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We report pressure-induced superconductivity in the spinel CuIr2S4 with a transition temperature (Tc)
reaching 18.2 K, establishing a new record for this class of materials and surpassing the decades-old limit
of 13.7K.Our electrical transport and synchrotron x-ray diffraction studies up to 224GPa reveal the emergence
of two distinct superconducting phases from a charge-ordered insulating state. The first phase (SC-I) appears
around 18 GPa, and forms a dome-shaped superconducting region in which the resistivity exhibits a
pronounced, field- and current-sensitive drop without reaching strict zero above our base temperature. Above
111.8 GPa, a second, lower-Tc phase (SC-II) emerges and coexists with SC-I over a broad pressure range,
and SC-II ultimately develops a true zero-resistance state above 122.2 GPa. These superconducting phases
are intimately linked to a cascade of structural transitions that systematically distort the frustrated pyrochlore
lattice of Ir atoms. Our results expand the potential for superconductivity in spinels and demonstrate a pathway
to high-Tc pairing directly from a correlated insulating state driven by lattice tuning.
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Superconductivity in geometrically frustrated materials
provides a unique platform to investigate unconventional
pairing mechanisms and achieve higher superconducting
transition temperatures (Tc). Spinel compounds (AB2X4,
where A and B are transition metals and X is a chalcogen or
oxygen) have attracted significant interest due to their rich
electronic phenomena arising from the complex interplay
between spin, charge, and orbital degrees of freedom [1–5].
This interplay often leads to diverse emergent behaviors
[6–9], including metal-insulator transitions (MIT) [10,11],
magnetic ordering [9], superconductivity [12,13], among
other correlated phenomena. Despite extensive research
efforts, the maximum of Tc in spinel superconductors has
remained around 13.7 K for several decades, exemplified
by LiTi2O4 [14,15]. More recently, superconductivity
with Tc up to 16 K was reported in thin surface layers
of V-doped MgTi2O4 [16]; however, this superconductivity

only emerges in thin films and has not been realized in bulk
form. Overcoming this longstanding limit in bulk spinel
materials remains both a fundamental scientific challenge
and an opportunity to discover novel pathways toward
higher-temperature superconductivity.
Within this context, CuIr2S4 stands out due to its

distinctive electronic and structural properties. At ambient
pressure, CuIr2S4 adopts a cubic spinel structure, charac-
terized by a pyrochlore lattice of corner-sharing tetrahedra
formed by Ir atoms occupying the B sites [Fig. 1(a)]. This
lattice arrangement comprises alternating layers of
kagome-like and triangular structures stacked along the
[111] crystallographic direction [17]. This configuration
has gained significant interest due to its intrinsic geometric
frustration, which leads to highly degenerate electronic
states and the emergence of exotic correlated phases,
including unconventional superconductivity, quantum spin
liquids, and charge-ordered states, etc.
CuIr2S4 experiences a pronounced MIT around 230 K at

ambient conditions, accompanied by a structural distortion
from cubic to triclinic symmetry driven by charge ordering
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of the Ir ions [7,18]. This insulating state suppresses
superconductivity under normal conditions. In contrast,
closely related spinel compounds such as CuRh2S4 and
CuRh2Se4 do not undergo MIT or structural transitions,
yet they exhibit superconductivity [12,19], indicating
that subtle structural and electronic variations significantly
influence the emergence of superconducting phenomena.
Additionally, Zn doping in CuIr2S4 partially suppresses
the MIT and induces superconductivity [20], albeit with
relatively low Tc values (2 − 3 K), underscoring the
delicate balance between structural integrity, charge order,
and superconductivity.
Although chemical substitution offers valuable insights,

it inherently introduces disorder, limiting achievable super-
conducting temperatures and motivating cleaner tuning
methods. High pressure emerges as an ideal alternative,
providing a disorder-free pathway to substantially modify
lattice parameters and electronic bandwidths, potentially

drive the transition from insulating to superconducting
states [21–23].
While prior theoretical work predicted that pressure

could induce superconductivity in CuIr2S4, experimental
validation has remained elusive, with modest pressures
only serving to enhance the insulating state [24–27].
In this letter, we systematically explore CuIr2S4 under

high pressures up to 224 GPa using comprehensive
electrical transport, synchrotron x-ray diffraction and
Raman spectroscopy. Our results reveal the suppression
of the ambient insulating phase and uncover superconduc-
tivity hidden beneath. Remarkably, we observe two distinct
superconducting phases: an initial phase (SC-I) emerging at
3.8 K, steadily increasing to a record-high Tc of 18.2 K
at 133 GPa—exceeding the long-standing Tc limit for
spinel superconductors and establishing a new benchmark
for iridium-based superconductors. Additionally, a second,
lower-temperature superconducting phase (SC-II) emerges

FIG. 1. Pressure-induced superconductivity in CuIr2S4. (a) The crystal structure of CuIr2S4, space group Fd-3m. The Ir sublattice
forms a network of corner-sharing tetrahedra and a perfect 2D kagome-like net [17]. (b), (c) Temperature dependence of resistance of
CuIr2S4 under various pressures up to 224 GPa. (d), (e) An expanded view of the low-temperature resistive region under pressures
ranging from 18.1 − 111.8 GPa (d) and 122.2 − 224 GPa (e). At 111.8 GPa, a new superconducting phase emerges (marked with green
arrow) and is enhanced with increasing pressure. The criterion for determining the superconducting transition temperature (Tc) is shown
with a black cross-wire. Tc of SC-I and SC-II here are defined as the onset of the resistance drop.
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at pressures above approximately 111.8 GPa, revealing
unprecedented complexity in the superconducting phase
landscape of spinel compounds. Our findings mark a
significant advancement in understanding superconductiv-
ity in geometrically frustrated materials, highlighting the
powerful role of extreme pressure for engineering novel
electronic states. This Letter not only redefines the
performance limits of spinel superconductors but also
provides essential insights into exploring and designing
future high-temperature superconductors in correlated
electron systems.
To probe pressure-induced electronic transitions, we

conducted comprehensive resistance measurements at pres-
sures from 1.8 to 224 GPa using diamond anvil cells
with various culet sizes. With increasing pressure, the MIT
temperature (TM) shifts upward, completely suppressing
metallic conductivity above 4.1 GPa [Figs. 1(b) and S1
[28]]. Between 4.1 and 16.8 GPa, CuIr2S4 exhibits pre-
dominantly insulating behavior, as indicated by a negative
temperature coefficient of resistance.
Remarkably, at approximately 18GPa, a superconducting-

like transition appears (phase SC-I), characterized by a
pronounced resistance drop around Tc ≈ 3.8 K [Figs. 1(b)
and 1(d)]. Here, Tc is defined by the onset of this resistance
drop. As pressure increases, the superconducting like
feature becomes more pronounced and the residual
resistance decreases, with nearly zero resistance first
observed around 53.2 GPa [Fig. 1(d)]. Upon further
compression, however, a pronounced low-temperature
tail develops again, coincident with the pressure range
where the lower-Tc SC-II phase begins to emerge. Such a
substantial resistance drop that does not reach strict zero
is common in high-pressure experiments [44,45] and is
usually interpreted as filamentary superconductivity or
granularity arising from nonhydrostatic conditions and
phase coexistence. In CuIr2S4, the SC-I regime shows
analogous behavior, consistent with percolative super-
conducting paths embedded in a competing charge-
ordered matrix, as seen in other high-pressure systems
with coexisting phases. It is clearly seen that the evolution
of Tc under increasing pressure is nonmonotonic: ini-
tially, Tc increases from 3.8 to 16 K as pressure increases
from 18 to 78.8 GPa, then it slows down and peaks at
18.2 K at 133.3 GPa, before decreasing monotonically
with further pressure increase.
Surprisingly, at 111.8 GPa, a second superconducting

phase (SC-II) is observed, demonstrated by a resistance
drop at approximately 2.2 K, marked by a green down-
pointing arrow in Fig. 1(e). This resistance drop becomes
more pronounced with additional compression, ultimately
reaching zero resistance at 122.2 GPa. The observed two-
step superconducting transition parallels phenomena pre-
viously documented in materials such as Bi2Sr2CaCu2O8þδ

[46] and ZrTe5 [47], highlighting the complex interplay
and rich diversity of pressure-driven superconductivity

in CuIr2S4. Notably, CuIr2S4 exhibits a rare transition
directly from an insulating state to a superconducting
phase, bypassing the intermediate metallic state typically
observed in other systems. This sets it apart from most
known spinel-derived superconductors—such as the lacu-
nar (cluster) spinels GaM4X8 (M ¼ Nb, Ta; X ¼ S, Se)—
which generally follow a conventional insulator-metal-
superconductor sequence [48,49].
To further characterize the superconducting behavior of

CuIr2S4 single crystals under varying pressures, we sys-
tematically investigated the influence of electrical current
and magnetic fields on resistance. As depicted in Fig. 2(a),
increasing the applied current notably suppresses
the resistance drop, indicative of superconducting onset,
with a critical current estimated at approximately 10 mA.
Figures 2(b) and 2(c) display RðTÞ curves at pressure
of 18.3 and 56.2 GPa, respectively, under various magnetic
fields, where only the SC-I phase is observed. In both cases,
the superconducting transition temperature Tc decreases
monotonically with increasing magnetic field. Notably,
at 154.5 GPa, the RðTÞ curves bifurcate into two distinct
segments [Fig. 2(d)] under different magnetic fields,
signifying the coexistence of SC-I and SC-II. SC-II exhibits
heightened sensitivity to magnetic fields; its superconduct-
ing transition becomes indiscernible above 5 T, leaving
SC-I as the dominant phase. At a higher pressure of
208 GPa, only SC-II persists [Fig. 2(e)].
To quantify the upper critical field at zero temperature,

μ0Hc2ð0Þ, we employed the empirical Ginzburg–Landau
(G–L) model [50,51]:

μ0Hc2ðTÞ ¼ μ0Hc2ð0Þ
1 − t2

1þ t2
; ð1Þ

where t ¼ T=Tc. At 154.5 GPa, μ0Hc2ð0Þ is estimated to be
37.0 T for SC-I and 7.3 T for SC-II [inset, Fig. 2(d)]. The
significant difference in the estimated values of μ0Hc2ð0Þ
between SC-I and SC-II underscores their fundamentally
distinct superconducting characteristics.
Intriguingly, μ0Hc2ð0Þ for SC-II increases monotonically

with pressure, paralleling the enhancement of TSC−II
c

[Figs. 2(g) and 2(i)]. In contrast, SC-I exhibits a non-
monotonic pressure dependence [Fig. 2(h)]: μ0Hc2ð0ÞSC−I
initially increases from ∼11.1 T at 18.1 GPa to 16.3 T at
20.1 GPa, then decreases to ∼10.9 T at 27.4 GPa. Beyond
this, it rises sharply to 44.1 T at 30.7 GPa and continues to
grow gradually to ∼55.4 T at 56.2 GPa. Upon further
compression, it decreases to 47.6 T at 111.8 GPa and drops
steeply to 15.7 T at 184 GPa, potentially indicating
suppression of the SC-I phase.
To corroborate these results, we also applied the

Werthamer-Helfand-Hohenberg (WHH) model [52]:

μ0HWHH
c2 ð0Þ ¼ −0.69Tc

dHc2

dT

����
T¼Tc

; ð2Þ
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based on the initial slope near Tc. The obtained values,
depicted in Figs. 2(h) and 2(i), yield slightly lower
μ0Hc2ð0Þ values but follow the same pressure-dependent

trend observed with the G-L model. In the single-band
framework, the initial slope near Tc is expected to be
inversely proportional to the square of the Fermi velocity

FIG. 2. Evolution of the superconducting transition in CuIr2S4 under magnetic fields. (a) Temperature dependence of the electrical
resistance at 49.5GPa under various applied currents. Inset: enlarged view ofRðTÞ at 49.5GPa under different currents. (b),(c) Temperature-
dependent resistance under varying magnetic fields at 18.3 and 56.2 GPa, respectively. (d),(e) Temperature-dependent resistance under
differentmagnetic fields at 154.5 and 208GPa, respectively. Inset of (d) shows the best fit ofTc vsμ0Hc2ð0Þ using theG–L formula [Eq. (1)].
(f),(g) Fits of Tc vs μ0Hc2ð0Þ using the G–L formula for the SC-I and SC-II phases, respectively. (h),(i) Pressure dependence of the
zero-temperature upper critical field μ0Hc2ð0Þ obtained from the G–L fit [Eq. (1)] and theWHHmodel [Eq. (2)], along with the normalized
slope −fð1=TcÞ½dμ0Hc2ðTÞ=dT�jTc

g. Error bars for μ0Hc2ð0Þ are derived from the covariance matrix of the Ginzburg-Landau fit and are
typically �1–3 T. (j) Magnetic field dependence of the resistance measured at T ¼ 2 K under various pressures.
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vF and directly proportional to the effective mass m� of the
charge carriers [53,54]:

−
�
1

Tc

�
dμ0Hc2ðTÞ

dT

�����
Tc

�
∝ v−2F ∝ m� ð3Þ

We further extract the normalized slope
−fð1=TcÞ½dμ0Hc2ðTÞ=dT�jTc

g, which decreases from
∼1.10 T=K2 at 18.1 GPa to ∼0.19 T=K2 at 184.8 GPa
[Fig. 2(h)], suggesting a pressure-induced reduction in m�
or electronic correlations, likely associated with bandwidth

broadening under pressure [51]. A sudden increase around
27 GPa may reflect an underlying structural transition.
Further insights are obtained from magnetoresistance

(MR) measurements in the SC-I phase [Fig. 2(j)] at 2 K
under various pressures. Pronounced magnetoresistancewith
oscillation-like features appears between ∼18 and 27 GPa
and is strongly reduced above ∼30 GPa [Fig. 2(j)]. These
changes indicate substantial modifications of the electronic
structure—whether via Fermi-surface reconstruction,
enhanced scattering, or magnetic correlations—in proximity
to a pressure-driven transition. Because our measurements
are limited to transport, we cannot distinguish uniquely

FIG. 3. Pressure-induced structural phase transition in CuIr2S4. (a) XRD patterns measured in CuIr2S4 under high pressure up to
40.1 GPa with an incident wavelength λ ¼ 0.68883 Å. Asterisks, triangles, and dotted lines indicate the presence of extra peaks.
(b) Pressure-induced transformation of the crystal structure from metallic cubic phase to triclinic insulating phase and finally
orthorhombic superconducting phase. (c),(d) Synchrotron XRD patterns with subtracted background of CuIr2S4 at selected pressures
up to 219.4 GPa and incident wavelength λ ¼ 0.434 Å. Arrows indicate the presence of extra peaks. Black asterisks indicate the
Au peaks for pressure calibration.
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between these possibilities, and we therefore refer to them as
signatures of a nearby quantum phase transition rather than
direct evidence for magnetic order. Notably, the suppression
of these magnetoresistance oscillations coincides with the
emergence of structural phase V around 27 GPa, suggesting
a coupling between the electronic instability and the subtle
reorganization of the orthorhombic lattice.
Having identified the emergence of superconductivity

in transport measurements, we next sought to uncover the
structural evolution that may drive this transition. To this
end, we performed high-pressure powder x-ray diffraction
(PXRD) measurements on CuIr2S4 up to 219.4 GPa at
room temperature, as shown in Fig. 3. In Fig. 3(a),
at ambient conditions, CuIr2S4 crystallizes in the cubic
spinel structure (space group Fd3̄m) with lattice parameter
a ≈ 9.8677 Å (detailed in Table SI in the Supplemental
Material [28]) [7,10]. Upon application of pressure, the

diffraction peaks shift systematically to higher 2θ angles,
indicating continuous shrinkage of the lattice. The first
clear structural change occurs around 3 GPa: new Bragg
peaks appear (marked by blue dotted lines in the XRD
patterns), signaling the onset of a lower-symmetry phase.
By 5.4 GPa this phase is fully developed, and Rietveld
refinements identify it as a triclinic structure (space group
P1̄, as shown in Fig. S2 [28]). We label this high-pressure
triclinic phase as phase II (the ambient cubic phase being
phase I). The triclinic phase II is characterized by the same
kind of charge ordering (Ir3þ=Ir4þ) and spin dimerization
of Ir ions that occur in the ambient-pressure insulating
state (the low-temperature triclinic phase of CuIr2S4 [7]).
In other words, applying a modest pressure of a few
gigapascals stabilizes the dimerized insulating state even
at room temperature, consistent with the rapid suppression
of the MIT by pressure noted above. With further

FIG. 4. Electronic structures and pressure–temperature phase diagram of CuIr2S4. (a)–(d) Band structure of CuIr2S4 obtained by DFT
calculations under different pressures at (a) 0, (b) 5.4, (c) 14.1, and (d) 21.4 GPa. The orbital characters of bands are represented by
different colors, and the projected weights are indicated by marker sizes. (e) Pressure–temperature phase diagram of CuIr2S4. Black
dashed lines denote the phase boundaries of structures under pressure at room temperature. Different symbols represent the TMIT and Tc
of SC-I and SC-II measured in different runs. Slight variations in Tc observed between different experimental runs within the SC-I
regime can be attributed to differences in diamond culet size, sample dimensions, and pressure calibrations used in each run. Transport
anisotropy is determined from the van der Pauw measurements of R12 and R14 detailed in the Supplemental Material (Figs. S6–S7 [28]).
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compression, additional phase transitions take place.
Phase III (another triclinic modification) appears at
∼9.3 GPa, indicated by changes in the diffraction pattern
(red asterisks), and is followed by another transition to
Phase IV at ∼17.5 GPa (blue triangles). Phase IV was
identified via single-crystal XRD as an orthorhombic
structure (Fig. S2 [28]), marking a transition from the
triclinic lattice of phases II/III to a more symmetric
orthorhombic lattice. Notably, the emergence of phase IV
at ∼17.5 GPa coincides with the pressure range where
superconductivity first appears (SC-I). This may indicate
that the orthorhombic phase IV provides a favorable
structural environment for the onset of superconductivity.
From a chemical coordination standpoint, the crystal

structure of CuIr2S4 comprises distinct [IrS6] octahedra and
[CuS4] tetrahedra, which serve as the primary units for
analyzing structural evolution under pressure, as illustrated
in Fig. S3 [28]. We find that the most significant structural
changes under pressure involve the [IrS6] octahedral
framework, as illustrated in Fig. 3(b). The [IrS6] octahedra
become increasingly distorted as pressure rises, whereas
the [CuS4] tetrahedra are relatively rigid in comparison.
This differential response is evident in our refinements
(see Supplemental Material Fig. S2 [28]) and reflects the
different compressibilities and bonding of the two sub-
lattices. The rapid increase in octahedral distortion corre-
lates with each structural phase change, underscoring that
the Ir-Ir distances and Ir-S-Ir bond angles are being tuned
by pressure into configurations that dramatically alter the
electronic ground state. These changes reflect the intricate
ways in which CuIr2S4 relieves the internal strain and
frustration of the Ir-S network under pressure.
Remarkably, the pressure-induced superconductivity in

CuIr2S4 is accompanied by—and evidently intertwined
with—these structural transformations. This contrasts
with many other superconducting spinels (e.g. LiTi2O4,
CuRh2S4) where superconductivity occurs in the original
cubic phase without any symmetry lowering
[12,13,19,20,55]. In CuIr2S4, however, the onset of super-
conductivity (SC-I) is associated with leaving the cubic
phase and entering an orthorhombic phase (phase IV),
suggesting a strong coupling between lattice distortions
and superconductivity.
As pressure increases further into the tens of gigapascals,

we detect yet another structural modification: two extra
diffraction peaks emerge around 11.2° and 15.7° (2θ) at
pressures above ∼27.3 GPa [indicated by the green dashed
line in Fig. 3(a)]. These extra peaks intensify with con-
tinued compression, indicating the development of a phase
V. The appearance of phase Varound 27 GPa is particularly
intriguing because it coincides with an enhancement of the
superconducting μ0Hc2ð0Þ [noted above in Fig. 2(h)]. This
phase V may represent a subtle reorganization of the
orthorhombic structure or a transition to another structure
altogether; in either case, its concurrence with changes in

superconducting behavior highlights a strong coupling
between lattice and superconductivity in CuIr2S4. The
sequential phase I → phase II → phase III → phase
IV → phase V transitions are also corroborated by
Raman spectroscopy, as detailed in Fig. S4 [28] [56–59].
Additionally, another structural phase transition emerges

at 43.6 GPa (phase VI), identified by the appearance of
new Bragg peaks [indicated by the red arrow in Fig. 3(c)],
which completes transformation around 67 GPa. Phase VI
is notably robust, showing no further changes up to
178.9 GPa. Above 178.9 GPa, a phase transition into
phase VII is evidenced by the disappearance of a peak
around 5.2° and the concurrent appearance of a broad peak
near 12.6° in Fig. 3(d) (highlighted by black arrow).
Beyond this phase, x-ray diffraction patterns remain
unchanged up to the highest studied pressure of
219 GPa, indicating no further significant symmetry alter-
ations; thus, the structure likely maintains the phase VII
configuration throughout the remainder of the pressure
range. Notably, this final high-pressure structural phase
transition aligns closely with the pressure at which SC-I
transitions to SC-II (approximately 184 GPa). Furthermore,
no additional diffraction peaks attributable to sulfur are
detected [60,61], confirming that all structural transitions
are intrinsic to CuIr2S4 and establishing that the observed
superconductivity is solely associated with CuIr2S4.
This crystallographic study reveals a rich progression of

phases: from the initial cubic spinel (phase I) to a dimerized
triclinic insulator (phase II), followed by an intermediate
phase III, an orthorhombic phase IV, and three additional
high-pressure phases (phase V to VII). These structural
phases underpin and contextualize the electronic phases
observed in transport measurements, firmly establishing
that pressure-driven lattice rearrangements are one of the
most critical factors responsible for the dramatic super-
conducting phenomena in CuIr2S4.
To elucidate the physics underlying the observed super-

conductivity in CuIr2S4 under pressure, we utilized first-
principles calculations based on density functional theory
(DFT). We investigated the electronic structure of CuIr2S4
across the first four structural phases. Figures 4(a), 4(b),
and S5 [28] reveal the dominance of Ir-5d states near the
Fermi level, with moderate hybridization from S-3p states,
while Cu-3d contributions are nearly negligible. At ambi-
ent pressure, CuIr2S4 exhibits a metallic ground state,
consistent with previous findings [62]. Upon compression,
distinct transitions occur: a 0.2 − 0.3 eV energy gap opens
at 5.4 GPa in the triclinic structure. At 14.1 GPa (phase III)
and 21.4 GPa (phase IV), CuIr2S4 reverts to metallic
ground states. This indicates that structural transitions
are pivotal in the emergence of superconductivity.
Notably, the bands cross the Fermi surface and exhibit
dispersion along Γ-T direction (close to the [111] crystallo-
graphic direction in the spinel phase), while they are
relatively flat near the Fermi level along Γ-X=Y=Z
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directions in phase III. This is consistent with our
anisotropic resistance results in Supplemental Material
[28]. We also observe a pronounced in-plane resistance
anisotropy in the SC-I phase (see Ref. [28]). Rather than
indicating magnetic order, this anisotropy—which van-
ishes upon entering the zero-resistance SC-II phase—
resembles the electronic nematicity or stripe-like order
observed in high-Tc cuprates. This suggests that SC-I
represents a superconducting state intertwined with a
competing order parameter (e.g., nematic or charge
density wave). While magnetic fluctuations may contrib-
ute to the residual resistance, the robust suppression of
the transition under magnetic fields confirms the super-
conducting nature of this phase. Moreover, in phase IV,
where superconductivity first appears, the hybridization
between Ir-5d and S-3p orbitals near the Fermi level
becomes stronger, suggesting that the sizable d–p cou-
pling may play an important role in both metallization
and superconductivity.
Combining our electrical transport and structural data,

we construct the pressure–temperature (P–T) phase dia-
gram of CuIr2S4 [Fig. 4(e)]. This diagram encapsulates the
sequence of pressure-driven phases and transitions. At
ambient pressure, the system is metallic at room temper-
ature and undergoes a metal–insulator transition (MIT) into
a charge-ordered insulating state below 230 K. With
increasing pressure, the MIT is suppressed and is no
longer resolved by ∼4 GPa; beyond this point the low-
temperature state remains insulating, but it is reached
without a finite-temperature MIT—i.e., the system enters
insulating phase II. Further compression weakens the
insulating behavior in phase III and a superconducting
phase (SC-I) emerges in phase IV near 18 GPa, hinting at
a nearby quantum critical pressure.
SC-I appears as a dome-shaped region: TSC-I

c rises
sharply, reaches a maximum of 18.2 K at approximately
133.3 GPa, and then decreases with further compression.
This behavior contrasts with CuRh2S4, where super-
conductivity abruptly vanishes near 5.6 GPa with a
reentrance into an insulating state [12]. At higher pres-
sures a second superconducting regime, SC-II, emerges
as a distinct region of the phase diagram. SC-II appears
around 111.8 GPa and overlaps with SC-I from roughly
112–185 GPa within phase VI; beyond about 185 GPa, as
the system enters phase VII, only SC-II persists, exhibit-
ing TSC-II

c ≈ 7.5 K at 224 GPa. Within the coexistence
window, the SC-II signature increasingly dominates the
transport response at higher pressure. The maximum Tc
we observe is among the highest reported for spinel
superconductors, underscoring frustration relief as an
effective design principle [13,19,55].
Importantly, the evolution between these two super-

conducting regimes is continuous rather than abrupt. As
pressure increases across the coexistence region, the
higher-Tc part of the resistive transition associated with

SC-I gradually weakens, while the lower-Tc part associated
with SC-II grows, producing a two-step transition that
evolves into a single zero-resistance transition at the highest
pressures [Figs. 1(d)–1(e), 2(d)–2(e), and 4(e)]. The closely
similar current and field dependences observed in the two
regimes, together with this continuous evolution of Tc and
the eventual zero resistance, strongly indicate that SC-I and
SC-II are two superconducting phases of pressurized
CuIr2S4 that originate from the same underlying electronic
system, rather than from an impurity phase or a separate
antiferromagnetic state.
It is instructive to compare this pressure-tuned super-

conductivity in CuIr2S4 with Zn-doped CuIr2S4 and with
the conventional spinel superconductor CuRh2Se4.
Additionally, Zn doping in CuIr2S4 partially suppresses
the MIT and induces superconductivity, albeit with rela-
tively low Tc values (2 − 3 K). However, the Zn-doped
phase retains the cubic spinel structure, suggesting a more
conventional pairing mechanism similar to CuRh2Se4. In
contrast, the high-pressure superconductivity reported here
(up to 18 K) emerges in a distinct orthorhombic structure
(phase IV) and exhibits a dome-shaped, nonmonotonic Tc
evolution. This comparison suggests that high pressure
accesses a different, likely unconventional superconducting
state driven by the interplay between frustration relief and
lattice distortion, rather than the conventional pairing
observed in the chemically disordered cubic phase.
The overall phase diagram thus highlights an intimate

interplay between structural transitions, relief of frustration,
and the emergence of two superconducting regimes, rather
than a single universal mechanism. Superconductivity
(SC-I) first appears only after the lattice departs the cubic
phase I and enters phase IV, emphasizing the crucial role of
structure in enabling high-Tc pairing. At ambient condi-
tions CuIr2S4 is a dimerized insulator with Ir4þ–Ir4þ spin-
singlet dimers on the geometrically frustrated pyrochlore
B-sublattice. Under pressure, our x-ray diffraction
shows that dimer order destabilizes concomitantly with
a structural transition from triclinic to orthorhombic
symmetry, supporting a scenario in which pressure
relieves frustration-induced localization and enables itin-
erant pairing, consistent with predictions for spinels
under compression [63–65].
Within the superconducting state, we observe a large

upper critical field μ0Hc2ð0Þ ≈ 55 T at a representative
pressure where Tc ¼ 11.8 K. This exceeds the Clogston–
Chandrasekhar (Pauli) paramagnetic limit HP ≈ 1.84Tc ≈
21.7 T by a factor of ∼2.53, and implies a short coherence
length ξð0Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Φ0=ð2πμ0Hc2ð0ÞÞ
p

≈ 2.45 nm. Such a
strong Pauli-limit exceedance points to prominent spin–
orbit scattering, strong coupling, multiband effects, and/or
proximity to quantum criticality; TcðPÞ alone does not fix
the mechanism.
The emergence of SC-II at higher pressures, with lower

Tc, indicates a distinct superconducting response. It may
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reflect an additional superconducting channel stabilized by
subtle electronic instabilities (e.g., a Lifshitz transition)
or a reorganization of Ir orbital states in the high-
symmetry lattice. Alternatively, SC-I and SC-II could
correspond to electronically or spatially distinct domains
enabled by non-hydrostatic stress at extreme pressures;
the extended coexistence window and differences in field
response argue for intrinsic distinctions, but complemen-
tary bulk probes are needed. A useful conceptual frame-
work is the paired-electron crystal or pair-density-wave
scenario [66], in which localized singlet pairs—proposed
for CuIr2S4 by Khomskii and Mizokawa [64]—are
pressure-delocalized into a coherent condensate. In this
view, geometric frustration, strong correlations, and
carrier density near half-filling cooperate to stabilize
superconductivity once dimer order is suppressed.
More broadly, our results show that in a frustrated spinel,

superconductivity can emerge directly from an insulating
dimer state rather than from a conventional metal. This
highlights a route—structural and electronic tuning that
relieves frustration—to achieve high-Tc pairing and sug-
gests strategies for engineering quantum materials
with intertwined orders. Targeted future measurements—
including ac susceptibility under pressure to establish bulk
volume fractions, NV-diamond magnetometry for vortex
imaging [67], and Ir L-edge RIXS to track orbital and spin
excitations [22,68]—will be decisive in determining the
pairing mechanism(s) in SC-I and SC-II and clarifying their
relationship to the collapse of dimer order.
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