mmc (2H,) to P-6m2 (4H,),
respectively, with and without central inversion symmetry.

B. CDW transition

Temperature-dependent resistivity o(7) in Fig. 2(a) dis-
plays a metallic behaviour. The observed curvature of the
experimental p(7) above the CDW transition (7' > 43 K)
cannot be described by the simple Bloch-Griineisen (BG)
relation [green line in Fig. 2(a)] expected for low d-band
density-of-states metals. The Bloch-Griineisen-Mott (BGM)
formula taking s-d interband scattering [40] into account is
introduced to fit the data:
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FIG. 1. (a) EDS spectrum for the pristine surface of 4H,-NbSe, bulk sample; the inset shows the SEM image and elemental mappings.
(b) XRD patterns for the bulk and powder samples with partial reflections indexed. The inset displays an enlarged view of the pattern for the
powder sample. (c) Rietveld refinement profiles for 4H,-NbSe,. The inset presents the crystal structures of the 2H, and 4H, phases, and the
structural motif NbSeg trigonal prism. The bigger balls represent Nb atoms and the smaller ones denote Se atoms.

where pg is the T-independent residual resistivity, the second
term represents a 7-dependent resistivity caused by electron-
phonon scattering. A is a constant related to EPC strength,
and Og is the transport Debye temperature. The 77 term is
namely due to the Mott s-d interband scattering and « is the
Mott coefficient. A least-square fitting yields the parameters
in Eq. (1): po =0.11(4)mQ2cm, A = 1.8(1)mQcm, O =
145.1(8)K, and o = 6.4(3) x 10™° mQcm K 3. The BGM
model [orange line in Fig. 2(a)] gives a good explana-
tion, which indicates that 4H-NbSe, should be viewed
as a “transition metal” with significant d-band density of
states. Density-functional (DFT) calculations show the Nb
4d,yld,>_y» and Se 4p,-dominated Fermi surface, which sug-
gests the validity of the BGM formula including s-d interband
transitions. Resistivity measurement gives ®r smaller than
Op (214.8 K) obtained by specific heat from 1.8 to 10 K. Note
that Debye temperature is temperature dependent. ®g deter-
mined in the temperature range ®r/3 to O (and higher) is
generally comparable to ®p, for range ®p /2 to ®p but smaller
than ®p obtained from low-temperature (7' < ®p/10) De-
bye approximation in transition metals. This difference may
be originated from Umklapp processes or electron-electron
correlation; the latter is revealed by DFT calculations where

the p-d orbital hybridization can be obviously observed in
energy bands. Residual resistivity ratio RRR is defined as
p(300 K)/p(T.), which is calculated to be 8.6 for the
polycrystalline bulk. Such RRR value is relatively large in
polycrystalline TMDs. This may play a crucial role in observ-
ing the weak CDW transition which highly depends on the
sample quality in the NbSe, system. Magnetic susceptibility
(x) above the CDW transition follows neither a Pauli nor a
Curie-Weiss paramagnetic behavior. Above 150 K, x-T seems
to evolve in a linear manner, and then a slight downward
bending arises and lasts until the CDW transition [Fig. 2(b)].
Similar phenomenon is also observed in other TMDs with
CDW transition [28,41-44], which may be attributed to the
CDW fluctuation-induced pseudogap above Tepw [45,46].
As shown in Fig. 2(a), a humplike kink on the p-T curve
without detectable hysteresis between the cooling and warm-
ing cycles occurs at around 43 K, where correspondingly an
anomaly in magnetization can also be observed. This anoma-
lous phenomenon is associated with a CDW transition [28]
and the Tcpw is higher than that of 2H,-NbSe; (Tcpw ~
33K). The enhancement of CDW compared to 2H-NbSe,
may be a consequence of enhanced electron-phonon inter-
action as the case in atomically thin NbSe, with reduced
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FIG. 2. (a) Temperature-dependent resistivity (o) for 4H,-NbSe,
polycrystalline bulk with Tepw ~ 43 K. The green and orange
curves, respectively, denote the fitted results from BG and BGM
models. The upper inset shows the resistivity from 10 to 80 K
measured, respectively, by warming and cooling. The lower inset
displays the heat capacity (HC) and entropy (S) around the CDW
transition. (b) Temperature-dependent magnetic susceptibility (x)
under zero-field-cooled (ZFC) mode. The inset shows the difference
between ZFC-warming, FC-warming, and FC-cooling cycles.

dimensionality [26]. The extremely broadened peak on heat
capacity (HC) is frequently observed in CDW system with
disorders [47]. This, together with entropy (§) continuity [the
inset in Fig. 2(a)] and the absence of thermal hysteresis on
p-T curve, confirms that it is a second-order CDW transi-
tion. The drop in magnetic susceptibility is ascribed to the
decrease of DOS-related Pauli susceptibility xpay; due to the
opening of a CDW gap, from which a change in the DOS of
~0.1eV~!'f.u.”! (fu. is formula units) is calculated by the
formula ypau; = ,uZBD(EF). Another interesting observation is
that both the zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations measured upon warming are nearly coinci-
dent, while a small divergence can be observed between the
FC-warming and FC-cooling branches below the transition
[the inset in Fig. 2(b)]. This weak thermal hysteresis was
also observed in CsV3Sbs, which indicates a coupling to the
lattice [48]. Different from the Ta dichalcogenides in which
the CDW transition can be observed obviously in macroscopic
measurements, the CDW transition in the NbSe, system is
weak and extremely susceptible to lattice defects. Because,

in the CDW state, the coupling of electrons and holes at the
Fermi surface strongly depends on the lattice vibration, the
long-range CDW order is easy to suppressed by impurities or
dislocated by native defects, such as vacancies and stacking
faults. During single-crystal growth, the density of the na-
tive defects may be increased compared with the well-grown
polycrystals, which causes the long-range CDW order to be
quenched. This implicitly reflects that EPC may play an im-
portant role in the formation of the CDW state in the NbSe;
system. The phenomenological concurrence of reduced metal-
licity and decreased DOS around the CDW transition implies
that the two phenomena are possibly dominated by the same
Fermi surface (FS), while the underlying mechanism is pend-
ing clarification in the future. This differs from the case in
2H-TaS, in which different underlying band structures con-
trol the transport and magnetic behaviors. The CDW order
in 2H-TaS, gaps out the FS around the K point but leaves
the hole-pocket FS around the I point unaffected [49,50].
4H,-NbSe, shows metallic behavior down to 2 K. It is thus
rational to suppose that the Fermi surface is partially gapped
in the CDW state, and a portion of ungapped, reconstructed
FS preserves the metallic conduction. This scenario needs
the support from angle-resolved photoemission spectroscopy
(ARPES) and optical spectroscopy experiments, etc.

C. Superconductivity

An abrupt superconducting transition emerges in elec-
trical resistivity with onset temperature (7,°") at ~6.5 K
and zero resistivity is reached at ~6.2 K [Fig. 3(b)]. The
sharp transition with onset at around 6.4 K and 100%
diamagnetic shielding signal on the magnetic-susceptibility
curve [Fig. 3(a)] demonstrate the bulk superconductivity.
T. of 4H,-NbSe, is in line with the previously reported
value [29,30] and slightly lower than that of 2H-NbSe, (T; ~
7.4 K). p-T curves near the transitions measured under various
fields from O to 16 T are shown in Fig. 3(c); the resistive
transition curves shift parallel down to lower temperatures
with magnetic fields increasing. The weak magnetoresistance
effect allows us to extract the upper critical field H,, by the
90% p, criterion (p, is the normal-state resistivity). puoHc, as
a function of temperature is plotted in Fig. 3(d). Single-band
Werthamer—Helfand—Hohenberg (WHH) model incorporates
orbital pair breaking and spin-paramagnetic effects in dirty
limit [S1]. However, the WHH formula could not well de-
scribe woH,(T) of 4H,-NbSe, when only including the
orbital pair breaking [blue solid line in Fig. 3(d)]. Further-
more, the positive curvature near 7; is similar to that observed
in MgB,, YNi,B,C, 2H-NbSe,, and 2H-NbS;, reminiscent of
atwo-band superconductivity in which the different coherence
lengths for each band cause the unusual curvature [22,52-54].
We try to fit the experimental data by an effective two-band
model [55]:

aop[lnt + UM)][Int + U (nh)] + az[Int + U (nh)]
+ai[lnt + U (h)] =0, 2)

where ag, a;, and a, are functions of the BCS coupling
tensor, t = T/T; U(x) = ¥ (1/2 +x) — ¥ (1/2), ¥(x) is the
digamma function, diffusivity ratio n = D,/D;; D and D, are
diffusivities of the two bands; and h = H., D1 /2®0T, g is
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FIG. 3. (a) Superconducting transition in magnetic susceptibility, which shows the onset critical temperature at ~6.4 K. (b) Supercon-
ducting transition in electrical resistivity with onset and zero-resistivity T, respectively, at ~6.5 and ~6.2 K. (c) Temperature-dependent
resistivities near superconducting transitions under various fields from 0 to 16 T. (d) A uoH — T phase diagram. The irreversible field H;, and
upper critical field H., were obtained by zero-resistivity and 90%p, criteria, respectively. The green solid line represents the fitted result for
H,, by the formula H;(T) = Hy,(0)(1-T /T.)"'3. The blue and red lines denote the fitted results for H,, by the WHH and two-band models,

respectively.

the magnetic flux quantum //2e. The fitting derives poH(0)
as 26.5 T, which is about 2.25 times the Pauli paramagnetic
limit uoHp = 1.84 T, = 11.8 T expected for a weak-coupling
conventional BCS superconductor, and is much higher than
that of 2H,-NbSe; in which puoH,(0) ~ 14T is compara-
ble to the Pauli limit [56]. The violation of the Pauli limit,
a clue to unconventional superconductivity, mostly results
from the central inversion symmetry breaking (noncentrosym-
metric space group P-6m2) which allows for a coexistence
of spin-singlet and spin-triplet pairing components, though
the possible role of enhanced spin-orbit coupling or in-
creased two dimensionality cannot be ruled out completely.
Ginzburg-Landau (GL) coherence length &1 (0) was calcu-
lated to be 3.5 nm by using the formula

Dy
2mES
The irreversible field Hj,, the boundary between vortex-solid
and vortex-liquid states, was obtained by the zero-resistivity
criterion and also plotted in Fig. 3(d). H(T) was fitted by
a scaling relation Hi(T) = Hi(0)(1—T/T,)"'¥, which de-
rives woHi(0) as 20.6 T. This indicates a relatively narrow
vortex-liquid region in 4H,-NbSe,. We note that the search
for superconductors with large 1oH(0) is of significant im-

HoHe = (3)

portance in high-field magnet applications beyond the widely
commercialized NbTi and Nb3Sn superconductors, but with
very slow progress during the past decades. In this respect, to
study noncentrosymmetric superconductors that surpass the
Pauli limit may open up a path from the structural design
strategy to obtain a higher poH.»(0).

Lower critical field H;; could provide important infor-
mation about the bulk thermodynamic properties, such as
magnetic penetration depth. Field dependences of isothermal
magnetizations (M-H) between 0 and 400 Oe measured at
different temperatures from 2.0 to 6.4 K are shown in the
inset of Fig. 4(a). H,; is defined as the point where the curves
begin to deviate from the initial slope and H,; versus T is
drawn in the main panel of Fig. 4(a). The curvature change in
H_|(T) observed at around 3.5 K may be a characteristic of
multiband superconductivity in this system. H. (T") is given
by the following relation [57]:

Ho(T) _ | +2/°° af(E) E
H:1(0) A OFE JE2_— AXNT)

pu(T) =

“

where ps(7') is the normalized superfluid density, f(E) is
the Fermi function, the BCS-like gap A(T) can be approx-
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FIG. 4. (a) Lower critical field H,, versus temperature. The blue
and red solid lines, respectively, signify the fitted results from the
single-gap s-wave and two-gap s+s-wave scenarios. The inset shows
the field-dependent magnetizations from 0 to 400 Oe measured at
2.0-6.4 K. (b) Isothermal hysteresis loops at 2.0, 3.0, 4.0, and 5.0
K. The left inset is an enlarged view that indicates the position of
SMP and its evolution with temperature. The right inset displays
the variations of critical current density (J. plotted on logarithmic
coordinates) with magnetic fields.

imated as A(T) = Agtanh{1.82[1.018(7,/T—1)]>*'}, and
ps(T) could be written as ps(T) = wos (A1) + (1—w)ps(Asz)
with a weighting factor w for the two-gap scenario. H. (T)
fitted by the single-gap s-wave and two-gap s+s-wave models
are shown as blue and red solid lines in Fig. 4(a), respec-
tively, revealing that the latter rather than the former gives a
better description. This result is in agreement with the uSR
experiment [31]. H.(0) estimated from the two-gap model
is about 125 Oe and the GL penetration depth Agp(0) was
calculated as ~250.5 nm by the following expression when
the Ginzburg-Landau parameter kg, = AgL/EcL > 1 [58]:

Dy
= ——(InkgL + 0.496 93). ©)

MOHCI
4 ag

kL(0) was obtained to be ~ 71.6(> 1/4/2) by assuming
that it is 7 independent, which evidences that 4H,-NbSe, is
a strong type-II superconductor. Thermodynamic critical field
noH:(0) was calculated to be about 261.8 mT by the formula

toHe = proHea /v 2kar. (6)

The isothermal magnetic hysteresis loop (MHL) of
4H,-NbSe; in Fig. 4(b) again confirms that it is a type-1I
superconductor. Second magnetization peak (SMP) effect
induced by the transient relaxation can be seen in the MHL
as a fishtail. The peak positions (uoHsmp ~ 1.8 T at 2 K)
shift to lower fields with increasing temperature [the left
inset in Fig. 4(b)]. Similar SMP with sharp magnetization
peak near zero field was also observed in RegZr and some
Fe-based superconductors [59,60]. The shape of the MHL
and the position of the second peak (well below H.,) are
different from those of 2H-NbSe, [61,62]. This probably
points to distinct flux dynamics in the two NbSe, polytypes.
The symmetric MHL reveals that the bulk pinning rather than
the surface barriers dominates the fishtail, while the rapid
decay of critical current density J.(H) with magnetic field
demonstrates that it is a system with weak flux pinning. J. was
calculated according to the Bean critical-state model [63].
As illustrated in the right inset of Fig. 4(b), the J. .k is
2.23 x 10* A cm~2 under self-field, which quickly decreases
to ~ 7% of J.,x(0) at 2 T and then increases again above
~ 4.7T. The reincrease of J. at all temperatures implies that
there may be another SMP at high fields. This is consistent
with the high H;,; and H;,.

Temperature-dependent specific heat (C) between 1.8 and
10 K under zero field is shown in the inset of Fig. 5(a). A
clear specific-heat jump around 6.4 K can be observed, which
decisively confirms the bulk nature of the superconductivity.
The T value determined from the specific-heat measurement
is in good agreement with those obtained from the resistivity
and magnetization measurements, again evidencing the high
quality of the sample. The main panel of Fig. 5(a) shows the
CIT versus T2 relation. The normal state can be well described
by a modified Debye model C/T = y, + BT? + §T*, where
¥a 1s the electronic specific-heat coefficient; the second and
third terms signify the contributions from the harmonic and
anharmonic lattice vibrations, respectively. Fitting the data
derives y, and B, respectively, as 16.03 mJ mol~ ' K~2 and
0.587 mJ mol~! K=*. Debye temperature ®p, was calculated
to be 214.8 K by the formula ®p = (127*nNaks/58)"",
where n = 3 is the number of atoms per formula unit. It is
instructive to estimate the electron-phonon (e-p) coupling pa-
rameter A._ to evaluate the e-p interaction in NbSe; system.
In terms of McMillan’s theory for strong-coupled supercon-
ductors, A._p is given by the following equation from the
experimentally determined 7. and ®p [64]:

1.04 + p* ln(l_%)n)

T (1 0.62p7)In (9%) — 1.04°

Ao ™)

where ©* is the repulsive screened Coulomb pseudopotential
parameter and taken to be 0.1 as suggested by Refs. [10,65].
Setting 7. = 7.11K, ®p = 215K for 2H-NbSe, [10] and
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FIG. 5. (a) C/T vs T? for 4H,-NbSe,. The red solid line repre-
sents the fitted result from an extended Debye approximation. The
inset presents the temperature-dependent specific heat (C) between
1.8 and 10 K, which shows a clear specific-heat jump around the
SC transition. (b) The variation of normalized electronic specific
heat C./y,T with temperature. The fitted results from the isotropic
s-wave and s+s-wave models are displayed as green and red lines,
respectively.

I. = 6.4K, Op = 214.8K for 4H,-NbSe,, the A._, values
are calculated as 0.74 and 0.71, respectively. This indicates
an intermediate e-p coupling strength. Thus, the density of
states N(Ep) is estimated to be 4.51 and 3.98eV~! f.u.~! for
the 2H and 4H, phases, respectively, by the formula N(Ef) =
3y /m*kE (1 + he—p). This implies that the superconductivity
of the NbSe, system can be understood in the framework of
BCS theory.

The electronic specific heat in the superconducting state
is an important probe for gap symmetry. By subtracting the
lattice specific heat, the electronic component C, is obtained
and the normalized electronic specific heat Co/y,T vs T is
shown in Fig. 5(b). The superconducting state Ces(7)/y T at
zero field could be described by the following formula based

on the BCS theory:
oV SHANT) ke T

Ces(T) _ /+°°
yaT 2(kBT) (1 + eV/ATAID /kBT)
T dAXT
#)dek,

X <sk + AZ(T) ~ 3T

®)

where Ay(T) = A(T)gr(0,¢) is a temperature- and
angle-dependent gap function, the BCS-like gap A(T) =
Ao tanh{1.82[1.018(7./T—1)1°"}, and gi(0,¢) =1 for
isotropic single s-wave gap. We found that the isotropic
single s-wave model could not describe the experimental data
well. Thus, we use the two-gap s+s-wave model to analyze
the data:

C(T CA(T C2(T
()zw“() L )es() ©)
]/nT VnT ]/nT

where w is the weighting factor, 7; is defined at 6.13 K
to meet the requirement of the entropy balance at the tran-
sition, Ay and A, are derived, respectively, as about 1.20
and 0.40 meV by fitting the experimental data. This provides
further evidence for the possible two-gap superconductivity
in 4H,-NbSe,. However, the possibility of an anisotropic
single s-wave pairing cannot be ruled out due to the low-
dimensional crystal and electronic structures. In this regard,
further low-temperature specific-heat, ARPES, and tunnel-
ing spectroscopy experiments are of definitive significance.
The normalized specific-heat jump AC./y,T: estimated from
the two-gap scenario as 1.78, is larger than the weak-
coupling limit BCS value 1.43 but smaller than 2.14 for
2H-NbSe; [10], which suggests that 4H,-NbSe, is a moder-
ately coupled superconductor.

D. Abinitio calculations

The calculated energy bands of 2H- and 4H,-NbSe, with-
out including the spin-orbit coupling effect are shown in
Figs. 6(a) and 6(c). A Monkhorst-Pack grid of 17 x 17 x
7 k points was selected to perform the self-consistent cal-
culations and an energy cutoff of 600 eV was used for the
wave functions. A denser grid of 25 x 25 x 9 k points was
chosen to generate the density of states. Orbital projected
bands and DOS are given in Figs. 6(a)-6(d). In both cases,
the Nb 4d orbits dominate the bands near the Fermi level
and the Se 4p orbits constitute the valence bands. In addition,
some orbits, such as Nb 4d,, and 4d,._,», Se 4p, and 4p,,
are degenerate. Hole FS controls the conduction mechanism
and multiband character is revealed, in alignment with the
Seebeck coefficient [30]. The two materials show almost the
same calculated N(Ef), 2.87 eV~ ! f.u."! for 2H-NbSe, and
291eV~!fu.~! for 4H,-NbSe,. According to the BCS the-
ory T, = 1.14{w) exp[—1/N(0)V], almost the same ®p and
calculated N(Ef) indicate almost the same 7. But, the dif-
ference in experimental 7 suggests that the CDW may play
a role in superconductivity. As shown in Figs. 6(a) and 6(f),
2H-NbSe; has one Se 4p,-related 3D pancakelike FS pocket
centered at the I' point and two Nb 4d-derived (dy,/d>_y2)
double-walled hole FS sheets surrounding the 'A and KH
lines, in good agreement with the previous ab initio calcu-
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FIG. 6. (a), (c) Calculated energy bands for 2H - and 4H,-NbSe, projected onto atomic orbits. (b), (d) Calculated density of states (DOS)
projected onto atomic orbits. (e) Total DOS for 2H - and 4H,-NbSe;. (f), (g) Fermi surface with high-symmetry points present.

lations and ARPES experiments [66—68]. A superconducting
gap was observed at a selected point on the FS sheets around
the I'A line in 2H-NbSe, by ARPES [68]. In 4H,-NbSe,,
the number of the Fermi sheets doubles. The Fermi-surface
topology of the pocket around the K point remains almost
unchanged, still showing strong dyy/d,»_,> character. How-
ever, the pancake-shaped sheet centered at the I' point shrinks
considerably [Fig. 6(g)]. This indicates that the contribution
from the Se 4p, is decreased in the 4H, phase as revealed by
DOS more clearly [Figs. 6(b) and 6(d)], implying the weak-
ened p-d hybridization which may account for the reduced
T. compared to the 2H polytype. Based on the experimental
electronic specific-heat coefficient y and calculated DOS, the
EPC parameters are evaluated as about 1.73 and 1.34 for
2H- and 4H,-NbSe,, respectively. This seems not to support
the higher Tcpw in the 4H phase from the EPC scenario.
From the band dispersion along I'-K, van Hove singularities
(VHSSs) can be clearly identified as saddle points in the vicin-
ity of the Fermi level, which could drive the origin of SC
and CDW instabilities [69]. The saddle point in 4H,-NbSe,
is much closer to Er than that in 2H-NbSe,. Moreover, the
Fermi level Er of the 4H, phase is also much closer to the
VHSs in the density of states compared to the 2H phase as
illustrated in Fig. 6(e), which may be in favor of the formation
of a higher-Tcpw CDW order [70]. Stronger CDW and hence
lower T; point to a competition between SC and CDW in the
NbSe, system. Though the origin of CDW may be different
in 4H and 2H phases, we believe that EPC plays impor-
tant roles in CDW instability and superconductivity in both

cases, which requires further experimental and theoretical
studies.

IV. SUMMARY

In summary, the crystal and electronic structures, and the
properties of the CDW transition and SC state of 4H,-NbSe,
polycrystal were studied systematically. The CDW transition
is second order in nature. This type-II BCS superconductor
has an intermediate coupling strength and shows SMP ef-
fect. The violation of the Pauli limit is mainly caused by
the central inversion symmetry breaking. Hc,, H.;, and spe-
cific heat semiquantitatively support the two-gap s+s-wave
pairing scenario. However, strong evidence is needed from
measurements at much lower temperatures on single crystals
to elucidate the pairing mechanism. The interplay between
CDW and SC is a long-standing debated issue. The elec-
tronic structures tend to a higher Tcpw in 4H,-NbSe,. The
enhanced CDW and hence suppressed SC compared to 2H-
NbSe, confirm a competitive relation between the two ordered
states in NbSe, system. This study provides experimental
data for understanding SC and CDW, and the interaction
between them in TMD compounds. Furthermore, the large
upper critical field and the second magnetization peak effect
observed in polycrystalline 4H,-NbSe, are both favorable for
the development of high-field magnets if the superconducting
T. can be further improved, which may also provide an avenue
to explore high-field superconductors in noncentrosymmetric
materials.
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