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TisIr,O0: A time reversal invariant fully gapped unconventional superconductor
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Here we report muon spin rotation (#SR) experiments on the temperature and field dependence of the effective

magnetic penetration depth A(7T') in the n-carbide-type suboxide TisIr,O, a superconductor with a considerably
high upper critical field. The temperature dependence of A(7), obtained from transverse-field (TF)-uSR mea-
surements, is in perfect agreement with an isotropic fully gaped superconducting state. Furthermore, our ZF SR
results confirm that the time-reversal symmetry is preserved in the superconducting state. We find, however, a

remarkably small ratio of 7. /A, 2 ~ 1.22. This value is close to most unconventional superconductors, showing
that a very small superfluid density is present in the superconducting state of TisIr,O. The presented results will
pave the way for further theoretical and experimental investigations to obtain a microscopic understanding of the
origin of such a high upper critical field in an isotropic single-gap superconducting system.

DOLI: 10.1103/PhysRevB.110.174507

The quest for superconducting materials for groundbreak-
ing applications continues to drive the condensed matter
research community, leading to the discovery of an array of
novel superconductors and improved superconducting proper-
ties [1]. Much research effort has been put forward to advance
novel superconducting materials with improved properties
such as high transition temperature (7;), high value of the
critical current, and of the upper critical field (H.,). Further-
more, the high upper critical fields H,, are of interest from a
fundamental point of view, as these are commonly associated
with unconventional, possibly even topological, superconduc-
tivity [2—4]. High upper critical fields are also associated with
unusual field-induced superconducting states, such as, e.g.,
the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state, which
is a distinct superconducting phase observed in spin-singlet
superconductors [5-7].

One recent approach to control the properties of supercon-
ductors has been the chemically precise filling of the void
position in the crystal structures using electron-donor atoms
to chemically tune the electronic properties of these materials
[8,9]. Along this line, n-carbide-type oxides turn out to be a
promising material platform since it results from filling void

“Contact author: fabian.vonrohr@unige.ch
fContact author: zurab.guguchia@psi.ch

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2024/110(17)/174507(7)

174507-1

positions in the Ti,Ni-type structure, with small nonmetallic
atoms such as oxygen, nitrogen, or carbon occupying the
interstitial positions [15].

The n-carbide family of compounds, encompasses a va-
riety of materials which are important for the investigation
of emergent quantum properties [10—14]. Most importantly,
some members of this family exhibit superconductivity
[10,14,16]. One notable example is Tislr,O, which mani-
fests superconducting properties with a critical temperature of
T. =~ 5.3 K along with a considerably high upper critical field
of woHe,, ~ 16 T as revealed from bulk measurements [10].
Interestingly, the H,, exceeds the weak-coupling Pauli limit
(oHpau; = 9.8 T) which corresponds to the paramagnetic
pair breaking effect governing the maximal H., in conven-
tional superconductors [17]. Recent density functional theory
(DFT) calculations revealed the presence of multiple bands
crossing at the Fermi energy Ef signaling plausible multigap
superconductivity in Ti4Ir,O. Moreover, there is a pronounced
peak of the density of states close to Ep, arising from the
weakly dispersing energy bands [16]. This aspect resembles a
key aspect of the recently widely discussed flat-band kagome
superconductors [18-21]. Most recently, it was found that
TiqIr, O maybe the first fully isotropic FFLO superconductor,
contrary to the previous candidates, which all display highly
anisotropic layered structures [22].

To gain insight into the superconducting properties of
TiqIr, O, we conducted muon spin rotation/relaxation («tSR)
experiments, a technique highly sensitive to superconducting
gap structures in materials [23-25]. Using transverse field
(TF) uSR in type-II superconductors, we can assess the tem-
perature dependence of the magnetic penetration depth A,
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crucial for understanding the superconducting gap structure.
Additionally, zero-field (ZF) uSR is effective for detect-
ing very small internal magnetic fields, ideal for exploring
spontaneous magnetic fields related to broken time-reversal
symmetry in exotic superconductors [26-32].

In this Letter, we report on the low density of Cooper
pairs (dilute superfluid) and unusually high upper critical field
larger than the Pauli limit in -carbide-type suboxide TigIr,O.
We, furthermore, demonstrate the isotropic fully gap pairing
and the preserved time-reversal symmetry in the SC state of
this system. These results identify TigIr,O as a time-reversal-
invariant fully gapped unconventional superconductor.

Polycrystalline TigIr,O samples were synthesized from
high-purity titanium (purity: 99.9%, Alfa Aesar), iridium
(purity: 99.99%, Strem Chemicals), and titanium dioxide
powders (purity: 99.9%, Sigma-Aldrich) via arc-melting and

solid-state reaction. Initially, the reactants were mixed in sto-
ichiometric ratios, formed into a pellet, and melted in an arc
furnace under a purified argon atmosphere to ensure homo-
geneity. The resulting melt was then ground into fine powders,
repelletized, and annealed in a sealed quartz tube at 1000° C
for 7 days under a partial argon atmosphere. The reaction was
completed by cooling the quartz tube to room temperature
through water quenching.
For magnetotransport measurements, a bar-shaped sample
was used with four 50-um dia platinum wire leads spark-
welded to the sample surface. The transport measurements
were performed in the 35-T resistive magnet at the National
High Magnetic Field Laboratory. The magnet was swept from
11.5 T to 20 T owing to the static 11.5 T background field
generated by the outer superconducting coil of the magnet
combination. The temperature under 2 Kelvin was ascertained
using the vapor pressure of Helium-3, which remains unaf-
fected by magnetic fields. This method contrasts with the use
of Cernox and Ruthenium Oxide thermometers, which ex-
hibit significant magnetoresistance. Transport measurements
in lower fields were performed using a Physical Proper-
ties Measurements System (PPMS) from Quantum Design,
equipped with a 9T superconducting magnet.

Transverse-field (TF) and zero-field (ZF) uSR experiments
were carried out at the 7E1 beamline on the DOLLY spec-
trometer at the Paul Scherrer Institute (Villigen, Switzerland).
The field-dependent TF-u SR experiments at 1.6 K were were
performed at wM3.2 beamline using the General Purpose
Surface-Muon Instrument (GPS) spectrometer. For SR ex-
periments, we used a powdered sample which was pressed
into a 7-mm pellet and then mounted on a Cu holder using GE
varnish. This holder assembly was then mounted in the respec-
tive spectrometer cryostat. Both spectrometers are equipped
with a standard veto setup [33] providing a low-background
uSR signal. All the TF experiments were performed after
field-cooled-cooling the sample. The SR time spectra were
analyzed using the MUSRFIT software package [34].

TigIr,O crystallizes in the n-carbide type structure in the
cubic space group Fd3m, with a unit cell parameter of a =
11.62931(2) A at room temperature [10]. In Fig. 1(a), we
show a schematic view of the TisIr,O crystal structure along
two orientations. The number of atoms in the unit cell is
112, of which 96 are metal atoms and 16 are oxygen. In the
structure, titanium atoms occupy the 16¢ and the 48 f Wyckoff
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FIG. 1. (a) Schematic representation of two orientations for the
crystal structure of TiyIr, O, (b) high magnetic field (10 to 20 T) trans-
port measurement of TiyIr,O at low temperatures down to 300 mK
(¢) noH,(T) phase diagram of TiyIr,O determined from electrical
transport measurements under external fields.

positions, iridium atoms occupy the 32¢ Wyckoff positions,
and oxygen atoms occupy the 16d Wyckoff positions, result-
ing in a formula of Tigylr3,O1¢ for one unit cell [10]. The
prepared polycrystalline TisIr,O samples were found to be
single phase by means of powder x-ray diffraction measure-
ment.

In Fig. 1(b), we present high magnetic field (20 T) trans-
port measurement of Tiylr,O down to 320 mK. The data
were plot as the normalized resistivity p(H)/p(20 T) versus

174507-2



TigIr,O: A TIME REVERSAL INVARIANT ...

PHYSICAL REVIEW B 110, 174507 (2024)

magnetic field uoH (T) at different constant below the critical
temperature Ti,.. We can clearly observe the transition to the
normal state from the superconducting state at high magnetic
fields under all measured temperatures. Here, we determined
the superconducting transition critical field uoH(T) at differ-
ent temperatures by the 10% and90% criteria as shown in
Fig. 1(b). We utilized both criteria to estimate the critical field
due to the slightly broad nature of the transition. These high
magnetic field transport measurement data together with those
measured under lower fields (below 9 T) were used to obtain
the upper critical field pnoH:»(0) as shown in Fig. 1(c).

The upper critical field poH:(0) of TigIr,O was estimated
using the Werthamer-Helfand-Hohenberg (WHH) approxima-
tion in the clean limit [10]

oH(0)
0.73

Ri() = (1 —1) = Ci(1 —1)* — Co(1 —1)*, 2)

poH:(T) = hg (T /Te), ey

where t = T /T, and T, is the transition temperature at zero
magnetic field. In Fig. 1(c), we show the woH,(0) fitting
of TisIr,O using the Werthamer-Helfand-Hohenberg (WHH)
approximation in the clean limit. We found the fitting lines
well describe all the obtained experimental points, and the
narrow space between the 90%- and 10%-fitting lines sug-
gests the superconducting transition width of TigIr, O is small.
The woH:(0) values were determined to be 17.96 T and
16.32 T for the 90% and 10% criteria, respectively. These
values are exceeding by far than the corresponding Pauli
paramagnetic limit poHp,yi of 10.17 T and 9.65 T, which are
derived from poHpaui & 1.86[T/K] - T for a weak-coupling
Bardeen-Cooper-Schrieffer (BCS) superconductor. Here, this
unusually high upper critical field indicates an unconventional
superconductivity behavior in TisIr,O.

Figure 2(a) shows TF-uSR spectra for TiqIlr,O measured
in an applied magnetic field of 30 mT at temperatures above
(7 K) and below (0.27 K) the critical temperature 7. A small
relaxation, observed in TF-uSR spectra above T¢, can be at-
tributed to the presence of random local fields associated with
the nuclear magnetic moments. In the superconducting state,
the formation of FLL creates an inhomogeneous distribution
of magnetic field which leads to the increase of the relaxation
rate of the uSR signal below T..

Magnetism, if present in the samples, may also enhance
the muon depolarization rate and influence the interpretation
of the TF-uSR results. Therefore, we carried out ZF-uSR
experiments above and below T. to search for magnetism
(static or fluctuating) in TigIr,O. As seen from Fig. 2(b),we
do not observe any noticeable difference in ZF-uSR asym-
metry spectra recorded at temperatures above and below T¢.
The ZF-uSR spectra can be well described by the Gaussian
Kubo-Toyabe (GKT) depolarization function [35]

2,2

ASKT (1) = A0<l + %(1 — A% exp [ - A—tD (3)

33 2

Here, A/y, is the width of the local field distribution due
to the presence of the dense system of nuclear moments.
However, this Gaussian component may also include the field
distribution at the muon site created by a dense network
of weak electronic moments. y, = 0.085 us~'G~! is the
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FIG. 2. (a) TF uSR time domain spectra obtained above and
below T for TisIr,O in an applied field of 30 mT (after field cooling
the sample from above 7). (b) ZF ©SR asymmetry spectra recorded
at 0.27 and 7 K for TiyIr,O. Inset: Temperature dependence of the
electronic relaxation rate measured in zero magnetic field. The error
bars are smaller than the data points.

muon gyromagnetic ratio. The inset of Fig. 2(b) shows the
temperature evolution of A, which shows no noticeable en-
hancement across 7. The initial asymmetry was also found to
be temperature independent and remained constant through-
out the final analysis. The maximum possible spontaneous
flux density due to superconductivity can be estimated using
(Alo27x — Al7x)/@2mry,) = 1.49uT which is several times
smaller than that seen for well-known TRS breaking super-
conductors [27,28]. This demonstrates the absence of any
spontaneous field in either the normal or the superconducting
state of Tiylr,O. Therefore, this sample is nonmagnetic and
also the time-reversal symmetry is preserved in the supercon-
ducting state of this compound.

The absence of magnetism in TigIr,O implies that the
increase of the TF relaxation rate below T is attributed en-
tirely to the flux-line lattice (FLL). Assuming a Gaussian field
distribution, we analyzed the observed TF-uSR asymmetry
spectra by using the following functional form:

Are(t) = Agexp(—a?t?/2) cos(y, Bt +¢), (4

where A refers to the initial asymmetry, y, /2w >~ 135.5
MHz/T is the muon gyromagnetic ratio, and ¢ is the initial
phase of the muon-spin ensemble, Bj, corresponds to the
internal magnetic field at the muon site, respectively, and o is
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FIG. 3. (a) Temperature evolution of the superconducting muon spin depolarization rate o, of TisIr,O measured in an applied magnetic
field of 30 mT. (b) Temperature evolution of A~2(T) measured in an applied field poH = 30 mT. The solid and dashed lines represent fitting
with different theoretical models as discussed in the text. For s 4 s-wave fitting, we fixed the gap values obtained from heat capacity data [16].

(c) Temperature dependence of the relative change of the internal field normalized to the external applied field, AB/Bex (=

field dependence of TF relaxation rate oy.(B) measured at 1.6 K.

the total relaxation rate. o is correlated to the superconducting
02m + GSZC
where o, is the nuclear contributions that is assumed to be
temperature independent. To estimate ogc, we consider the
value of oy, obtained above T, where only nuclear magnetic
moments contribute to the muon depolarization rate o. The
solid lines in Fig. 1(b) depicts the fits to the observed spectra
with Eq. (4).

In Fig. 3(a), we present o, as a function of temperature
for Ti4Ir,O measured at an applied field of 30 mT. Below
T., the relaxation rate o, increases from zero due to in-
homogeneous field distribution caused by the formation of
FLL, and saturates at low temperatures. In the following
section, we show that the observed temperature dependence
of oy, which reflects the topology of the superconducting
gap, is consistent with the presence of the single gap on the
Fermi surface of Tislr,O. Figure 3(c) shows the tempera-
ture dependence of the relative change of the internal field
normalized to the external applied field, AB/Bex (= %).
As seen from the figure, internal field values in the super-
conducting state, i.e., (T < T;) are lower than the applied
field because of the diamagnetic shift, expected for type-II
superconductors.

For a perfect triangular vortex lattice, o, (T) is directly
related to the London magnetic penetration depth A(T) by

relaxation rate ogc, following the relation o =

ml_Bexl ). (d) The

[36,37]
o2(T) @32
= 0.00371 5)
% WT)

where ®( = 2.068 x 10~!> Wb is the magnetic flux quan-
tum. It is important to note that Eq. (5) is valid when the
separation between the vortices is smaller than A [36]. We an-
alyze the temperature dependence of the magnetic penetration
depth, A~2(T') to unveil the superconducting gap structure of
Ti4II‘20.

Within the London approximation (A > &), A(T') can be
described by the following expression [17,34,38]:

o= [ G e
A72(0, Aos) Alry) VE? = A(T, 9’

(0)
where f = [1 + exp(E/kgT)]~! is the Fermi function, ¢ is
the azimuthal angle along the Fermi surface, and A ;(T) =
Ao, T(T/T.) g(¢). Ap,; is the maximum gap value at 7 = 0 K.
The temperature dependence of the gap is described by the
expression I'(T/T,) = tanh{1.82[1.018(7,/T — 1)]>°'} [39].
For the s-wave gap and a nodal d-wave, the angular depen-
dence g(¢) corresponds to 1 and | cos(2¢) |, respectively. We
consider three models in our analysis: (i) an isotropic s-wave
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gap; (ii) a combination of two s-wave gaps of different size;
and (iii) a nodal d wave model.

As seen from Fig. 3(b), the experimentally obtained
A72(T) dependence can be best described using a single s-
wave model yielding a gap value of Ay = 0.92(8) meV and
T. = 5.19(3) K. Previously from heat capacity analysis, Ruan
et al. [16] predicted the presence of two superconducting gaps
(Ap,1 = 1.37 meV and Ag, = 0.57 meV). Therefore, to test
this possible multigap scenario, we use these gap values and
kept them fixed in our analysis.

For the two-gap scenario, we use the weighted sum of two

gaps
A=2(T) A=2(T, Ao 1) A=2T, Ao2)
=X _
1—=2(0) 2=2(0, Ag,1) 2=2(0, Ag2)

Here x is the weight associated with the larger gap and Ay ;
(i = 1, 2 are the gap indices) are the gaps.

A close look at the goodness of fit suggests that the
single s-wave model gives the lowest value of x? indi-
cates the best fit to the observed data. We note that while
fitting the experimental data keeping two gaps as free param-
eters, the weight of the higher gap (x) reaches a value close to
0, implying the single-gap scenario is more appropriate. Also
the d-wave gap symmetry was tested, but are found to be in-
consistent with the data [for example, see the green solid line
in Fig. 3(b)]. Thus, from the SR experiments, we confirm
the presence of a single fully-gapped superconducting state in
Ti4II'20.

We also investigate the field dependence of the TF-
relaxation rate oy (B) measured at 1.6 K [see Fig. 3(d)]. For
these measurements, each point was obtained by field-cooling
the sample from 10 K (above T¢) to 1.6 K. oy first increases
to a maximum with increasing magnetic field followed by a
continuous decrease up to the highest field (400 mT) studied
as expected for a single-gap superconductor with an ideal tri-
angular vortex lattice. Interestingly, the observed oy (B) curve
at fields above the maximum, can be well modeled by using
the Brandt formula (for a single s-wave gap superconductor)
[37] with an upper critical field puoH(0.27K) =14 T at
1.6 K.

While the temperature and field dependence of the London
penetration depth )L;f? and henceforth of the superfluid density
can be well understood as a fully gapped s-wave supercon-
ductor, the T/ )»e_f? ratio for Tiylr,O is comparable to those
of unconventional superconductors [40—43]. In the context of

+ 1 -x) @)

the Bose-Einstein condensation (BEC) to BCS crossover [40],
systems with a small ratio of 7/ )Le_f% (approximately 0.00025-
0.015) are categorized on the BCS-like side, indicative of
conventional superconductivity. In contrast, a large ratio in the
range of 1-20, along with a linear relationship between 7; and
)»e_f?, is typically observed on the BEC-like side, signifying
unconventional superconductivity. This framework has been
historically utilized to differentiate between BCS-like (con-
ventional) and BEC-like (unconventional) superconductors.
The results obtained for TigIr,O show a ratio of T/ Ae_ffz ~
1.22, closely aligning with the ratio of approximately 1 seen
in electron-doped cuprates. This finding, alongside previously
reported high upper critical fields and thermodynamic ev-
idence of an FFLO state, provides strong support for an
unconventional pairing mechanism in TisIr, O.

In conclusion, we provide the first microscopic investi-
gation of superconductivity in the n-carbide-type suboxide
TiyqIr, O with a bulk probe. Namely, the zero-temperature mag-
netic penetration depth A.¢(0) and the temperature as well as
the field dependence of )Le_ﬂz- were studied by means of uSR
experiments.

We demonstrated the isotropic fully gap pairing and the
preserved time-reversal symmetry in the SC state of this ma-
terial. Interestingly, the 7/ k;% ratio is comparable to those of
high-temperature unconventional superconductors, pointing
to the unconventional nature of superconductivity in TisIr,O.
This result, together with earlier findings of the high upper
critical field larger than the Pauli limit and the thermodynamic
signatures for an FFLO state, hints towards an unconventional
pairing mechanism in this material. These results identify
Tiylr,O as time-reversal-invariant fully gapped unconven-
tional superconductor.
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Switzerland. This work was supported by the Swiss National
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provided during the experiment. Z.G. acknowledges support
from the Swiss National Science Foundation (SNSF) through
SNSF Starting Grant (No. TMSGI2_211750). A portion of
this work was performed at the National High Magnetic Field
Laboratory, which is supported by National Science Founda-
tion Cooperative Agreement No. DMR-1644779 and the State
of Florida.”
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