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Gaining a deeper understanding of the interplay between charge density wave (CDW) order and supercon-
ductivity in transition metal dichalcogenides (TMDs), particularly within the (4H/2H)-NbX, (X = Se and S)
family, remains an open and intriguing challenge. A systematic microscopic study across various compounds
in this family is therefore required to unravel this complex interplay. Here, we report on muon spin rotation
(uSR) and magnetotransport experiments investigating the effects of hydrostatic pressure on the superconducting
transition temperature (7;), the temperature-dependent magnetic penetration depth (Ae), and the charge density
wave order (CDW) in two layered chalcogenide superconductors: 4H-NbSe,, which exhibits CDW order, and
2H-NbS,, which lacks such order. Our observations reveal a substantial 75% enhancement of the superfluid
density (n;/m*) in 4H-NbSe, upon the maximum applied pressure of ~2 GPa, surpassing that of 2H-NbSe,.
Despite the absence of CDW order, a sizable 20% growth in superfluid density is also observed for 2H-NbS,
under an applied pressure of 1.8 GPa. Notably, the evaluated superconducting gaps in all these TMDs remain
largely unaffected by changes in applied pressure, irrespective of pressure-induced partial suppression of CDW
order in (4H/2H)-NbSe, or its general absence in 2H-NbS,. These results underscore the complex nature of
pressure-induced behaviors in these TMDs, challenging a simplistic view of competition solely between CDW
order and superconductivity. Remarkably, the relationship between n,/m* and 7. exhibits an unconventional
correlation, indicating a noteworthy similarity with the behavior observed in cuprate, kagome, and iron-based

superconductors.

DOL: 10.1103/PhysRevResearch.7.013324

I. INTRODUCTION

Transition metal dichalcogenides (TMDs) [1,2] represent
a fascinating class of materials that have garnered signif-
icant attention in condensed-matter physics due to their
diverse electronic properties [3,4]. The superconducting state
in TMDs has revealed an intriguing non-BCS behavior and
unconventional superconducting states, in both bulk and
monolayer form [5—8]. In particular, a correlation between the
superfluid density and the transition temperature (7¢) serves
as a notable manifestation of unconventional superconductiv-
ity in bulk 2H-NbSe, [1]. Additionally, the reported upper
critical field (H,,) values for 4H-NbSe, u,H,(0) =265 T
[9] and 2H-NbS; [ugHc2(0)|lab = 23 T] [10] are much higher
than the Pauli paramagnetic limit [uyH, = 1.84 x T, (T/K)]
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expected for a weakly coupled BCS superconductor. Recent
advancements in the bulk TMD research have uncovered
interesting phenomena, such as the observation of a Fulde-
Ferrell-Larkin-Ovchinnikov state for magnetic fields applied
exactly parallel to the ab plane [10,11]. The Ising-type su-
perconductivity of monolayer 2H-NbSe, is, among other
exceptional electronic properties, of particular interest [7].
These discoveries challenge conventional paradigms and open
up new avenues for exploring unconventional superconduc-
tivity in TMDs, thereby expanding our understanding of the
complex interplay between various electronic phases.
Furthermore, TMDs like 2H-NbSe, [12] and 4H-NbSe,
[9] exhibit charge density wave (CDW) order in addi-
tion to superconductivity. The coexistence and interaction
of these two phenomena raise intriguing questions about
their origin, stability, and mutual influence. Pressure-induced
phase transitions, which can suppress CDW order and alter
superconducting behavior, offer valuable insights into the un-
derlying mechanisms governing these phenomena [13—17].
Therefore, understanding the response of TMDs under pres-
sure provides crucial information about the delicate balance
between the competing electronic phases and sheds light on
the unconventional nature of their superconducting state.
Building upon previous research [1,2], where a strong pres-
sure effect on superfluid density and a correlation between

Published by the American Physical Society
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FIG. 1. Crystal structure. Middle: Illustration of the trigonal prismatic coordination sphere of the chalcogen atoms (yellow, sulfur; light
green, selenium) around the niobium (dark green). Left: Side and top view of the 4H-NbSe,, with four layers per unit cell. Right: Top and side

view of the 2H-NbS,, with two layers per unit cell [18].

superfluid density and 7, were demonstrated in 2H-NbSe,,
there is a pressing need to extend such investigations to
encompass other members of the TMD family. Therefore, by
systematically probing the superfluid density across different
TMDs with and without CDW order we may unravel underly-
ing trends and uncover the interplay between CDW order and
superconductivity.

II. EXPERIMENTAL DETAILS AND RESULTS

In this article, we explore the hydrostatic pressure effects
on the superfluid density (n;/m*) in both 4H-NbSe, and 2H-
NbS,, where the former exhibits CDW order, whereas the
latter does not, while also comparing our findings to 2H-
NbSe, with CDW order [1]. Figure 1 illustrates the crystal
structure of the two studied systems. The 4H and 2H phases
of these TMDs differ primarily in their stacking sequences and
symmetry. Both phases have the same monolayer. While the
2H phase exhibits a hexagonal structure with AB stacking, the
4H phase features a more complex hexagonal structure with
alternating stacking (ABAC). We observed a 75% increase in
ng/m* in 4H-NbSe, at 2 GPa, while the onset temperature of
the CDW order is reduced by only 20% (from 55 to 45 K).
Notably, this increase in superfluid density in 4H-NbSe, is
twice as large as that observed in 2H-NbSe,, despite both
systems experiencing a similar suppression of CDW order.
Additionally, 2H-NbS, also exhibits a 20% increase in n;/m*.
Regarding Tg, it increases by 1 K in 4H-NbSe,, 0.5 K in
2H-NbSe;, and 0.2 K in 2H-NbS,. Therefore, 4H-NbSe, pos-
sesses the highest pressure effect on both n;/m* and 7, among
the three systems studied. Furthermore, we demonstrate an
unconventional correlation between ng/m* and T.. These
findings are discussed in the context of pressure-induced mod-
ifications of electron-phonon coupling, p-d hybridization, and
density of states related to a saddle point situated very close
to the Fermi level.

First, we present the impact of pressure on supercon-
ductivity and charge density wave order in 4H-NbSe, us-
ing magnetotransport measurements. Magnetotransport tech-
niques [19-25], known for their sensitivity to charge-order

transitions, leverage magnetoresistance as a probe of the
mean free path integrated over the Fermi surface [22]. These
techniques are particularly effective in detecting changes in
scattering anisotropy and Fermi surface reconstructions. The
CDW transition is evident in the Hall effect, as previously
observed in 2H-NbSe, [23]. Figure 2(a) illustrates the tem-
perature dependence of the longitudinal resistance measured
under varying hydrostatic pressures up to 2.1 GPa. Sharp
superconducting transitions are observed, with 7. showing a
modest increase from 6.3 K at 0 GPato 7.3 K at 2.1 GPa. Re-
garding the normal state, we find that the Hall effect exhibits
a pronounced temperature dependence below Tepw = 55 K
in 4H-NbSe,, at ambient pressure, indicating the onset of
a CDW. Notably, the Hall signal transitions smoothly from
negative (electronlike) to positive (holelike) across T*. This
sign reversal parallels observations in 2H-NbSe; [23] and
cuprate high-temperature superconductors [24,25], where it
has been attributed to Fermi-surface reconstruction driven by
a density-wave phase. Similarly, in 4H-NbSe;, the emergence
of a secondary CDW order appears to induce a Fermi-surface
reconstruction, resulting in the formation of the hole pocket.
Additionally, magnetoresistance in 4H-NbSe, increases be-
low Tepw = 55 K at ambient pressure, further corroborating
the onset of the CDW transition. The charge density wave
transition is also observed as a very weak anomaly in the
temperature dependence of longitudinal resistivity, appearing
around 45 K. However, magnetoresistance and Hall effect
measurements provide more compelling evidence for the on-
set of the CDW. Under applied pressure, both Tcpw and 7%
exhibit only modest decrease, as summarized in Fig. 2(d). For
comparison, the pressure dependence of Tcpw in 2H-NbSe;
is also shown, highlighting a similar suppression of the CDW
transition in both compounds. Within 2.1 GPa, the CDW tran-
sition temperature decreases by approximately 20%, while the
superconducting transition temperature increases by 15%.
Next, we focus on superfluid density measurements for
both 4H-NbSe, and 2H-NbS, under pressure by examining
the superconducting (SC) relaxation rate (oy) in the vortex
state. The temperature (7') dependence of (o) is obtained
by analyzing (see the Supplemental Material (SM) [26] for
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FIG. 2. Temperature-pressure phase diagram for 4H-NbSe,. (a)—(c) The temperature dependence of (a) the longitudinal resistance, (b) the
Hall resistance, and (c) the magnetoresistance at 9 T for 4H-NbSe,, recorded under various hydrostatic pressures. (d) The pressure evolution
of the superconducting transition temperature 7, the onset of the CDW transition temperature Tcpw, and the temperature 7* across which the
Hall effect changes the sign for 4H-NbSe,, obtained from the resistivity measurements. For comparison, the values of T; and Tepw Vs pressure

for 2H-NbSe, are also shown [1].

details) the transverse field muon spin rotation (TF-uSR) data
measured under an applied magnetic field of uyH ~ 30 mT at
ambient pressure (p) for both 4H-NbSe; and 2H-NbS, and are
shown in the left y axis of Fig. 3(a). Below T, o (T) for both
systems gradually increases from zero due to the formation
of the flux line lattice in the SC state and levels off at low
temperatures (7 < 2 K). Figure 3(b) shows the 7' dependence
of the diamagnetic shifts, ABgiz = Bint,s.sc — Bint.s.ns» fOr both
systems. Here, Bjy s sc and Biy s ns are the local internal fields
experienced by the muons at superconducting and normal
states of the sample, respectively. Biys.sc 1S calculated from
the first moment (B) of the asymmetric field distribution P(B)
in the superconducting state (see the SM [26]). As it can be
seen from Fig. 3(b), such a strong diamagnetic shift below
T. reflects the bulk nature of the superconducting state and
rules out any possibility of field-induced magnetism in both
systems.

The effective (powder average) London magnetic pen-
etration depths (A.g) are extracted for both systems from
their corresponding oy by using the relation oy (T)/y, =
0.06091d x )»e_f%(T) [27]. Here, y, is the gyromagnetic
ratio of the muon, and &y = 2.068 x 10~ Wb is the
magnetic-flux quantum. A is crucial to understanding su-
perconductivity as it is a concomitant of superfluid density

(ns/m*):

1 4 nge? 1
X— = _—
A2y m*c? 14+ &/1

ey

0-'SC

where m* is the effective mass of superconducting carri-
ers, and £ and [ are the coherence length and mean free
path, respectively. In the case of systems close to the clean
limit (§/1 —0), kejffz is directly proportional to the superfluid
density, and )»e’f% o ng/m* as the second term in Eq. (1) essen-
tially becomes unity. By using the Ginzburg-Landau theory
(¢ = /®y/27 H,,) and reported upper critical field (H,,) val-
ues for 4H-NbSe; [uyH(0) = 26.5 T] [9] and for 2H-NbS,
[uoH2(0)[lay = 23 T] [10], we have estimated the coherence
lengths to be £ ~ 3.5 nm and &||,, =~ 3.8 nm for 4H-NbSe;
and 2H-NbS,, respectively, at ambient pressure. Although
an accurate estimate for / as a function of pressure is not
available, it is reasonable to assume that the effect of &£/1 is
negligible given the extremely small £. Moreover, the in-plane
[ is likely independent of pressure, as compression primarily
affects the interlayer spacing rather than the intralayer struc-
ture, owing to the pronounced anisotropy of the van der Waals
system. This is particularly relevant in the low-pressure range

under investigation. Thus we can reliably take oy and/or )Le_f?
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FIG. 3. Temperature evolution of microscopic superconducting
quantities. (a) Temperature dependence of o (left y axis) and Ae’ﬁ%
(right y axis) measured at an applied field of p,H ~ 30 mT for
both 4H-NbSe, and 2H-NbS,. The black solid lines are the fits
corresponding to the (s 4 s)-wave model, whereas the red dashed
lines correspond to s-wave model fits. (b) Temperature dependence
of ABg, calculated from the difference between the internal fields

measured at the superconducting and normal states for both systems.

as a measure of superfluid density (o5 )\e_f? X ng/m*) as
both systems lie close to the clean limit. To give a quantitative
idea of ny/m*, we show A_7 in the right y axis of Fig. 3(a).

0s.(T) is sensitive to the topology of the superconducting
gap. In our case, the observed low-T leveling off behavior
is consistent with the scenario of nodeless superconductivity,
for which ke’ffz(T) approaches the zero-T value exponentially.
To unveil the nature of the superconducting gap structure in
4H-NbSe; and 2H-NbS,, the T-dependent behavior of oy for
both compounds is analyzed by the empirical « model [4]
within the local (London) approximation (A >> £). The main
assumption of this model is that the gaps appearing in different
bands are independent from one another, despite having a
common 7;. So, the superfluid densities for each component
can be calculated (for details, see the SM [26]) independently
and added together with their respective weight factors as
shown below:

Gsc(Tv A0,1)
05:(0, Ag,1)

Gsc(Tv AO,Z)
050, Ag2) .

o (T) »
05 (0) B

+ (1 —-w) 2)

0s.(0) )»;%(0) and A (0) is the magnetic penetration depth
atT = 0K. A ; measures the value of the ith (i = 1 and 2) SC
gap at T = 0 K, whilst w and (1 — w) are the weight factors
quantifying their relative contributions to oy.. The results of
our analysis are shown in Fig. 3(a), in which a single s-wave
(red dashed line) model and a (s + s)-wave (black solid line)
model are considered. It is clearly evident that a two gap
(s + s)-wave model describes our data much better than a
single gap s-wave model. Two-gap superconductivity in both
systems can be understood by assuming that the SC gaps open
at two distinct types of bands crossing the Fermi level (Ef).
The values of superconducting gaps A; and A, (see the SM
[26] for the pressure evolution of the SC gaps) are in good
agreement with previous reports [1,9,28].

In order to study the pressure evolution of the supercon-
ducting order parameters of 4H-NbSe, and 2H-NbS,, TF-uSR
experiments are carried out under a pressure range of 0 <
p < 2 GPa. The TF-uSR time spectra recorded at different
hydrostatic pressures are analyzed by adopting the procedure
described in the SM [26]. To highlight the relative change
of the superfluid density with pressure, we present the ex-
tracted 7' dependence of o at various applied pressures after
normalizing each one to the value obtained at zero pressure
and temperature for 4H-NbSe, and 2H-NbS; in Figs. 4(a)
and 4(b), respectively. The two-gap (s + s)-wave model ade-
quately describes all the experimental data up to the highest
applied pressures with nearly pressure independent weight
factors of w ~ 0.54 and 0.52 for 4H-NbSe, and 2H-NbS,,
respectively. The corresponding fits are shown by the black
solid lines in Figs. 4(a) and 4(b). The absolute values of the
two superconducting gaps (A; and A;) extracted from the
(s + s)-wave model fits remain almost constant throughout the
applied pressure range for both systems, as depicted in Fig. S3
of the SM [26]. The pressure evolution of the other extracted
superconducting parameters such as )»e’f?(O)[oc ny/m*] and T
are plotted in Figs. 4(c) and 4(d), respectively, along with the
corresponding pressure-dependent behavior of 2H-NbSe, for
comparison, taken from our recent report (see Ref. [1]). As it
is evident from Fig. 4(c), the relative increase of ny/m* with
pressure for 4H-NbSe; is found to be the highest and corre-
sponds to a 75% increase at the maximum applied pressure of
2.05 GPa. The relative increase is of 32% for 2H-NbSe, and
only 20% for 2H-NDbS,, at the maximum applied pressures of
2.2 and 1.8 GPa, respectively. However, the critical tempera-
tures 7, of all systems are found to be notably less influenced
by the increase of pressure. 7. increases by 0.94 K (16%) for
4H-NbSe,, 0.76 K (11%) for 2H-NbSe,, and 0.28 K (5%) for
2H-NbS,.

III. DISCUSSION

The primary discovery of this study lies in the remarkable
increase of superfluid density (n,/m™*) under pressure, par-
ticularly in 4H-NbSe,, surpassing its counterparts 2H-NbSe;
and 2H-NbS,. The p-T phase diagram of 2H-NbSe,, which
has been thoroughly explored in the past [13-15], indicates
a linear rise in 7; with pressure, alongside a systematic sup-
pression of the CDW order (Tcpw). Here, we have constructed
the temperature-pressure phase diagram for 4H-NbSe, using
magnetotransport measurements, revealing a similar increase
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FIG. 4. Temperature and pressure evolution of superconducting quantities. The temperature dependence of o, (7)) (normalized to the value
at zero applied pressure) under different applied hydrostatic pressures for (a) 4H-NbSe, and (b) 2H-NbS,, respectively. The solid lines are the
fits corresponding to the (s + s)-wave model. Pressure dependence of (c) normalized zero temperature value of A;ffz(O) and (d) T;. The values
of T, for 4H-NbSe,, determined from both resistivity and uSR experiments, are shown.

in T; and a comparable suppression of the CDW onset tem-
perature as observed in 2H-NbSe,. The antagonistic pressure
dependence of T; and Tcpw sparked the notion of mutual com-
petition between CDW order and superconductivity, which
continues to be an ongoing debate [16,17]. However, despite
the absence of a CDW state in all known NbS, polytypes,
the T; of 2H-NbS, is comparable to that of 4H-NbSe,, albeit
with a higher superfluid density. Additionally, the modest sup-
pression of the CDW state within the 2.1-GPa pressure range
for 2H-NbSe,, and 4H-NbSe,, suggests that the substantial
increase in superfluid density cannot solely stem from the
CDW state suppression, especially considering the maximal
availability of the density of states, AD(Er) ~ 1% [29,30].
Remarkably, a 20% increase in the superfluid density is also
observed for 2H-NbS,, which is devoid of the CDW order
present in the other TMDs, (4H/2H)-NbSe,. The insensitiv-
ity of the two superconducting gaps (A;, A;) to pressure
changes across all investigated TMDs, (4H/2H)-NbSe, with a
CDW and 2H-NbS; [31-33] without a CDW, suggests a more
complex origin for the significant pressure effects beyond the
competing CDW order.

In 2H-NbSe,, the Fermi surface (FS) structure is intricate,
featuring predominantly four Nb (4d)-orbital-derived bands
forming cylindrical Fermi surface sheets centered around the
mid-T" and corner-K points, along with one Se (4p)-orbital-
derived band resembling a small three-dimensional “pancake”
FS centered around the I point. Superconductivity manifests
through the opening of two gaps: a relatively large gap span-
ning most of the Nb-derived FS sheets and a smaller one at

the Se-derived band. Meanwhile, a coexisting CDW opens a
gap on a small portion of the Nb-derived FS sheets, distinct
from the superconducting gaps in k-space [34-36]. There is
a growing evidence that the CDW order in 2H-NbSe is pri-
marily driven by momentum (g)-dependent electron-phonon
coupling (EPC) rather than the previous belief of mecha-
nisms involving Fermi-surface nesting and saddle points, etc.
[30,37-39]. Furthermore, recent ab initio band structure cal-
culations on 4H-NbSe, [9] propose that the lower 7. and
higher Tepw could be linked to weaker p-d hybridization
and the availability of additional density of states near the
Fermi level compared to 2H-NbSe,. Consequently, a pressure-
dependent complex interplay among various factors such as
EPC, multiband FS structure, and p-d hybridization likely
underlies the substantial pressure-induced change in super-
fluid density observed in 4H-NbSe, [14,40].

The strong increase in superfluid density in TMDs un-
derscores their unconventional superconductivity, contrasting
with the behavior observed in conventional BCS supercon-
ductors. This is supported by the correlation between 7 and
zero-T values of the superfluid densities [A7(0)] observed
in 4H-NbSe, and 2H-NbS,, as well as previously reported
materials such as 2H-NbSe, [1] and 1T’-MoTe, [2]. The
plotted data in Fig. 5, illustrating the relative change in T
as a function of the relative change in superfluid density
[41], shows that the slopes for 2H-NbSe,, 4H-NbSe,, and
2H-NDS,; are the same, suggesting a similar mechanism for
the pressure-induced enhancement of the superfluid density.
Intriguingly, this slope resembles that observed in optimally
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at different applied pressures obtained from our uSR experi-
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RbV;Sbs [50]. The black dashed vertical line manifests the BCS
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doped cuprates [42] and Fe-based superconductors [43], al-
though the sign of the slope is opposite in Fe-based systems.
Conversely, 1T’-MoTe, and RbV3Sbs exhibit a stronger slope,
despite their T, remaining below the optimal value even under
pressure [2,44,50]. In contrast, 4H-NbSe2, 2H-NbSe, [1], and
2H-NDS; are closer to their optimal 7, ~ 8 K [45].

The observed correlation between 7. and the superfluid
density, initially observed in cuprates [46] and later ex-
tended to Fe-based unconventional superconductors [47—49]
and kagome-lattice superconductors [50], reveals intriguing
insights [41]. In cuprates, T; is about 4-5 times lower than
the expected ideal Bose condensation temperature (7g) for a
noninteracting Bose gas, indicating an evolution from an un-
conventional Bose-Einstein condensation (BEC)-like scenario
to a conventional BCS-type condensation scenario [51-53]. In
the investigated TMDs, the ratio 7. /7r is reduced by approxi-
mately 20 times compared to cuprates, yet the unconventional
correlation persists. This striking similarity across distinct
classes of superconductors implies a shared mechanism un-
derlying superconductivity and other quantum orders in these
materials. The variation in the slope of the T.-superfluid
density correlation across systems remains unclear. Two key
factors likely influence 7; in unconventional superconduc-
tors: superfluid density and proximity to a competing state

or quantum critical point. In cuprates, this competing state
is tied to antiferromagnetic order, while in Fe-based super-
conductors it is linked to quantum criticality. In TMD and
kagome-lattice systems, the competing state arises from CDW
or structural orders. These differences in competing states
may explain the varying slopes in the T;-superfluid density
correlation.
IV. CONCLUSION

In conclusion, we investigated the effects of hydrostatic
pressure on the microscopic properties of superconductivity
in 4H-NbSe; and 2H-NbS,, alongside the pressure evolution
of the CDW in 4H-NbSe, using magnetotransport and uSR
experiments. We find that the CDW onset temperature in
4H-NbSe, decreases by only 20% (from 55 to 45 K), similar
to 2H-NbSe,. Despite similar CDW suppression in 2H- and
4H-NbSe,, the superfluid density increase is twice as strong
in 4H-NbSe,. Additionally, a sizable increase in superfluid
density is observed in 2H-NbS,, which lacks CDW order.
These findings lead us to infer that the increase in the su-
perfluid density and the underlying superconductivity in these
systems are minimally impacted by pressure-induced changes
in the CDW order. Instead, they may have a more com-
plex origin, possibly involving additional factors beyond the
influence of the CDW order. Notably, an unconventional cor-
relation between T, and ny/m* is evident across all the studied
TMDs, including the previously investigated topological su-
perconductor 1T'-MoTe,, reflecting a characteristic feature
of unconventional superconductors, such as cuprates and Fe-
based superconductors. We anticipate that our study will
inspire future theoretical investigations, such as band structure
calculations under pressure, as well as experimental investi-
gations (e.g., angle-resolved photoemission spectroscopy), to
achieve a comprehensive understanding of superconductivity
in these TMDs, particularly in 4H-NbSe,.
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