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Lifshitz-enhanced superfluid density in
two-gap superconducting TiSe2

Check for updates

F. Elson1 , J. Philippe2,3, G. Simutis2,4, O. K. Forslund3,5, M. Abdel-Hafiez6, M. Janoschek2,3, R. Khasanov2,
D. Das2, J. Weissenrieder1, D. W. Tam1, Y. Sassa1 & M. Månsson1

Superconductivity in TiSe2 emerges when the charge density wave (CDW) order is suppressed under
pressure or doping.Recent theoretical and experimental studies suggest that aLifshitz transition plays
a key role in stabilizing the superconducting phase. Here, we present muon spin resonance
measurements of pressurized TiSe2, revealing a two-gap superconducting state. Our results indicate
that the smaller gap contributes unexpectedly strongly to the total superfluid density. This effect is
consistent with an enhanced density of states in a newly formed Fermi surface pocket at the Lifshitz
transition. These findings provide microscopic insight into the interplay between CDW suppression,
Fermi surface reconstruction, andmulti-gap superconductivity in TiSe2, demonstrating howpressure-
induced changes in electronic structure can shape superconducting properties in layered materials.

Layered transition metal dichalcogenides (TMDs) host a rich interplay
between charge order, superconductivity, and electronic correlations,
making them a fertile ground for emerging quantum phenomena1. Among
them, 1T-TiSe2 has attracted particular interest due to its unconventional
charge densitywave (CDW)phase, which competes with superconductivity
under pressure or chemical doping2,3. 1T-TiSe2 adopts a hexagonal layered
structure,where each titaniumatom is sandwichedbetweenselenium layers,
forming a quasi-two-dimensional system (Fig. 1a, b). At ambient pressure,
TiSe2 undergoes a CDW transition at TCDW ≈ 200 K4,5 (Fig. 1d), and upon
electron doping (e.g., through Cu intercalation) or pressure application, the
CDW is suppressed and superconductivity emerges5–8. The pressure-
induced phase diagramof 1T-TiSe2, illustrating the interplay betweenCDW
suppression and superconductivity, is shown in Fig. 1c.

Although previous studies have explored the role of excitonic inter-
actions and electron-phonon coupling in TiSe2, recent quantum oscillation
measurements and electronic structure calculations suggests that a Lifshitz
transition, a topological change in the Fermi surface, plays a key role in
stabilizing the superconducting phase5. The relationship between super-
conductivity and the suppression of CDWorder remains an open question.
Theoretical models suggest that the reconstruction of the electronic struc-
ture near the critical point of the CDW could give rise to new pairing
mechanisms, potentially leading to an unconventionalmulti-gap state9,10. In
particular, Hinlopen et al.5 recently identified a Lifshitz transition in TiSe2
coinciding with the emergence of superconductivity, reinforcing the idea
that Fermi surface topology strongly influences pairing interactions.
However, themicroscopic nature of the superconducting state and its direct

connection to these changes in the electronic structure remain to be fully
elucidated.

Here, we investigate the superconducting gap structure of 1T-TiSe2
under hydrostatic pressure using transverse field (TF) muon spin rotation/
relaxation (μ+SR). The finely tunable muon momentum enables precise
stopping at specific depths, allowing the muons to penetrate the thick walls
of the pressure cell and directly target the sample. This makes μ+SR parti-
cularly well suited for determining the superconducting properties of 1T-
TiSe2 under pressure. Our results provide direct evidence for a two-gap
superconducting state, where the smaller gap exhibits a disproportionately
high superfluid density contribution. This observation is consistent with the
emergence of additional Fermi surface pockets at the Lifshitz transition, a
phenomenon seen inothermultigap superconductors suchasMgB2,NbSe2,
and FeSe1−x

11–14. These findings establish a direct link between pressure-
induced Fermi surface evolution and the superconducting state in 1T-TiSe2,
shedding new light on the interplay between CDW order, band structure
reconstruction, and multigap superconductivity in layered quantum
materials.

Results
Disentangling the μ+SR signal: sample vs. pressure cell
μ+SR is an essential technique in the measurement of a superconductors
superfluiddensity.However,whenmeasuringunderpressure, akey challenge
is to isolate the sample response from the temperature-dependent back-
ground of the pressure cell, as the superconducting signal is low compared to
the pressure cell. To achieve this, measurements were taken below and above
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the superconducting transition (0.27 K < TC ≈ 1.8 K < 2.3 K) at two muon
implantation momentum of 95 MeV/c and 100 MeV/c. The use of two
distinct momenta enhances our ability to discern the pressure cell back-
ground, as lower-momentum muons (95 MeV/c) primarily stop within the
pressure cell, while higher-momentummuons (100MeV/c) stop in both the
pressure cell and the sample. Fitting the data from both momenta at each
temperature point under the given pressure allows for a more accurate
separation of the pressure cell contribution. This approach is further sup-
ported by simulations conducted with a custom tool described in ref. 15,
which employs the Transport of Ions in Matter TRIM package16. The
description of the pressure cell and input parameters for the simulations are
detailed in the Methods section. The results of the simulations for our 1T-
TiSe2 pressure experiment indicate that at 95 MeV/c, only 6.55% of the
muons stop within the sample, whereas at 100MeV/c, 35.26% of the muons
reach the sample. Such evaluation helps defining a proper fitting procedure,
as the 95MeV/c datawill have contributions primarily from the pressure cell,
whilst the 100 MeV/c data will have significant contributions from both the
sample and pressure cell.

Temperature-dependent depolarization rates
Toobserve the formationof the vortex lattice, the 1T-TiSe2 samplewasfield-
cooled fromabove the superconducting transition temperature down toT=
0.27 K in the presence of an external magnetic field of B = 100G. This field-
cooling process ensures the establishment of the vortex lattice in the
superconducting state. The spin polarization P(t) of the muons was sub-
sequently measured as a function of time at two distinct temperatures (T =
2.3 K and T = 0.27 K), under ambient pressure (Pamb = 0 kbar) and max-
imum applied pressure (Pmax ¼ 23:0 kbar). The transverse-field μ+SR time
spectra recorded for these conditions are shown in Fig. 2. The data reveals
differences in the oscillatory behavior of P(t) between the two pressures. At
P = 23.0 kbar and T = 0.27K (Fig. 2a), the oscillations exhibit pronounced
damping compared to the spectra at P = 0 kbar and T = 0.27 K, which is a
direct signature of the formation of a vortex lattice under high pressure. As a

comparison, atT= 2.3 K, well above (Tc), the oscillations do not display any
damping difference between the two pressures, reflecting the absence of the
vortex state (Fig. 2b). When cooling significantly below Tc down to base
temperature (T = 0.27 K), a notable increase in the damping is observed,
consistent with the continuous rise of the total depolarization rate σT
(Fig. 2c). The spectra were analyzed using the following fitting model:

A0 PðtÞ ¼ AT � AS

� �
cos 2πBPCγμt þ πϕ

180

� �
�e�1

2 σPCtð Þ2e �λPCtð Þ
þAS cos 2πBSγμt þ πϕ

180

� �
e�

1
2ðσStÞ2 ;

ð1Þ

whereAT is the total asymmetry,AS is the sample asymmetry,BPC is thefield
inside the pressure cell, γμ is the muon gyromagnetic ratio, ϕ is the phase
offset, σPC is the depolarization rate from the pressure cell, λPC is the
relaxation rate from the pressure cell, and σS is the depolarization rate from
the sample. This model accounts for contributions from both the sample
and thepressure cell. Thefirst termrepresents thepressure cell contribution,
characterized by the depolarization rate σPC and relaxation rate λPC, while
the second term captures the sample contribution, with the depolarization
rate σS. For the 95MeV/c dataset, ASwas set to zero, as very few muons are
expected to stop within the sample at this momentum.We used an iterative
fitting process, with the saturating parameters held fixed. In this process, for
the 100 MeV/c dataset, AS was fixed at 0.1 to reduce the number of free
parameters and improve the robustness of thefit. Across all four dataset (P=
23.0 kbar, P = 0 kbar, 95MeV/c, and 100MeV/c),AT, and σPCwere fitted as
global parameters across all temperatures. For a given temperature at both
momenta and pressures, ϕ (phase offset),BPC (field inside the pressure cell),
and λPC (pressure cell relaxation rate) were kept constant, while the
remaining parameters were fitted independently for each momentum and
pressure condition. This fitting strategy allows to isolate the pressure cell
response, which is shown in Fig. 3a. The temperature dependence of λPC

Fig. 1 | Crystal structure and schematic phase
diagram of 1T-TiSe2 as a function of pressure.
a The layered hexagonal structure of 1T-TiSe2, with
each unit cell containing a single layer. Titanium
(blue) and selenium (red) atoms are represented by
spheres proportional to their atomic radii. bView of
the a-b plane, showing the trigonal arrangement of
layers characteristic of the 1T polymorph. c The
phase diagram of 1T-TiSe2 under hydrostatic pres-
sure, showing the overlap of the CDW and the
superconducting (SC) phases (an interpretation of
the data in ref. 5). The yellow star indicates the
pressure used for the μ+SR experiment. d The tem-
perature dependence of resistivity measured at zero
magnetic field. The lower inset highlights the deri-
vative of the resistivity, marking the CDW
transition.
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exhibits a similar behavior to that reported in ref. 17, confirming the con-
sistency of the pressure cell signal.

The temperature dependence of the depolarization rate from the
sample at both high and zero pressure is extracted and shown in Fig. 3b. At
zero pressure, the depolarization rate remains nearly constant down to the
lowest temperature. This behavior is consistentwith anon-superconducting

state, where the depolarization rate is dominated by a constant contribution
from randomly ordered nuclear moments. The zero-pressure depolariza-
tion rate has been fitted to a constant value of σn= 0.112 ± 0.002 μs

−1, which
represents the nuclear contribution. In contrast, the data at P = 23.0kbar
exhibit a significant increase in thedepolarization rate belowTc=1.8 K.This
transition is similar to x = 0.05 in CuxTiSe2

6, indicating the onset of the

Fig. 2 | Transverse-field μ+SR time spectra of TiSe2
in a 100 Gauss applied field. Data points represent
measurements at P = 23.0 kbar and P = 0 kbar, taken
at two temperatures: a T = 0.27 K (within the
superconducting state) and b T = 2.3 K (above the
superconducting transition). Panel c shows the
muon spectra for three temperatures (T = 0.25, 0.8,
2.3 K) at P = 23.0 kbar. The solid lines correspond to
fits to the experimental data, highlighting differ-
ences in the magnetic field distribution due to the
formation of a vortex lattice at high pressure and low
temperature.

(a)

(b)

(c)
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superconducting transition and formation of the vortex lattice in the high-
pressure state.

Evidence for dual-gap superconductivity
The muon spin depolarization rate in the superconducting state contains
contributions from both the vortex lattice (σSC) and the nuclear magnetic
moments (σn). The total depolarization rate is expressed as18:

σ2T ¼ σ2SC þ σ2n: ð2Þ

The contribution from the superconducting vortex lattice (σSC) is extracted
by subtracting the nuclear contribution (σn) from the total depolarization
rate (σT). The previously determined value,σn=0.112±0.002 μs

−1, was used

for this subtraction to maintain physical consistency. To avoid negative
values under the square root, any high-pressure data points yielding results
below 0.112 μs−1 were set to zero.

Building on the temperature dependence of σSC, we next relate to
the penetration depth, λL, providing insights into the superconducting
gap structure. In our TF-μ+SR geometry the depolarization signal is
primarily sensitive to the in-plane penetration depth λab, which dom-
inates in quasi-two-dimensional TiSe2. No explicit corrections for vortex
lattice disorder or demagnetization were applied, as the measurements
were performed in a low applied field (100 G) under field-cooled con-
ditions, minimizing disorder effects. After subtracting the temperature-
independent nuclear contribution, the superconducting depolarization
rate σSC(T) was used directly to determine the normalized superfluid

Fig. 3 | Temperature dependence of key fit para-
meters. a The temperature dependence of the
relaxation rate of theMP35Npressure cell, fitted as a
global parameter for all data sets. This shows
excellent agreement with previously reported values
from the literature17. b Temperature dependence of
the muon depolarization rate originating from the
sample, measured at both high pressure (orange)
and zero pressure (blue). The data highlight the
increase in depolarization rate below Tc ≈ 1.8 K
under high pressure, indicative of the formation of a
superconducting vortex lattice.

Tc ~ 1.8 K

(a)

(b)
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density. The superfluid density is defined by the following relation19:

λ2Lð0Þ
λ2LðTÞ

/ σSCðTÞ
σSCð0Þ

¼

1þ 1
π

Z 2π

0

Z 1

Δk

Effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � Δk

2
p ∂f

∂E
dEdϕ;

ð3Þ

where f ¼ 1þ exp E
kBT

h i�1
is the Fermi- Dirac distribution, and Δk =Δ(T)

g(ϕ) describes the temperature and angular dependence of the super-
conducting gap. For an s-wave symmetry, we assume g(ϕ) = 1, as an s-wave
gap should be uniform in momentum space20.

Further, defining the quasiparticle energy asE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2 þ Δ2

p
, where ε is

the normal metal band energy from the Fermi level, we obtain the equation
used in our fitting procedure for an s-wave superconducting gap21:

σSCðTÞ
σSCð0Þ

¼

1� 1
2kBT

Z 1

0
cosh�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2 þ ΔðTÞ2

p
2kBT

 !
dε;

ð4Þ

For the temperature-dependent superconducting gap, we use the BCS
expression22:

ΔðTÞ ¼ Δð0Þ tanh 1:821× 1:018
Tc

T
� 1

� �� �0:51
" #

;

where Δ(0) is the maximum gap value at T = 0. From BCS theory20, the
predictedmaximumgap size for a conventional BCS superconductor isΔ(0)
=1.764kBTc, which inour case givesΔ(0)≈0.25meV.However,whenfitting
our data to a single-gap model, we obtain a gap size of Δ(0) = 0.34 ±
0.09meV, which is significantly larger than the BCS prediction. This
discrepancy suggests that a simple BCS model may not fully describe the
superconducting behavior.

Observations from other two-gap superconductors, such as those
discussed in ref. 19, show a similar nearly linear increase in the depolar-
ization rate at low temperatures, suggesting the presence of two distinct
superconducting gaps.

To account for this behavior, we fit the data using a two-gap s-wave
model. The total superconducting depolarization rate is expressed as:

σSCðTÞ
σSCð0Þ

¼ ω
σ1ðTÞ
σ1ð0Þ

þ ð1� ωÞ σ2ðTÞ
σ2ð0Þ

; ð5Þ

where ω represents the weight of the contribution from each super-
conducting gap. A fit to Eq. (5) for the temperature dependence of σSC is
shown in Fig. 4. Here, Tc = 1.8 Kwas fixed, and the following fit parameters
wereobtained:ω=0.546±0.082,Δ(0)1=0.057±0.027meV,Δ(0)2=0.705±
0.208meV, and σ0 = 0.161 ± 0.037 μs−1. Themaximum errors for the fit are
indicated in Fig. 4 (dashed purple lines). For completeness, we also tested
single-gap s-, anisotropic s-, andd-wavemodels, aswell as two-gapd+ s and
d + d scenarios. These alternative fits either fail to reproduce the low-
temperature behavior of σSC(T) or require unphysical parameters, as shown
in the Supplementary Information (Fig. S1). To test whether the two-gap fit
simply benefits from additional parameters, we quantitatively compared all
models (single-s, d, anisotropic-s, d + d, s + d, and s + s) using the same
dataset (Supplementary Fig. S1 and Table S1). The reduced χ2 values are:
single-s=7.156,d=4.581, anisotropic-s=3.574,d+d=1.483, s+d=1.484,
and s+ s=1.392 (best). Thus, the s+ smodel lowers χ2ν by factors of ~ 2.6–5
relative to single-gap fits. Applying ΔAIC ¼ 2Δkþ n lnðχ2ν;model=χ

2
ν;sþsÞ

shows that even for modest data sets (n ≳ 5) the improvement remains
statistically significant after penalizing the extra parameter count.

Anisotropic-s fits require extreme anisotropy (Δmin=Δmax≲0:2) to mimic
the observed curvature and still fail to reproduce the low-temperature kink
near 1.3 K, whereas the fully gapped two-band s+ smodel reproduces the
data with physically reasonable parameters. We therefore identify the two-
gap s + smodel as the most consistent description of σSC(T).

While the two-gap s + s model fit effectively captures the observed
behavior, it is worth noting the scattered value at T = 1.5K, which can be
attributed to variations in the nuclear depolarization rate σn, expected to
fluctuate within a range of 0.01. Also, at temperatures below T = 0.5K, the
relaxation rate from the pressure cell (as described in ref. 17) increases
significantly, overlapping with the temperature range where the super-
conducting depolarization rate rises. However, since the relaxation rate of
the pressure cell waswell-accounted for through the two-momentumfitting
procedure, we can confidently attribute the observed two-gap behavior
primarily to the sample.

Discussion
The dual-gap behavior observed in pressurized 1T-TiSe2 provides com-
pelling evidence for multi-band superconductivity. The temperature
dependence of the muon spin depolarization rate, which reflects the mag-
netic penetration depth and thereby the superfluid density, can only be
consistently describedwithin a two-gapmodel. This behavior is reminiscent
of othermultiband superconductors, such asMgB2,NbSe2, andFeSe1−x

11–14.
In MgB2, the larger gap, 2Δσ/kBTc ≈ 4.3, resides on the quasi-two-
dimensional σ-bands derived from in-plane B-B bonding, while a smaller
gap, 2Δπ/kBTc ≈ 1.6, opens on the three-dimensional π-bands11,23. Similarly,
in FeSe1−xunder pressure, the smaller gap yields 2Δ/kBTc values in the range
0.9-1.414. For pressurized TiSe2, our extracted gap values, 2Δ1/kBTc ≈ 0.73
and 2Δ2/kBTc ≈ 9.1, deviate strongly from the single-band weak-coupling
BCS value of 3.52, indicating the coexistence of a weakly coupled regime
with pronounced interband asymmetries. The disparity between the two
gaps inTiSe2 ismore extreme than inMgB2 or FeSe1−x, yet it still falls within
the broad range reported for other multigap superconductors. Comparable
values of 2Δ/kBTc ~ 7–10 have been observed in Ba0.6K0.4Fe2As2 (~ 7–9)

24,25,
reflecting band-selective strong coupling inmultigap systems. Furthermore,
ref. 26 finds that the Lifshitz transition generates a strongly orbital-
renormalized pocket, whose altered effective mass could naturally explain
the superfluid-density imbalance.

Furthermore, μ+SR measurements on MgB2 reveal that the superfluid
density at low temperatures is dominated by the σ-bands, owing to their
stronger electron-phonon coupling and higher in-plane Fermi velocity,
while the π-bands contribute significantly only in the vicinity of Tc

23. In
contrast, our data on pressurized TiSe2 demonstrate the opposite trend: the

Fig. 4 | Temperature dependence of the superconducting depolarization rate in
TiSe2 arising from the formation of the vortex lattice. The solid purple line
represents a fit to a two-gap model, accurately capturing the kink in the results. The
dashed purple lines illustrate the maximum uncertainties of the fit. The red and blue
lines correspond to the contributions from the individual superconducting gaps,
highlighting their distinct roles in shaping the overall depolarization behavior.
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smaller gap contributes disproportionately to the total superfluid density
λ�2
L . This observation suggests that the associated band possesses either a
large density of states (DOS) or a higher carrier concentration.

Such a scenario is qualitatively consistent with a pressure-induced
Lifshitz transition, whereby new Fermi-surface pockets emerge as bands
cross the Fermi level5,27. These transitions are known to sharply enhance the
DOSnearEF and, as shown theoretically, can increase the superfluid density
in the newly formed band28. This mechanism can be understood quanti-
tatively by considering that the superfluid density, ρSC, in a multiband
superconductor is proportional to the weighted integral over the quasi-
particle density of states N(E) and the Fermi distribution function f(E):

ρSC /
Z

NðEÞf ðEÞ dE: ð6Þ

Whenanewband crosses theFermi level, the enhancedN(E) can cause even
a smaller-gap condensate to dominate the stiffness. Similar Lifshitz-
transition-driven effects have been reported in other multiband super-
conductors near CDW or spin-density-wave instabilities29,30. Furthermore,
Lifshitz-driven enhancements of the density of states can be understood in
the broader context of Fermi-surface instabilities, analogous to the crucial
role played by vanHove singularities in shaping the electronic structure and
phase behavior of Sr4Ru3O10

31.
Recent DFT calculations show that TiSe2 undergoes a significant

electronic reconstruction around 20 kbar5, consistent with the pressure
range of our measurements. In particular, new electron pockets at the L
point and hole pockets at Γ emerge just as superconductivity sets in5. A
detailed account of the Fermi-surface evolution in TiSe2 under pressure,
including the emergence of these new pockets, has been reported by Hin-
lopen et al.5, and we refer the reader to their work for further clarity. The
smaller-gap band is likely linked to one of these pockets, whose enhanced
DOS explains its prominent role in the superfluid response.

While the Lifshitz-driven enhancement of the DOS provides a natural
explanation, in multiband superconductors the stiffness is also shaped by
factors beyond DOS and gap magnitude. Within the two-band BCS/
Eliashberg framework10,32, the weighting of each band’s contribution
depends on its carrier density-to-effective-mass ratio (n/m*), momentum-
dependent coherence factors, and the strength of interband scattering.
Strong interband coupling tends to homogenize gap magnitudes and dis-
tribute stiffness more evenly across bands, whereas weak coupling allows
one band, even with a smaller gap, to dominate29. Effective mass renor-
malization, as may occur in nearly flat bands near a Lifshitz transition, can
further amplify this effect28. In pressurized TiSe2, reduced interband
hybridization and possible mass enhancement near the CDW critical point
would reinforce the dominance of the smaller-gap condensate. Also, in
weakly coupled two-gap systems, relative phase fluctuations between con-
densates can give rise to low-energy Leggett modes33, which, while not
directly accessible to μ+SR, could still influence the stiffness. The smooth
temperature dependence of σSC(T) in our data is, however, more consistent
with phase-locked condensates. Lastly, the proximity to a suppressedCDW
phase suggests that residual fluctuations may promote a sign-changing s±
orderparameter29,34.Althoughμ+SRcannotdetect the relative gapphase, the
observed two-gap structure and its pressure evolution remain compatible
with such an unconventional pairing state.

Our findings also provides a broader relationship between super-
conductivity and the suppression of CDWorder in TiSe2.While long-range
CDW order vanishes under pressure, residual fluctuations or domain
structuresmay persist35. These incommensuratemodulations can serve as a
backdrop for unconventional pairing, particularly in systems with electron
and hole pockets connected by the former CDW wavevector36. This
environment is naturally conducive to s± gap symmetry, wherein the
superconducting order parameter changes sign between disconnected
Fermi surfaces. It is thus instructive to compare this clean tuningbypressure
with chemical doping. In CuxTiSe2, ARPES reveals a chemical-potential
shift, progressive suppression of the CDW gap, and growth of the L-point

electronpocketwith increasing x37–39. By contrast, under pressure theFermi-
surface changes are driven mainly by lattice and orbital hybridization, with
little chemical-potential drift5,27. Equally important, Cu intercalation
introduces disorder through interlayer Cu sites, which broadens ARPES/
STM spectral features and enhances interband scattering10,29. Indeed, STM/
STS on CuxTiSe2 reveals nanoscale gap inhomogeneity8, and μ+SR mea-
surements required anisotropic s-wave fits without resolving separate gaps8.
To our knowledge, the anomalousweighting of the superfluid density by the
smaller-gap band has not been reported in CuxTiSe2, suggesting that it is
either absent or masked by disorder. Pressure, being a cleaner tuning
parameter, thus reveals the unusual dominance of the smaller gap more
sharply.

Finally, the pressure-induced Fermi surface reconstruction in TiSe2
may also carry topological implications. In transitionmetal dichalcogenides,
strong spin-orbit coupling and band inversions near high-symmetry points
can produce Berry curvature hotspots and, in some cases, topologically
nontrivial electronic states40,41. DFT calculations under pressure indicate
that new electron and hole pockets appear at the L and Γ points in TiSe2

5; if
these states derive from inverted bands or are strongly spin-orbit coupled,
they could host finite Berry curvature. Although μ+SR is insensitive to Berry
curvature directly, such topological features could influence super-
conductivity through modified interband scattering or even by supporting
topological superconducting phases42. While speculative, this possibility
situates pressurized TiSe2 within the broader class of materials where Fermi
surface topology and superconductivity are intimately linked. Furthermore,
recent theoretical studies show that fluctuating pair-density-wave order can
give rise to superconductivity in which both the gap amplitude and tran-
sition temperature decay monotonically with increasing superfluid
stiffness43, a trend reminiscent of our observation in here. Although distinct
from our present findings, such ideas raise the possibility that pressure-
tuned TiSe2 may share common threads with a broader family of uncon-
ventional and vestigial superconducting phases.

In summary, our μ+SR measurements demonstrate that two-gap
superconductivity in pressurized 1T-TiSe2 is closely tied to the sup-
pression of CDW order and the associated Fermi-surface reconstruction.
The unusually strong contribution from the smaller gap likely reflects a
Lifshitz-transition-enhanced density of states. These results position
TiSe2 as a model system for exploring how subtle changes in electronic
topology and residual charge order can stabilize unconventional super-
conductivity in layered materials. Future μ+SR experiments spanning a
broader range of pressures will be essential to track how the two-gap
structure evolves across the superconducting dome and relative to the
CDW critical point.

Methods
Sample growth and preparation
High-quality millimeter-sized crystals of 1T-TiSe2 were grown via solvent
evaporation from a metal-saturated chalcogen solvent at temperatures
exceeding 827 ∘C. A detailed description of the growth process for 1T-TiSe2
single crystals can be found in ref. 4.

For the μ+SR experiment under pressure, the single crystals were
crushed into a fine powder, which was then pressed into a cylindrical pellet
measuring 13 mm in length and 6 mm in diameter. The pellet was loaded
into a pressure cell, with Daphne oil serving as the pressure-transmitting
medium44. The pressure cell employed in the experiment was a double-wall
design fabricated from MP35N alloy. At the bottom of the cell, a piece of
indiumwas included to estimate the applied pressure. The schematic of the
pressure cell is shown in Fig. 5a.

The pressure was determined by measuring the AC magnetic sus-
ceptibility of the indium as a function of temperature. The applied pressure
was then calculated from the superconducting transition temperature of
indium using the following relationship45

TcðPÞ ¼ �0:0346P þ Tcð0Þ ð7Þ
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Fig. 5 | Pressure cell, muon stopping simulations, and ac susceptibility curve of
indium located at the bottomof the pressure cell. a Schematic representation of the
MP35N pressure cell in the X-Z plane, illustrating the experimental setup.
Simulations15 indicate that 6.55%of themuons stop in the sample at 95MeV/c, while
35.26% stop in the sample at 100 MeV/c, demonstrating the dependence of muon
implantation efficiency on beam momentum. b The superconducting transition

temperature, measured as Tc = 2.595 ± 0.009 K, is indicated by the sharp drop in
magnetic susceptibility. This corresponds to an applied pressure of P= 22.963 ± 0.06
kbar at the base temperature. cAdetailed graphical depiction of theMP35Npressure
cell employed at the GPD instrument, highlighting the sample position and other
critical components such as the piston, locking nut, and indium to determine the
applied pressure.
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where P is hydrostatic pressure in kbar and Tc(0) = 3.39 K, the super-
conducting transition temperature of indium at ambient pressure. The
pressurewas thereforefitted to beP=22.963± 0.06 kbar, as shown in Fig. 5c.
The pressure is quoted as P ≈ 23.0 kbar to reflect the precision consistent
with the hydrostatic conditions across the sample. TheMP35Npressure cell
employed in this study operates close to its authorizedmechanical limit. To
achieve Pbase≃ 23 kbar at low temperature, a room-temperature setpoint of
PRT ≈ 25 kbar must be applied, which represents the highest pressure
compatible with safe operation and facility authorization. Higher setpoints
risk irreversible damage to the cell and are therefore not permitted.
Importantly, P ≃ 23 kbar lies precisely in the vicinity of the Lifshitz
transition identified by DFT and quantum-oscillation studies5, i.e. the
regime where the anomalous stiffness weighting is expected to be maximal.
We have thus focused on this single, most relevant pressure point while
explicitly acknowledging in the Discussion that future μ+SR experiments
across multiple pressures will be essential when beamtime and
hardware allow.

The simulation15 replicates the experimental environment, including the
dimensions and compositions of the pressure cell and sample. The muon
beam parameters, such as momenta (here, 95 MeV/c and 100 MeV/c), are
input to simulate the trajectories, energy loss, and stopping locations of the
muons. The tool then utilizes TRIM simulations to calculate the fractions of
muons that stop in each region (e.g., pressure cell vs. sample), enabling a
precise determination of background contributions (Fig. 5b). To account for
the MP35N pressure-cell contribution, we analysed the 95 MeV/c and 100
MeV/c datasets simultaneously. In this global fitting procedure, the pressure-
cell relaxationparameters (σPC,λPC)were constrainedacross all temperatures,
while only the sample-related depolarization rate (σS) was allowed to vary.
This strategy reliably separates the background signal from the super-
conducting response and prevents spurious temperature-dependent effects
from the pressure cell from being misattributed to the sample.

Muon spin resonance (μ+SR) experiment
Theμ+SRmeasurementswere taken at theGeneral PurposeDecay-Channel
Spectrometer (GPD) instrument on the μE1 beamline at the Paul Scherrer
Institute (PSI) in Villigen, Switzerland. All measurements were taken in a
field cooled environment in a 100 Gauss field, as this allows us to see clear
damped oscillationswhilst being aboveHc1 and belowHc2, perpendicular to
the muons momentum. To analyse the data, the software package musrfit46

was used. A temperature down to 0.25 K was achieved using a helium-3
insert in the VARIOX cryostat.

Vortex state protocol in μ+SR
In type-II superconductors, such as Cu-doped or pressurized 1T-TiSe2, an
applied magnetic field partially penetrates the material, forming quantized
magnetic flux lines arranged in a lattice structure called the vortex state. The
μ+SR technique is particularly well-suited for studying the microscopic
magnetic field distribution in the vortex state, as it is highly sensitive to
inhomogeneous magnetic fields. In a transverse-field μ+SR experiment, an
external magnetic field is applied perpendicular to the initial muon spin
polarization. This experimental setup allows for the measurement of the
depolarization rate (σ) as a function of temperature. The depolarization rate
is directly proportional to the second moment of the local magnetic field
distribution and inversely proportional to the square of the London pene-
tration depth (λL), which reflects the superfluid density in the super-
conducting state. Mathematically, σ is related to the penetration depth as
σ / 1

λ2L
, where λL characterizes how magnetic fields decay within the

superconductor. This relationship provides crucial insights into the super-
conducting gap structure and underlying pairing mechanisms.

Data availability
Data and their analysis are available from the corresponding authors upon
reasonable request. The raw data is also available through the “http://
musruser.psi.ch/” webpage.
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