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We report pressure-driven evolution of the superconducting transition temperature (7;) and upper critical field
B, (0) of strong-coupling superconductor TisIr, O that possesses an unusually large B, (0) at ambient pressure
(AP). Our results reveal an extremely low-pressure coefficients of T, i.e., dT./dP ~ —0.047 K/GPa for P < 15
GPa and —0.017 K/GPa for 15 < P < 50 GPa, presumably associated with an inherent large bulk modulus of ~
252 GPa. Interestingly, we find that its B, (0) undergoes a smooth crossover at 35.6 GPa from well beyond to less
than the Pauli paramagnetic limit B**(0) = 1.84 T; i.e., the Bp(0) ~ 18.2 T = 1.7 B}® (0) at AP decreases
to ~5.8T=0.88 BECS (0) at 50 GPa. The density-functional calculations predict the possible occurrence of
pressure-induced Fermi surface reconstruction for the energy bands near the K point with strong spin-orbit
coupling in 31-41 GPa. The present work sheds more light on this intriguing superconductor capable of resisting

large external compression and strong magnetic fields.
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I. INTRODUCTION

The upper critical field B, of type-II superconductor is a
fundamental quantity closely related with the superconduct-
ing microscopic parameters including the coherence length,
the superconducting gap symmetry, the superconducting cou-
pling strength, and the pair-breaking mechanism. Usually,
a large B, (0) beyond the weak-coupling BCS Pauli limit
[BE‘CS(O) A 1.84T.] can be taken as an important indicator
of unconventional Cooper pairing mechanism as exempli-
fied in the heavy-fermion superconductors [1,2], cuprates [3],
and iron-based high-7; superconductors [4-6], as well as
quasi-one-dimensional or monolayer superconductors [7—12].
Thus, the discovery of new superconducting materials with
a large B, (0) value is important not only for the design of
commercial superconducting magnets, but also for unveiling
the underlying pairing mechanisms of unconventional su-
perconductivity (SC) involving structural/magnetic quantum
fluctuations [13-15], strange metal [16], nontrivial topologi-
cal electronic states [17], enhanced spin-orbit coupling (SOC)
[18,19], strong electron correlations, and multiband effects
[5]. In addition to a large B, (0), a superconducting mate-
rial possessing excellent mechanical properties such as strong
hardness and large bulk modulus [18,19] is also desirable for
applications in harsh conditions. However, most known super-
hard materials are usually characterized as phonon-mediated
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and weak-coupling SC with small B, (0) [18,19]. In this
regard, it is intriguing to find new superconductors possessing
both excellent mechanical properties and strong-coupling SC.

Recently, the n—carbide — type TisX,0 (X = Co, Rh, and
Ir) [20,21], Zr4Rh; 0y ¢ [22], and NbsRh,C;_s [23] were iden-
tified as novel superconductors with unusually large B, (0)
exceeding the BECS (0) values and thus have attracted con-
siderable attention. These compounds crystallize into a cubic
structure with space group Fd—3m (No. 227) as depicted in
Fig. 1(a) for TiyX,0 as an example: Til(16¢), Ti2(48f), and
X(32¢) atoms form a Ti, Ni-type framework with interstitial O
atoms (16d); the corner-sharing Til and X tetrahedra form a
“stella quadrangular” lattice [24]. The superconducting prop-
erties of TiyX,0 vary sensitively depending on the X ion, e.g.,
the T rises from 2.7, 2.8 to 5.3 K, while the B, (0) changes
nonmonotonically from 7.08, 5.15 to 16.06 T for X = Co, Rh,
and Ir, respectively [21]. Density of state at the Fermi level
N (Er) was found to reduce monotonically from 11.22 to 9.64
and 7.50 states eV~! per f.u., which is inversely proportional
to the variation of 7; [21] for X = Co, Rh, and Ir, while the
electron-phonon coupling constant A., ~ 0.51-0.66 for them
is comparable. To reconcile these intriguing features, other
important factors such as the enhanced SOC from Co—3d,
Rh—4d to Ir—5d electrons should be considered. Usually, the
SOC can induce novel SC with mixed spin-singlet and -triplet
superconducting state [25-27]. Indeed, among the series of
TiyX50, Tiglr,O with Ir—5d electrons shows the highest 7
and the largest B, (0). Theoretical calculations on the N(Ef)
of Tiylr,O have revealed a strong hybridization of Ti—3d
and Ir—5d orbitals with strong SOC [20]. It has been argued
that its large B, (0) should originate from a combination of

©2023 American Physical Society
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FIG. 1. (a) Crystal structure of TizX;0. (b) po(T') of Tislr,O at
AP. Inset shows the enlarged view of the superconducting transition
at low temperatures. (c) Hall coefficient Ry at various tempera-
tures. Inset shows an example at 10 K. (d) Temperature dependence
of resistivity p(T) under various magnetic fields. (d) Upper crit-
ical fields B., vs temperature at AP and the fitting results by
the Ginzburg-Landau (GL) equation and the Werthamer-Helfand-
Hohenberg (WHH) model. Dashed line represents the Pauli limit.

strong-coupled SC, large SOC, and electron correlations. In
experiments, the strong electron correlations were evidenced
by large Wilson ratio Rw ~ 3.9, the Kadowaki-Woods ratio

A/y? ~ 9 x 107 uQ2 em/(mJ mol~! K—!Y*, and Sommerfeld
coefficient y = 33.74m] mol~! K~2 [20]. Nonetheless, the
role of SOC on the superconducting properties remains elu-
sive. More studies are thus highly desirable to gain a deeper
understanding of the intriguing properties of TiyIr,O.
Hydrostatic physical pressure is a clean and effective
method to regulate the crystal and electronic structures
of superconductors. The variations of electron correlations,
electron-phonon coupling, and SOC upon compression can
provide valuable information on superconducting mecha-
nisms. Following this idea, we carried out a comprehensive
high-pressure (HP) study on the strong-coupled new su-
perconductor Tiglr,O through the measurements of x-ray
diffraction and electrical transport under various pressures as
well as the density-functional theory (DFT) calculations. We

find an extremely low-pressure coefficient of 7; and attribute
it to its strong incompressibility, i.e., large bulk modulus of
252 GPa, which suggests that TisIr,O can be regarded as a
rare example combining superior mechanical properties and
strong-coupling superconducting state. With increasing pres-
sure, the B, (0) undergoes a gradual crossover from beyond
to less than BZS (0) at 35.6 GPa, which might be related to
the Fermi surface reconstruction for the energy bands around
the K point with strong SOC according to our DFT results.

II. EXPERIMENTAL METHODS

Polycrystalline TisIr,O was synthesized by solid-state
reaction method as reported elsewhere [20]. Rietveld refine-
ments on room-temperature x-ray diffraction (XRD) pattern
confirmed high-quality single phase with lattice parameter
a= 11.6194(1),3;. At ambient pressure (AP), electrical re-
sistivity o(7) and Hall resistivity py,(H) were measured
by the standard four-probe method on the Physical Prop-
erty Measurement System (PPMS-9T, Quantum Design).
HP resistance R(7) was measured by a standard four-probe
method in a commercial nonmagnetic CuBe diamond-anvil
cell (DAC) of 300-um anvil culet. A rhenium gasket was
preindented to ~ 36 um and then a 100-um-diameter hole
was drilled by a laser drilling system. The metallic gasket
was then covered with c-BN epoxy insulating layer. TiqIr,O
pellet with the size of ~ 80 x 45 x 12 um? was placed in the
center of hole filled with soft KBr as the pressure-transmitting
medium (PTM). Pressure was determined by the shift of the
R1 fluorescence line of ruby below 30 GPa and the Raman
spectrum of diamond up to 50 GPa. Low-temperature ex-
periments are carried out in a *He cryostat equipped with a
9-T superconducting magnet. HP-XRD was collected at the
BL15U1 station of Shanghai Synchrotron Radiation Facility
(SSRF). The Au powder was mixed with Ti4Ir,O for pressure
calibration and the 4:1 methanol-ethanol as the PTM. Lattice
parameters were extracted from the XRD patterns by the GSAS
software [28].

DFT calculations were carried out by using the QUANTUM
ESPRESSO (QE) package [29-31]. We used the projec-
tor augmented-wave pseudopotentials with Perdew-Burke-
Ernzerhof exchange-correlation density functional (PBEsol)
[32] exchange-correlation functionals, as implemented in the
PSLIBRARY [33]. Before self-consistent calculations of elec-
tronic structures, the atomic positions were relaxed while
setting the lattice parameters to the experimental ones. The
charge density, as well as the stress, were calculated by using
a Monkhorst-Pack grid of 7° k points, while a denser grid of
213 k points was used to calculate the density of states (DOS)
and the Fermi surfaces.

III. RESULTS AND DISCUSSION

Before performing HP studies, we first characterized the
physical properties of TiqIr,O at AP. As shown in Fig. 1(b),
p(T) shows a metallic behavior with an abrupt supercon-
ducting transition at 7. ~5 K. p.,(B) measured at each
temperature show linear B dependence with a positive slope
[inset of Fig. 1(c)], confirming the dominant hole-type carri-
ers. Hall coefficient Ry = dp,,/dB increases monotonously
upon cooling down [Fig. 1(c)], which indicates a decrease of
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FIG. 2. (a) R(T) of TiyIr,O under various pressures up to 50 GPa;
(b) low-T R(T); blue and red arrows indicate the 7.°™" and 7,7°°,
respectively. Pressure dependence of parameters: (¢) 7. and 7,°";
(d) Ry/Ry (AP); and (e) A/A (AP).

carrier concentration and/or an increase of carrier mobility.
The superconducting transition shifts down with increasing
B in Fig. 1(d). We adopted the criteria of the onset of T
and plotted the 7-dependent B, (7) in Fig. 1(e). The B (T)
can be fitted by using the Ginzburg-Landau (GL) equa-
tion, viz., Boo(T) = B (0)(1 —12)/(1 + 1) with t = T/T,,
or the Werthamer-Helfand-Hohenberg (WHH) model in a
clean limit [23], viz., Bo(T) = Be(0) [(1—1)-C)(1—1)* —
C>(1—1)*1/0.73 with C; = 0.135 and C, = 0.134, respec-
tively. The extracted B.;(0) = 20.1 and 18.2 T for the GL
and WHH models are much larger than the BS(0) = 1.84
T. = 9.58 T at AP, in accordance with the published results
[20,21].

To trace the normal- and superconducting-state proper-
ties of Tislr,O under pressures, R(7) was measured with
DAC up to 50 GPa. As seen in Figs. 2(a) and 2(b), with
increasing P, R(T) decreases monotonically and the supercon-
ducting transition becomes broadened up with an obvious tail,
which should be ascribed to the pressure inhomogeneity or
the presence of shear stress in DAC. Both 7,2 and 77"
are reduced by pressure and experience a slope change at
~ 15 GPa as indicated by the intersection of two straight lines
in Fig. 2(c). The pressure coefficient of T,°"" is extremely
low, i.e., dT,./dP =~ —0.047 K/GPa for P < 15 GPa is further
reduced to —0.017 K/GPa for 15 < P < 50 GPa. We found
that the slope change of T.(P) at ~ 15 GPa correlates closely
with the normal-state properties just above T, which are char-
acterized by the quadratic-T coefficient of resistance. As seen
in Fig. S1 [34], the R(T) just above T, can be well described
by the Fermi liquid behavior, i.e., R = Ry + AT?, where the
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FIG. 3. (a) Temperature dependence of B, (7T) under various
pressures. Dashed lines represent the fitting of WHH model. Black
arrow represents the change trend. (b) Normalized upper critical
field h* = B,(0)/T.[(—dB/dT )y.] vs. the reduced temperature
t = T /T, by the orbital limited s-wave and the polar p-wave model
(h* =~ 0.8), respectively. Pressure dependence of parameters: (c)
B, (0) and BgCS(O) and (d) normalized upper critical field slope,
—(1/T:)(dBer/dT)7e.

Ry is the residual resistance and the quadratic-T coefficient A
is proportional to N(Ef). As can be seen in Figs. 2(d) and 2(e),
both the normalized Ry/Ry(AP) and A/A(AP) tend to level off
at P > 15 GPa, which implies that the variations of N (E) are
less effective at pressures above 15 GPa.

To investigate the pressure dependence of B, (0), the R(T)
of Tiylr,O were measured under different magnetic fields at
each P as shown in Fig. S2 [34]. Using these data and the
criteria of T.°™, the B, (0) was extracted by GL (Fig. S3)
[34] and WHH models [Fig. 2(a)], respectively. The pressure
dependence of obtained B, (0) based on WHH model is
plotted in Fig. 3(c) together with BE®S (0) for comparison.
We can see that the B., (0) reduces from ~ 18.2 T at AP to
~ 5.8 T at 50 GPa and experiences a smooth crossover from
well beyond to less than BECS (0) at 35.6 GPa.

Generally, the slope of the normalized B, (0) by T. is
closely related to Fermi velocity and the superconducting
gap symmetry [35]. As shown in Fig. 3(d), the pressure
dependence of —(1/7;)(dB(0)/dT)|r. also exhibits an ap-
parent slope change at 35.6 GPa, which coincides well with
the critical pressure of the crossover B (0)/BECS(0) ~ 1.
To figure out the underlying mechanism responsible for the
observed crossover, we first examined the superconducting
gap symmetry by plotting the normalized upper critical field
h* = Bx(0)/T.[(—dBc /dT )y.] versus the reduced tempera-
ture t = T /T in Fig. 3(b). As can be seen, all data points
collapse into one well-defined curve, which can be described
by the orbital limited s-wave model but deviates from the

174525-3



LIFEN SHI et al.

PHYSICAL REVIEW B 107, 174525 (2023)

Intensity (arb.units.)

20 (Degree)

1 (b)

11.0 : : : :
(©)

— B-Mfit
Vy=15653 A’

I

<1500 By=251.8(1) GPa
o
g
1400
i@
1'001 a/a,
2 ]
> ]
& 0.90
ki ]
] VIV,
0.80 IIII|IIII|IIII|IIII|IIII
0 10 20 30 40 50

P (GPa)

FIG. 4. (a) XRD patterns of TisIr,O under various pressures. Pressure dependence of parameters: (b) lattice parameter a, (c) volume V,
and (d) relative change a/ay and V/Vy. Solid lines in (c) show the Birch-Murnaghan (B-M) fitting.

polar p-wave one [36-38]. This result proves that the su-
perconducting gap symmetry of TigIr,O remains unchanged
in the investigated pressure range. Based on these analyses,
the gradual crossover of By (0) as a function of pressure
should not involve the change of superconducting pairing
symmetry.

To investigate possible structural change of TisIr,O upon
compression, we measured the XRD patterns up to 45.5
GPa. As shown in Fig. 4(a), neither splitting of diffraction
peaks nor new peaks was observed, confirming the absence
of major structural transition in the investigated pressure
range. Figures 4(b)—4(d) display the pressure dependences of
a and V as well as their relative changes, a/ap and V/Vj,
which all decrease continuously and are reduced by —4.6%
for a and —13.2% for V at 45.5 GPa. Fitting of V(P) to
the Birch-Murnaghan equation yields a bulk modulus By =
251.8(1) GPa, B’ = 4 (fixed), and V; = 1565.3 A3, respec-
tively. The obtained By is much larger than the typical values
of intermetallic compounds and close to the upper limit of
perovskite-type oxides with a large incompressibility [39-42].
As mentioned above, most superhard and superconducting
materials belong to the weak-coupling electron-phonon me-
diated superconductor, e.g., the B-doped diamond [43], FeB4
[44], ZrB;, [45], and MosC; [46]. In this regard, the strong-
coupling superconductor TiyIr,O with excellent mechanical
properties should be of special interest for practical applica-
tions.

From the above analyses, we conclude that the crossover
of B, (0) cannot be ascribed to the structural transition or the
change of superconducting gap symmetry but may be asso-
ciated with subtle modification of electronic structures upon
compression. To further substantiate this point, we performed

DFT calculations on the electronic structures of TisgIr,O up to
53 GPa. The results are summarized in Fig. 5(a). For each
pressure, there are five bands crossing Fermi level, consis-
tent with the metallic nature and multiband superconducting
properties of TiyIr,O [20]. Due to the presence of inher-
ent strong SOC, a clear band splitting of Ir—5d electrons
occurs along the I'-K lines. Interestingly, the band-splitting
energy gap associated with SOC, AEgoc (highlighted in the
red circle) is enhanced from ~ 10 meV at AP to ~ 30 meV
at 53 GPa. In addition, the positions of these bands also
move upwards relative to the Fermi surface with increasing
pressure, which results in a change from the electron- to
hole-type pockets above 53 GPa. Moreover, the bands along
the L-W line show stronger dispersion transiting from an ap-
proximate flatband to an electron-type pocket. These features
may suggest pressure-driven Fermi surface modification. For
clarification, the evolution of Fermi surfaces is presented in
Fig. 5(b). As can be seen, along the I'-K lines, the electron-like
pocket at AP shrinks with pressure and its contributions to
the Fermi surface varnish in the pressure range 31-41 GPa,
which coincides with the critical pressure for the crossover
of B, (0). In this sense, the possible presence of interband
scattering in 31-41 GPa might be regarded as an important
factor of large B¢, (0) in TiyIr,O. Similar phenomena emerge
frequently in many iron-based and heavy-fermion supercon-
ductors [2,4,5,47]. Along with this, the N (Er) decreases from
8.34eV~! per fu. at AP to 5.77eV~' per fu. at 66 GPa,
which is partly due to the reduced contributions of bands
near K point. Our results thus demonstrate the importance of
the bands along the I'-K lines and its interband scatterings
for strong-coupling superconducting states with large B¢, (0)
at AP.
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Finally, let us briefly discuss the findings of the present
study. At first, we show that TiuIr,O displays an extremely
low-pressure coefficient of T, especially at pressures above
15 GPa, ie., dT./dP ~ —0.017 K/GPa, which is rarely seen
in strong-coupling superconductors [48-50]. Such a weak
pressure effect on 7; might be correlated with the low com-
pressibility manifested by a relatively large bulk modulus of
By = 252 GPa as revealed by the HP-XRD. This discovery
makes TigIr,O a promising candidate material combining ex-
cellent mechanical properties, strong-coupling and multiband
SC. At the same time, the extremely low compressibility
would render quite weak modifications of lattice dynam-
ics by pressures above 15 GPa. Then, the relative shift of
SOC-related Fermi pockets around K point with respect to

Er and the changes of interband scatterings under pressures
should play a dominant role in determining the evolution of
superconducting coupling strength. This factor rationalizes
the observed crossover of B, (0) at 35.6 GPa. Our results
thus indicated that the strong-coupling SC of TisIr,O has an
intimated correlation with the SOC-derived bands around K
point. We hope that this study will promote more theoretical
and experimental investigations on this system for both fun-
damental and practical applications.

IV. CONCLUSION

In summary, we report an extremely low-pressure coef-
ficient of T. (dT./dP =~ —0.017 K/GPa above 15 GPa) and
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large bulk modulus of By &~ 252 GPa of Tiyzlr,O, demon-
strating that it is a promising candidate material combining
advanced mechanical properties and strong-coupling SC. We
found that its B, (0) undergoes a crossover from beyond to
less than the Pauli limit BE‘CS (0) at 35.6 GPa, which is likely
attributed to pressure-induced Fermi surface reconstruction of
the SOC-derived bands around K point in TisIr,O.
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