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η-Carbide-type compounds have recently emerged as a diverse class of materials in the study of supercon-
ductivity. These phases contribute to a growing family of metal-rich quantum materials that exhibit unusual
superconducting properties emerging from complex metallic bonding. Several members of the η-carbide-type
phases have been found to be bulk superconductors, such as Nb4Rh2C1−δ , Ta4Rh2C1−δ , Ti4Ir2O1−δ , and
Ti4Co2O1−δ–with transition temperatures up to Tc ≈ 10 K and upper critical fields as high as μ0Hc2(0) ≈ 30 T.
Whereas the transition temperatures may fall within the range typical for intermetallic superconductors, the
pronounced violation of the weak-coupling Pauli limit in many of these crystallographically high-symmetry
materials is noteworthy. Here, we review recent progress on superconducting η-carbide-type phases, emphasizing
how crystal symmetry, synthetic challenges, transition-metal composition, and electronic structure govern their
superconducting properties. Furthermore, we outline open questions and future directions, including the possible
discovery of additional η-carbide-type materials.
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I. INTRODUCTION

η-Carbide have long been studied as secondary phases in
steels, where their formation can significantly influence me-
chanical performance [1]. These compounds, typically with a
general formula A6C or A3B3C (where A and B are transition
metals such as Fe, Mo, or W), crystallize in a cubic struc-
ture. These compounds often precipitate during heat treatment
[2]. In tool and high-speed steels, a fine dispersion of η-
carbides can enhance hardness and wear resistance through
precipitation strengthening. However, when these phases form
coarsely, particularly along grain boundaries, they may act
as brittle defects that compromise the material properties [3].
The term η-carbides for the two cubic compositions Fe3W3C
and Fe4W2C was coined by Takeda in 1930 [4–7]. The pre-
vious term was double carbides, used, for example, in 1921
[8] and 1933 [9]. Despite a long history of these phases,
their electronic properties have received comparatively little
attention.

η-Carbide-type compounds are characterized by a high
metal-to-nonmetal ratio, with transition-metal atoms forming
three-dimensional networks and the light elements occupy-
ing interstitial sites [10]. These elements can either be C,
N, O, or B. As a result, the chemical bonding of these
compounds is dominated by metal-metal interactions con-
trary to other carbides [11,12]. Carbide superconductors are
a large family of superconductors that span a wide range of
structural motifs from simple binary compounds to layered
intercalation systems. Binary carbides such as NbC, TaC, and
Mo2C exhibit superconductivity that is well described within
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conventional BCS theory, with critical temperatures typically
in the range of 10–12 K [13–15]. Layered graphite interca-
lation compounds, including CaC6 and YbC6, also become
superconducting through charge transfer between metal atoms
and graphite sheets, again within a largely understood frame-
work [16,17]. Slightly more complex carbides, such as the
intercalated fullerenes introduce additional electronic insta-
bilities, yet their superconducting behavior remains closely
linked to specific structural motifs [18,19]. In contrast, the
η-carbide framework is characterized by a dense, cubic,
metal-rich structure in which light elements occupy partially
filled interstitial sites or vacancies. In fact, this metal-rich
bonding renders simple valence electron counting inadequate
and places η-carbide-type compounds closer to intermetallic
compounds with itinerant d-electron states [20]. This configu-
rational flexibility and dominance of metal–metal interactions
distinguish η-carbide-type compounds from more chemically
rigid carbide systems. In this context, η-carbide-type super-
conductors are best viewed as part of a broader class of
metal-rich quantum materials, in which light-element occu-
pancy may influence—but does not uniquely dictate—the
emergence of superconductivity [10].

Recent work has advanced the understanding of super-
conductivity in compounds adopting the η-carbide structure
type, revealing a growing number of materials with robust
bulk superconductivity and unusually large upper critical
fields. For example, Nb4Rh2C1−δ shows a superconducting
transition temperature of Tc = 9.8 K and an upper critical
field of μ0Hc2(0) = 28.5 T, significantly exceeding the weak-
coupling Pauli paramagnetic limit [21–23]. Such behavior is
noteworthy for these cubic and centrosymmetric metal-rich
compounds and points toward unusual features of the high-
field superconductivity. Notably, thermodynamic signatures
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consistent with a possible Fulde–Ferrell–Larkin–Ovchinnikov
(FFLO) state have been reported in Ti4Ir2O, highlighting the
potential for realizing exotic superconducting phases even
in these systems [24]. η-Carbide-type compounds exist over
wide ranges of chemical compositions and allow for a high
degree of atomic substitutions [25]. This inherent structural
flexibility and tunability provides considerable possibilities
for the targeted modification and consequently for control
of their physical properties. The η-carbide family represents
a promising family of compounds for the potential design
and discovery of alternative superconductors. In this review,
we explore the growing body of work on η-carbide-type su-
perconductors, examining these structural characteristics, the
chemical synthesis, and the electronic properties.

II. STRUCTURE AND KNOWN COMPOUNDS
OF THE η-CARBIDE-TYPE FAMILY

Compounds belonging to the η-structure-type family are
isostructural and crystallize in the cubic Fd3m space group,
adopting the Fe3W3C-type structure. Commonly, these phases
are also referred to as E93 phases [26].

Within the η-carbide structure type, two closely related
variants are commonly distinguished, conventionally denoted
as η1 and η2. These variants differ primarily in stoichiometry
and atomic site occupation [27]. The η1 variant corresponds
to compositions of the form A3B3X , whereas the η2 variant
adopts compositions of the form A4B2X . Both variants crys-
tallize in the same cubic space group and share the same
underlying metal framework but differ in the distribution of
the two transition-metal species over the Wyckoff sites.

The η-carbide-type compounds can be understood as inter-
stitially filled derivatives of the parent Ti2Ni-type structure.
Ti2Ni crystallizes in the same distinct cubic structure type
as the η-carbide-type compounds, i.e., in space group Fd3m.
In the Ti2Ni structure, nickel occupies the 32e and titanium
the 48 f Wyckoff sites. The Ti2Ni-type structure contains 96
metal atoms per unit cell and can be described as compris-
ing eight cubic subcells arranged in two alternating patterns,
with interstitial regions between them [28]. An illustration of
the unit cell and the aforementioned subunit cells is shown
in Figs. 1(a) and 1(b). A close structural relationship exists
between the Ti2Ni structure and both the Cr23C6 and η-carbide
structures, the latter sharing the same underlying metal ma-
trix arrangement as Ti2Ni [29]. A key feature of the Ti2Ni
and Cr23C6 structures is their ability to accommodate light
nonmetallic elements such as carbon, nitrogen, oxygen, or
boron within interstitial sites, giving rise to the formation
of a high variety of η-carbide-type compounds [2,21,30–35].
η-carbide-type compounds contain 112 atoms in the unit cell
[2,36,37].

In the η1 structure, the A atoms occupy the 32e and 16d
Wyckoff positions, while the B atoms reside on the 48 f sites.
In contrast, the η2 structure is obtained by replacing the A
atoms on the 16d sites with B atoms [26,27,38,39]. The light
element X occupies the interstitial 16c sites in both variants
[32]. Additional derivatives of the η structure exist in which
the interstitial species occupies alternative sites, such as the
8a positions, or a combination of 8a and 16c sites, further
illustrating the structural flexibility of this family [40,41].

FIG. 1. Crystal structure of the η-carbide–type compounds with
space group Fd3m. (a) Cubic unit cell with lattice parameter a0,
showing the positions of A (teal), B (gray), and X (orange) atoms.
(b) Half-unit-cell view highlighting the underlying metal framework.
(c), (d) Local coordination polyhedra of the X and B sites, respec-
tively. (e) Network of corner-sharing XA6 octahedra within the unit
cell. (f) Corresponding arrangement of the metal sublattice, em-
phasizing the three-dimensional connectivity of the transition-metal
network, formed by the stella quadrangula.

Unless stated otherwise, the following discussion refers to
the η2 variant, which is most relevant for the superconducting
compounds discussed here.

In these η-carbide-type compounds, the 16 A and 32 B
atoms form tetrahedra, and the 48 B atoms form octahedra in
which every second one is slightly distorted. The 16 X atoms
occupy the voids of the slightly distorted XA6 octahedra [see
Figs. 1(c)–1(f)] [39]. The XA6 octahedra are corner-sharing
with each other [10,27,42]. The B atoms interpenetrate the
network of these XA6 octahedra, contributing to both struc-
tural stability and electronic properties [10]. Four B atoms,
together with four A atoms, form a B4A4 cluster of four edge-
sharing tetrahedra, also known as a stella quadrangula, which
are corner-sharing with each other and are shown in Figs. 1(d)
and 1(f) [27,34,43]. Studies on the formation tendencies of
such A6X octahedra help predict the ordering of elements
on specific crystallographic sites. Elements with the highest
affinity for the interstitial X position preferentially occupy the
A sites [39,42].

An alternative description of the structure considers the
XA6 octahedra, formed by A atoms around X atoms, as corner-
sharing units, and the four edge-sharing tetrahedra, composed
of four A and four B atoms, as forming a stella quadran-
gula network. These two sublattices interpenetrate to form a
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TABLE I. Synthesis conditions for selected compounds.

Compound Synthesis condition Product type Reference

Fe4W2N Synthesized via a two-step organometallic synthesis method: Metal chloride Polycrystalline [27]
complexation in acetonitrile, followed by ammonolysis to form the nitride.

Hf4Ni2N Mixed powders and cold pressed into pellet. Arc melted multiple times. Not stated [50]
Hf4Ni2O Sintered pressed powder pellets at 1000 °C in quartz ampoules under vacuum. Not stated [50]

Arc melted.
Mo4Co2C Mixed powders and cold pressed into pellet under 20 tons. Sintered in Polycrystalline [39]

zirconia/Alumina crucibles under vacuum at 1500–1800 °C.
Mo4Fe2C Mixed powders and cold pressed into pellet under 20 tons. Sintered in Polycrystalline [39]

Zirconia/Alumina crucibles under vacuum at 1500–1800 °C.
Mo4Ni2C Mixed powders and cold pressed into pellet under 20 tons. Sintered in Polycrystalline [39]

Zirconia/Alumina crucibles under vacuum at 1500–1800 °C.
Nb4−xRh2+xCy Mixed powders and cold pressed into pellet. Polycrystalline [21]

Sintered at 1000–1250 °C for 3 days and quenched in water.
Ta4Ni2N Mixed powders and cold pressed into pellet. Arc melted multiple times. Not stated [50]
Ta4Ni2O Sintered pressed powder pellets at 1000 °C. Wrapped presintered pellets in Not stated [50]

Ta foil and annealed at 1000 °C for 48 h followed by 1350 °C for 24 h.
Ta4Rh2C1−δ Mixed powders and cold pressed into pellet. Arc melted multiple times. Polycrystalline [51]

Reground and pressed into pellet. Wrapped in Ta foil and sealed in quartz ampoule
under 300 mbar Ar. Annealed at 1200 °C for 4 days and quenched in water.

Ti4Co2O Mixed powders and cold pressed into pellet. Arc melted multiple times. Sealed in Single crystals [52]
quartz ampoule under 300 mbar Ar. Annealed at 1000 °C for 30 days.

Ti4Co2O Mixed powders and cold pressed into dense rod. Arc melted multiple times. Single crystals [43]
Sealed in quartz ampoule under 300 mbar Ar. Annealed at 1000 °C for 30 days.

Ti4Co2O Mixed powders and cold pressed into pellet. Arc melted multiple times. Polycrystalline [47]
Sealed in quartz ampoule under 300 mbar Ar. Annealed at 900 °C for 14 days and
quenched in water.

Ti4Cu2O Arc melted. Sealed in Vycor tubes. Annealed at 900 °C for 3 days. Polycrystalline [28]
Ti4Ir2O Mixed powders and cold pressed into pellet. Arc melted multiple times. Single Crystals [52]

Sealed in quartz ampoule under 300 mbar Ar. Annealed at 1400 °C for 14 days.
Ti4Ir2O Mixed powders and cold pressed into pellet. Placed in corundum crucible and

sealed in Nb tube. Sintered at 1800 °C for 20 h under Ar atmosphere.
Polycrystalline [36]

diamond cubic lattice, further contributing to the stabilization
of the structure-type [27,34,43,44].

The η-carbide structure exhibits a pronounced toler-
ance toward variations in light-element occupancy. Many
η-carbide-type compounds accommodate compositions of the
form X1−δ without changes to crystallographic symmetry or
the underlying metal framework [23,39]. In some systems,
incorporation of light elements such as C, N, O, or B is
essential for stabilizing the η-carbide framework, whereas in
others the structure remains stable over a wide range of inter-
stitial occupancies, even if the void positions are not occupied
[30,35,41,45].

The stability of the Ti2Ni-type metal framework correlates
strongly with the atomic size ratio of the constituent metal
species [45,46]. Deviations of the radius ratio RA/RB by more
than approximately 8–10% from an average value near 1.17
tend to destabilize the η-carbide-type phase [39,45,46].

III. SYNTHESIS METHODS

The synthesis of the η-carbide-type compounds analyzed
in this review relied predominantly on multistep solid-state
synthesis methods. Typically, the starting materials, whether
elemental or as binary precursors, were mixed to ensure

homogeneity and pressed into pellets. These pellets were then
either sealed in a suitable reaction vessel, such as quartz,
tantalum, niobium, or ceramics, or directly melted in an arc
furnace under an inert argon atmosphere. The reactions can
be carried out under vacuum or under a partial argon atmo-
sphere, typically around 300 mbar. Commonly, the prereacted
samples are post-annealed at temperatures between 800–1800
°C under vacuum or under a partial argon atmosphere for a
prolonged time that can span up to 30 days. These annealing
processes may be performed directly on ingots obtained from
arc melting or on reground and repressed samples produced
either from arc-melted ingots or from initially pressed pow-
der precursors. For more detailed insight into the different
methods used to synthesize η-carbide-type compounds, re-
fer to Tables I and II, where we list many of the published
synthesis methods and reported conditions. We highlight the
contributions of Holleck et al., H. C. Ku, and Nevitt et al., who
reported a range of compounds within the η-compound fam-
ily. However, due to missing details regarding the synthesis
procedures used, these compounds were not included in these
synthesis tables [47–49]. The various compounds reported
by Holleck et al., H. C. Ku, and Nevitt et al. are, however,
included in Fig. 2, which provides a comprehensive overview
of the known η2-carbide-type compounds to date.
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TABLE II. Synthesis conditions for selected compounds.

Compound Synthesis condition Product type Reference

Ti4Ni2C Mixed powders and pressed into a tablet. High-pressure high-temperature synthesis in Single crystals [53]
an octahedral anvil configuration under 6 GPa at 1573 K for 40 min.

Ti4Ni2O Arc melted. Sealed in Vycor tubes. Annealed at 900 °C for 3 days. Polycrystalline [28]
Ti4Pd2O Mixed elements. Arc melted, crushed and remelted the sample 5 times under an Polycrystalline [54]

Ar atmosphere. Annealed at 873 K under vacuum.
Ti4Rh2O Mixed powders and cold pressed into pellet. Arc melted multiple times. Single crystals [52]

Sealed in quartz ampoule under 300 mbar Ar. Annealed at 1200 °C for 21 days.
W4Co2C Mixed powders and cold pressed into pellet. Sintered at unspecified temperature in Polycrystalline [55]

sealed quartz ampoules under vacuum. Arc melted. Sealed in quartz ampoules under
vacuum.
Annealed at 1100 °C for 75 h followed by 200 h at 1000 °C.

W4Fe2C Mixed powders and cold pressed into pellet. Sintered at unspecified temperature in Polycrystalline [55]
sealed quartz ampoules under vacuum. Arc melted. Sealed in quartz ampoules under
vacuum.
Annealed at 1200 °C for 30h followed by 200 h at 1000 °C.

Zr4Fe2Ox Mixed powders and cold pressed into pellet. Arc melted. Annealed at 1000 °C for
100h.

Polycrystalline [56]

Zr4Ni2Ox Mixed powders and cold pressed into pellet. Arc melted. Annealed Not specified [57]
as-cast samples at 1000 °C for 300 h.

Zr4Ni2O Mixed Zr and Ni metals and arc melted. Ground to small pieces. Mixed with Polycrystalline [58]
Appropriate amount of NaClO4 and sealed in quartz ampoule. Heated to 600 °C for 4
days in tube furnace, where NaCl crystals formed at the cool end. Crushed the oxide,
pressed into pellet, and
annealed at 1250 °C.

Zr4Pd2O Mixed elements and pressed into pellet. Arc melted under purified Ar gas. Annealed at Polycrystalline [59]
1273 K under high vacuum for 8 days.

Zr4Pd2O Mixed elements. Arc melted, crushed and remelted the sample 5 times under an Polycrystalline [54]
Ar atmosphere. Annealed at 873 K under vacuum.

Zr4Pt2O Mixed elements and cold pressed into pellet. Arc melted multiple times. Polycrystalline [59]
Zr4Rh2C1−δ Mixed powders without Zr and cold pressed into pellet. Arc melted the pellet together Polycrystalline [60]

with the Zr plate and remelted multiple times. Reground and pressed into pellet.
Sealed in quartz ampoule under vacuum. Annealed at 800 °C for 10 days.

Zr4Rh2Ox (x � 0.7) Mixed powders and cold pressed into pellet. Arc melted multiple times. Reground and Polycrystalline [61]
pressed into pellet. Sealed in quartz ampoule under 300 mbar Ar. Annealed at 1000 °C
for 10 days.

Zr4Rh2Ox (x � 0.7) Mixed powders and cold pressed into pellet. Arc melted multiple times. Reground and Polycrystalline [61]
pressed into pellet. Sealed in quartz ampoule under 300 mbar Ar. Annealed at 800 °C
for 10 days.

IV. STOICHIOMETRY AND COMPOSITION
OF η-CARBIDE-TYPE SUPERCONDUCTORS

Several decades ago, superconductivity was reported in
a small number of η-carbide–type compounds with gen-
eral composition A4B2X [21,47,62,63]. These early studies
primarily established the existence of superconducting tran-
sitions and provided approximate values of the critical
temperature Tc, but did not include systematic measurements
of thermodynamic, magnetic, or transport properties. As a
result, the superconducting state in these materials remained
poorly characterized for many years.

In addition, the reported values of Tc often show signifi-
cant scatter across different studies. This variability is likely
related to the inherent difficulty of synthesizing phase-pure
η-carbide-type samples with well-controlled stoichiometry,
particularly with respect to light-element occupancy and site

disorder. A prime example of the challenges with early re-
ports is found in the η-carbide–type oxide Zr4Rh2Ox. Early
literature listings cited a transition temperature near 11.8 K
for a Zr–Rh–O phase attributed to the η-carbide structure, but
these reports lacked detailed characterization and stoichiomet-
ric control [63]. Systematic investigations of Zr4Rh2Ox with
controlled oxygen content reveal that the superconducting
transition temperature is much lower and strongly dependent
on O occupancy: bulk superconductivity is observed with
Tc ≈ 2.8 K for Zr4Rh2O0.7 and Tc ≈ 4.7 K for Zr4Rh2O, based
on resistivity and magnetization measurements on phase-pure
η-carbide-type samples [61].

Another illustrative case is Zr3V3O, which stood out as the
only reported example of an η-carbide-type compound with
the 3–3–1 (η1) stoichiometry for which superconductivity
was previously claimed [63,64]. These early reports attributed
a superconducting transition of Tc ≈ 7.5 K to this phase;
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FIG. 2. Overview of known η-carbide–type compounds with composition A4B2X , organized by the transition-metal elements occupying
the A and B sites of the cubic Fd3m framework. The incorporated light element X (C, N, or O) is indicated by color. Compositions reported
to exhibit superconductivity are marked in red. The figure highlights both the wide chemical phase space accessible to the η-carbide structure
and the restricted region in which superconductivity has been observed.

however, subsequent investigations on phase-pure samples
failed to detect any superconducting transition above 1.8 K
associated with this phase [52,65]. This discrepancy indicates
that the originally reported superconductivity was likely as-
sociated with secondary phases and that it is not an intrinsic
property of this η1-type Zr3V3O compound. Henceforth, to
date there is not a single η1-type superconductor known, to
the best of our knowledge.

Another important aspect to consider is the role of the
light element occupying the interstitial site of the η-carbide
framework. The influence of light-element occupancy on su-
perconductivity has been demonstrated particularly clearly in
the Ti–Co system. In this system, the oxygen-free compound
Ti2Co exhibits an onset to superconductivity below 0.7 K. The
isostructural suboxide Ti4Co2O, in which oxygen occupies
the interstitial site of the η-carbide-type structure, has been
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TABLE III. Summary of all reported η-carbide-type
superconductors.

Compoundsa Tc (K) Hc2(0) (T) HPauli
b(T) Reference(s)

Nb4Rh2C 8.5–9.8 28.5 18.2 [21,23,47]
Ta4Rh2C 6.4 17.4 11.9 [51]
Ti4Ir2O 5.1–5.7 16.5 9.9 [30,36,66]
Zr4Rh2O 2.7–4.7 6.1 8.7 [61]
Zr4Rh2N 3.0–3.1 [47]
Zr4Os2O 2.0–3.0 [47]
Nb4Ni2C 2.2–2.9 [47]
Ti4Rh2O 2.8 5.2 5.2 [30]
Ti4Co2O 2.7 7.1 5.0 [30]
Zr4Pd2O 2.7 6.7 5.0 [60]
Zr4Pd2N 1.3–2.1 [47]
Ti4Pt2O 2.3–2.5 [47]
Zr4Pt2N 2.1–2.3 [47]
Zr4Pt2O 1.3–1.6 [47]

aWe list the reported compounds in the ideal chemical stoichiometric
ratio for clarity of comparison.
aHere, HPauli is calculated using HPauli ≈ 1.86[T/K] · Tc.

synthesized as a phase-pure compound and found to be a
bulk type-II superconductor with a transition temperature of
Tc ≈ 2.7 K, accompanied by a normalized specific-heat jump
�C/γ Tc demonstrating the bulk superconductivity. This stark
difference demonstrates that the incorporation of void-filling
oxygen in η-carbide–type frameworks has a critical effect on
the electronic properties of these phases [30,43].

V. ESTABLISHING BULK SUPERCONDUCTIVITY
IN η-CARBIDE-TYPE COMPOUNDS

In recent years, advances in synthesis have enabled the
preparation of phase-pure η-carbide–type superconductors,
allowing their superconducting properties to be systematically
characterized by temperature-dependent resistivity, magneti-
zation, and specific-heat measurements [30,36,60,61]. These
studies have established reliable superconducting transition
temperatures and, importantly, have confirmed the bulk nature
of superconductivity in this class of materials. In addition
to validating previously reported superconducting phases,
this renewed effort has also led to the discovery of previ-
ously unknown η-carbide-type superconductors, as in, e.g.,
Ta4Rh2C1−δ or Zr4Pd2O [51,60].

Table III summarizes the currently known η-carbide-type
superconductors together with their superconducting transi-
tion temperatures Tc and zero-temperature upper critical fields
Hc2(0). Reported values of Tc span the range from approx-
imately 2.1 K to 9.8 K. Among the known compounds,
Nb4Rh2C1−δ exhibits the highest transition temperature at
ambient pressure, with Tc = 9.8 K [23].

Recently, the physical properties of several η-carbide–type
superconductors—including Zr4Pd2O, Ti4Ir2O, Nb4Rh2C1−δ ,
and related compounds—have been systematically
characterized. Figure 3 summarizes representative
temperature-dependent resistivity, magnetization, and
specific-heat measurements for Zr4Pd2O, Ti4Ir2O,
Ta4Rh2C1−δ , and Nb4Rh2C1−δ in the vicinity of their
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FIG. 3. Superconducting properties of Zr4Pd2O, Ti4Ir2O,
Ta4Rh2C1−δ , and Nb4Rh2C1−δ . (a) normalized temperature-
dependent resistivity under zero-field, (b) ZFC magnetization in
an external field of 1 mT. (c) Temperature-dependent specific heat
capacity under zero-field in the vicinity of the superconducting
transitions. Data taken and replotted from [23,30,51,60].

superconducting transitions at μ0H = 0 T [23,30,51,60]. In
all cases, the resistivity drops sharply to zero, a pronounced
diamagnetic response is observed under zero-field-cooled
conditions, and clear anomalies appear in the specific heat at
the superconducting transition temperatures. Together, these
signatures unambiguously establish the presence of bulk
superconductivity in these η-carbide-type compounds.

Quantitative analysis of the specific-heat data further
supports this conclusion. The normalized specific-heat
jumps �C/γ Tc for Zr4Pd2O, Ti4Ir2O, Ta4Rh2C1−δ , and
Nb4Rh2C1−δ are found to be 1.58, 1.80, 1.56, and 1.64,
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respectively, exceeding the weak-coupling BCS value of 1.43.
[23,30,51,60] These enhanced values are consistent with mod-
erately strong electron–phonon coupling in these materials.
Notably, the particularly large �C/γ Tc value of 1.80 observed
in Ti4Ir2O may point to stronger coupling effects.

In the normal state, the resistivity of the reported η-carbide-
type superconductors decreases monotonically upon cooling,
as expected for their metallic transport behavior. Temperature-
dependent magnetization measurements above the critcial
temperature reveal a weak, nearly temperature-independent
Pauli-paramagnetic response consistent with a predominantly
itinerant-electron normal state.

VI. HIGH UPPER CRITICAL FIELD IN η-CARBIDE-TYPE
SUPERCONDUCTORS

A striking feature of several η-carbide–type superconduc-
tors is their unusually large upper critical fields, which in
some cases substantially exceed expectations based on weak-
coupling superconductivity. The upper critical field Hc2 marks
the magnetic field at which superconductivity is suppressed.
In general, superconductivity is destroyed by an applied
magnetic field through two principal processes: orbital pair
breaking and Pauli paramagnetic (i.e. the Zeeman effect) pair
breaking [67–69].

The orbital-limiting effect causes Cooper pair breaking by
inducing a momentum in the single-particle spectrum that ex-
ceeds the superconducting gap. The Pauli paramagnetic effect
corresponds to the Zeeman splitting energy of electronic spin
exceeding the superconducting gap energy, at which point it
becomes energetically unfavorable for electrons to pair with
opposite spins. The orbital-limiting effect is commonly the
dominant pair-breaking effect close to the Tc of a supercon-
ductor, while at low temperatures, far away from the Tc, the
Pauli paramagnetic effect is dominant [70].

The Pauli paramagnetic effect imposes an upper limit on
the critical field of spin-singlet superconductors, known as
the Pauli paramagnetic limit, which can be expressed by the
following equation [71]:

μ0HPauli =
√

2�0

gμB
, (1)

where μB is the Bohr magneton, g is the effective g-factor,
and �0 is the superconducting gap. For conventional weak-
coupling BCS superconductors �0 = 1.76 kBTc, (where kB is
the Boltzmann constant) and g=2 (free-electron g-factor), the
Pauli limit is approximated as

μ0HPauli = �0√
2μB

≈ 1.86[T/K] · Tc. (2)

The conventional weak-coupling BCS Pauli paramagnetic
limit is respected by the vast majority of type-II superconduc-
tors. In most cases, the experimentally observed upper critical
fields remain well below this limit. Consequently, supercon-
ductors that exhibit exceptionally large upper critical fields
approaching or exceeding the Pauli limit are widely regarded
as anomalous and have long been considered a hallmark of
unconventional or nontrivial superconducting behavior.

Recently, the systematical investigations on some η-
carbide-type superconductors have shown that the η-carbide-

type superconductors have very high upper critical fields,
which are for some materials even higher than the weak-
coupling Pauli limit. Notably, the Nb4Rh2C1−δ superconduc-
tor with a Tc = 9.8 K shows a high upper critical field of
μ0Hc2(0) = 28.5 T.

Among the systematically measured η-carbide-type su-
perconductors, Ti4Co2O, Ti4Ir2O, Nb4Rh2C1−δ , Ta4Rh2C1−δ ,
and Zr4Pd2O were found to have μ0Hc2(0) larger than their
weak-coupling Pauli limits. Figure 4(a) shows the temperature
dependence of μ0Hc2(0) of Ti4Ir2O, while Fig. 4(b) shows the
extracted upper critical field values μ0Hc2(0) for the different
known η-carbide superconductors versus their critical temper-
ature Tc.

Superconductivity beyond the weak-coupling BCS Pauli
limit can be stabilized in the presence of finite-momentum
pairing or strong spin-orbit coupling (SOC). The former leads
to the FFLO state, in which Cooper pairs acquire a finite
center-of-mass momentum and the upper critical field can
exceed the Pauli limit by a limited amount. Strong spin-orbit
coupling, on the other hand, can substantially weaken Pauli
paramagnetic pair breaking, for example, through a renormal-
ization of the effective electronic g-factor, thereby allowing
the upper critical field to exceed the Pauli limit by a much
larger margin [72,73].

The FFLO state is difficult to observe experimentally
because it requires a series of strict conditions, like low tem-
perature, high magnetic field, high quality crystal samples,
and strong coupling [74]. Hu et al. explored the high upper
critical field of Ti4Ir2O using thermodynamic measurement
probes and observed a characteristic upturn in the upper criti-
cal field line within the low-temperature, high-magnetic-field
regime of the magnetic phase diagram [24]. The authors at-
tributed these anomaly signatures to a possible formation of a
(FFLO state, which can provide a plausible explanation for the
violation of the Pauli limit in this superconductor. Figures 4(c)
and 4(d) show the temperature-dependent magnetization
M(H) of Ti4Ir2O, with the upper critical field identified from
the field-induced features and the field-dependent specific
heat C/T for Ti4Ir2O, displaying anomalies near Hc2 and addi-
tional structure at high fields, suggestive of an unconventional
high-field superconducting phase.

The effective g-factor is a crucial parameter that describes
the magnetic moment of a charge carrier. In solid materials,
the state of charge carriers is influenced by the electronic
band structure, spin-orbit coupling, and the crystal potential.
Therefore, the effective g-factor in a material is not the same as
the free-electron g-factor but is modified by the carrier inter-
actions with the crystal environment. As a result, the effective
g-factor value in a specific material can be very different from
ge ≈ 2. A reduction of the effective g-factor due to spin–orbit
coupling and/or the strong-coupling effects with �0 > �BCS

or multiple gaps could also result in enhanced Hc2(0) [71].
Wu et al. provided a possible explanation for the enhanced

upper critical field in Ti4Ir2O using density functional theory
and analytic modeling [75]. They showed that the nonsym-
morphic Fd3m symmetry of the η-carbide structure enforces
strong spin-orbit coupling near the X points of the Brillouin
zone, leading to a pronounced suppression of the effective
electronic g-factor. Such a reduction of the effective g-factor
naturally weakens Pauli paramagnetic pair breaking and can
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FIG. 4. Upper critical field behavior and high-field thermodynamic signatures in η-carbide–type superconductors. (a) μ0Hc2(T ) for
Ti4Ir2O, showing pronounced enhancement relative to the weak-coupling Pauli limit and comparison with WHH theory (reprinted and modified
from Ref. [66] licensed under CC BY 4.0.). (b) μ0Hc2(0) as a function of Tc for several η-carbide superconductors; the dashed line indicates the
Pauli paramagnetic limit. (a), (b) Reanalysis of data from Refs. [23,30,51,61,66]. (c) Temperature-dependent magnetization M(H ) of Ti4Ir2O,
with the upper critical field identified from the field-induced features. (d) Field-dependent specific heat C/T for Ti4Ir2O, displaying anomalies
near Hc2 and additional structure at high fields, suggestive of an unconventional high-field superconducting phase. (c), (d) Figures adapted and
modified from [24], licensed under CC BY 4.0.

account for the unusually large upper critical field observed in
Ti4Ir2O. Experimentally, however, it is challenging to distin-
guish a genuine violation of the Pauli limit assuming g = 2
from an enhancement of the Pauli-limiting field due to a
reduced effective g-factor, in the absence of direct measure-
ments of the latter [73].

Notably, a similarly strong exceedance of the weak-
coupling Pauli limit is observed in both Ti4Co2O and Ti4Ir2O,
despite the markedly different atomic weights and there-
fore the different spin-orbit coupling strengths of Co and
Ir [30]. This observation suggests that the enhancement of
the upper critical field may not be governed solely by the
atomic spin-orbit coupling of the constituent elements in these
materials.

Ruan et al. examined whether a reduction of the effective
electronic g-factor could be responsible for the enhanced up-
per critical field in Ti4Ir2O [36]. By analyzing magnetization
data, they estimated the Pauli paramagnetic susceptibility χp

and extracted a Wilson ratio RW ≈ 3.9. Such a large Wilson
ratio suggests the presence of strong electronic correlations in
Ti4Ir2O, which may enhance the effective quasiparticle mass
and potentially lead to a reduction of the effective g-factor.
At present, there is no direct experimental evidence—such
as from quantum oscillation measurements—demonstrating

that the enhanced upper critical field in Ti4Ir2O arises from
a reduced effective g-factor.

In materials with multiple electronic bands crossing the
Fermi level, superconductivity can be more robust against
Pauli paramagnetic pair breaking. In this context, Ruan et al.
reported that a single-gap s-wave model fails to reproduce the
electronic specific-heat data Ce(T ) of Ti4Ir2O in the super-
conducting state [36]. Instead, the data are well described by
a two-gap s-wave model with gap values �0,1 = 1.37 meV
and �0,2 = 0.57 meV, suggesting possible multiband super-
conductivity in this compound.

Subsequent muon spin rotation (μSR) measurements by
Das et al. reached a different conclusion [66]. Their analy-
sis of the temperature dependence of the London magnetic
penetration depth λ(T ) is well accounted for by a single-gap
s-wave model with �0 = 0.92(8) meV, providing no clear
evidence for multigap superconductivity. In addition, the μSR
measurements revealed that the ratio Tc/λ

−2
eff for Ti4Ir2O is

comparable to values observed in unconventional supercon-
ductors [36,66].

Taken together, the observation of such large upper
critical fields in this material family is particularly strik-
ing. η-carbide superconductors are cubic, centrosymmet-
ric, and three-dimensional, and therefore lack the low
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FIG. 5. Pressure-dependent superconducting properties of η-carbide–type compounds. (a) Normalized resistivity ρ(T )/ρ(12 K) of
Nb4Rh2C under various pressures, illustrating the evolution of the superconducting transition. (b) Temperature dependence of the upper
critical field μ0Hc2(T ) of Nb4Rh2C at selected pressures. (c) Superconducting onset temperature T onset

c as a function of pressure for
Nb4Rh2C, Ti4Ir2O, and Ti4Co2O. (d) Ratio μ0Hc2(0)/HPauli versus pressure for the same compounds, showing a crossover from weak-coupling
Pauli-limit-exceeding behavior at low pressure to values near or below the weak-coupling Pauli limit at high pressure. Data taken and replotted
from [22,77,78].

dimensionality or broken inversion symmetry that often
accompanies Pauli-limit violation in other systems. The emer-
gence of Pauli-limit-exceeding upper critical fields in these
structurally simple, metal-rich compounds is thus unexpected.
In addition to their fundamental significance, the exception-
ally high upper critical fields observed in η-carbide-type
superconductors may also be of technological relevance.
These compounds are chemically accessible through conven-
tional solid-state synthesis routes, exhibit robust cubic crystal
structures, and have upper critical fields as high as commer-
cially used materials.

VII. HIGH PRESSURE MEASUREMENTS
ON η-CARBIDE-TYPE SUPERCONDUCTORS

Hydrostatic pressure provides a powerful means to tune
crystal structures and electronic properties by continuously
modifying interatomic distances and bandwidths [76]. In con-
trast to chemical substitution, pressure offers a clean and
reversible approach to optimizing physical properties without
introducing disorder, phase separation, or compositional inho-
mogeneity.

η-carbide–type superconductors are hard intermetallic
compounds and therefore exhibit high structural robust-

ness under extreme conditions. Recent high-pressure x-ray
diffraction measurements have shown that their cubic crys-
tal structures remain stable to pressures of at least 50 GPa
[22]. Under compression, changes in electronic correlations
and electron–phonon coupling can significantly influence both
the superconducting transition temperature Tc and the upper
critical field μ0Hc2(0), providing valuable insight into the
mechanisms that govern superconductivity in this class of
materials. In the following, we review how external pressure
can either enhance or suppress Tc and Hc2(0) in different
η-carbide–type superconductors.

Shi et al. performed high-pressure studies on Nb4Rh2C
using x-ray diffraction and electrical transport measurements
over a wide pressure range [22]. They found that the crystal
structure remains stable up to at least 58 GPa. Despite this
structural robustness, pressure has a pronounced effect on
both the superconducting transition temperature Tc and the up-
per critical field μ0Hc2(0), as shown in Figs. 5(a) and 5(b). In
particular, Tc exhibits a nonmonotonic pressure dependence,
reaching a maximum value of approximately 11 K, currently
the highest Tc reported for an η-carbide-type superconductor.
Additionally, μ0Hc2(0) is progressively reduced with increas-
ing pressure, evolving from well above the Pauli paramagnetic
limit at ambient pressure to values below the limit in the range
of 40–50 GPa.
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In Figs. 5(c) and 5(d), we summarize the pressure depen-
dence of the superconducting transition temperature and the
degree of Pauli-limit violation for Nb4Rh2C, Ti4Ir2O, and
Ti4Co2O, highlighting the distinct material-specific responses
to external compression [22,77,78].

For Ti4Ir2O under pressure, Tc decreases gradually from
5.3 K at ambient pressure to 3.8 K at 50 GPa, while x-ray
diffraction measurements confirm that the cubic η-carbide
structure is preserved throughout compression, accompanied
only by a reduction of the lattice parameters [77]. The rel-
atively weak pressure dependence of Tc was attributed to
the strong incompressibility of Ti4Ir2O. Interestingly, the
zero-temperature upper critical field μ0Hc2(0) undergoes a
gradual crossover from values exceeding the weak-coupling
BCS Pauli limit to values below the limit at pressures above
approximately 35 GPa, as shown in Fig. 5(d).

For Ti4Co2O, pressure-induced enhancement of Tc has
also been reported, which has been attributed to increased
electron–phonon coupling and/or modifications of the elec-
tronic density of states at the Fermi level. Notably, Ti4Co2O
has been suggested to undergo a pressure-driven transi-
tion between distinct electronic or superconducting states,
further underscoring the sensitivity of superconductivity in
η-carbide–type compounds to external compression [78].

VIII. FIRST PRINCIPLES CALCULATIONS AND THEORY

The electronic structure of η-carbide-type compounds has
been repeatedly studied by density functional theory meth-
ods. The electronic structure of the prime η-carbide examples
W3Fe3C and W6Fe6C was investigated using the linear
muffin-tin orbital method [79]. Rather unsurprisingly, in η-
carbide-type compounds with 3d and 5d transition metals,
both d manifolds are partly occupied and pinned to the
Fermi level but 3d bands are more narrow than 5d bands
[80]. Fe3W3C, Fe6W6C, Co3W3C, and Co6W6C have been
studied in detail using the full-potential linearized augmented-
plane-wave basis [80]. The electronic structure of Zr4M2O
(M = Fe, Co, Ni) compounds was studied in comparison with
x-ray photoelectron spectroscopy experiments [57]. Further η-
carbide structured tungsten carbides and nitrides were studied
in Refs. [81,82]. DFT was also used extensively to investigate
the phase stability of η-Fe2C [83–87] and of filled Ti2Ni-type
phases [88–90].

The electronic filling of A4B2X η-carbide materials can
be modified by shifts in the A, B, and X elements and by
off-stoichiometry, in particular, in the X content. Shifting from
Zr to Nb or from Hf to Ta in the A position adds four electrons
to the formula unit. Shifting from Rh to Pd or from Ir to Pt
in the B position adds two electrons to the formula unit, and
replacing C by N or by O in the X position adds one and two
electrons, respectively, to the formula unit. Off-stoichiometry
has quite a strong effect in comparison; for X=C, a 16.7%
deficiency removes one electron from the formula unit. This
relationship is supported very precisely by comparison be-
tween density of states at the Fermi level N (EF) from rigid
band theory and N (EF) determined from specific heat mea-
surements [23,51].

The electronic structure of the A4B2X type η-carbide-
type compounds has been studied in some detail for Ti2Co,
Ti4Rh2O, Ti4Ir2O [30], for Nb4Rh2C1−δ [23], and for
Ta4Rh2C1−δ [51]. Figure 6 shows four examples of electronic
structures of superconducting η-carbide-type compounds (see
also Ref. [91] for the DOS of Zr4Pt2O). They are calculated
with the full potential local orbital basis [92] in combination
with a generalized gradient approximation (GGA) exchange
correlation potential [93]. We employ fully relativistic GGA
that includes the effects of SOC; this is relevant because
of the 4d and 5d transition metals. The effects of SOC on
the bands are significantly stronger for 5d compounds [51].
As the primitive cell of the Fd 3̄m A4B2X materials contains
Z = 4 formula units, i.e., 28 atoms, 24 of which are transition
metals, the electronic structure appears rather complex, with
240 d bands near the Fermi level. This also leads to complex
Fermi surfaces [30]. The four compounds Zr4Pd2N, Zr4Pd2O,
Zr4Pt2N, and Zr4Pt2O represent the isoelectronic substitution
of Pd by Pt [Figs. 6(a) and 6(c) and Figs. 6(b) and 6(d), respec-
tively]. For the small energy range shown here, the increase
of SOC and the differences in interatomic distances lead to a
substantial change of electronic structure so the isoelectronic
nature is not obvious. The addition of a single electron to the
formula unit by the replacement of N by O is seen in Figs. 6(a)
and 6(b) and Figs. 6(c) and 6(d), respectively. Addition of one
electron in rigid band approximation would shift the Fermi
level up by 0.14 eV for Zr4Pd2N or by 0.13 eV for Zr4Pt2N,
but the real change in electronic structure is far more substan-
tial. Overall, the four examples show that the weight of Zr
dominates at the Fermi level, even somewhat exceeding the
weight of Zr in the stoichiometry. Pd and Pt also contribute to
the DOS at the Fermi level, but N and O are negligible.

As mentioned above, the large upper critical field ob-
served in some η-carbide superconductors like Zr4Pd2O [60],
Nb4Rh2C1−δ [23], and Ti4Ir2O [30] was studied theoretically
in Ref. [75]. Focusing on the electronic structure of Ti4Ir2O,
the authors observed that the Fermi surface is dominated by
a pocket at the X point, especially for certain values of hole
doping [see Fig. 7(a)]. They applied kp theory to model this
pocket. While the simple elliptical pocket is not relevant for
the material Ti4Ir2O, the authors found a sharp enhancement
of the Pauli critical field for particular values of the chem-
ical potential. The cause of the enhancement was a local
suppression of the effective g-factor, as the logarithm of this
quantity was averaged over the Brillouin zone to obtain the
Pauli limiting field. For Ti4Ir2O, the authors applied a higher
order kp theory and found the Pauli limiting field shown in
Fig. 7(b). For the considered (hole doping) chemical poten-
tials, the Pauli field is always above 2 (also see discussion
above).

IX. CONCLUSION AND OUTLOOK

In this review, we have surveyed recent progress on su-
perconductivity in η-carbide–type compounds, a family of
metal-dense materials that combine high crystallographic
symmetry with intricate multiband electronic structures. η-
carbide-type compounds have recently emerged as a distinct
class of superconductors characterized by wide composi-
tional flexibility and systematic chemical tunability. Bulk
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FIG. 6. Fully relativistic electronic band structures and projected densities of states (DOS) for representative superconducting η-carbide–
type compounds calculated within GGA including spin–orbit coupling (GGA + SO). (a), (b) Zr4Pd2N and Zr4Pd2O; (c), (d) Zr4Pt2N and
Zr4Pt2O, all in the cubic Fd3m structure. Element-resolved DOS highlights the dominant transition-metal contributions near EF.

superconductivity in these materials has now been firmly
established through transport, magnetic, and thermodynamic
measurements. Investigations on phase-pure compounds have
resolved ambiguities in the literature and defined a grow-
ing set of well-characterized superconductors, with transition
temperatures approaching 10 K and, in several cases, excep-
tionally large upper critical fields.

FIG. 7. (a) Fermi surfaces for four bands of Ti4Ir2O at different
levels of hole doping. The topology changes as function of chemical
potential. (b) Higher order kp theory result for the enhancement of
the Pauli field (left scale) and the density of state at the Fermi level
as function of the chemical potential (reprinted with permission from
Ref. [75]).

A central finding highlighted throughout this review is
the prevalence of exceptionally high upper critical fields
in several η-carbide superconductors, even exceeding the
weak-coupling BCS Pauli paramagnetic limit. This behavior
is surprising given the centrosymmetric, three-dimensional,
and structurally isotropic nature of these compounds. Exper-
imental studies reveal that Pauli-limit violation is a robust
and reproducible feature in multiple members of the family,
while high-pressure measurements demonstrate that both the
superconducting transition temperature and the degree of
Pauli-limit exceedance can be continuously tuned without
structural phase transitions. The systematic suppression of
Pauli-limit violation under pressure further indicates that the
high-field behavior is intimately linked to the electronic struc-
ture rather than to extrinsic disorder or structural instabilities.

Density-functional studies reveal complex, multiband elec-
tronic structures with strong spin-orbit coupling effects arising
from the nonsymmorphic Fd3m symmetry and the presence
of heavy transition-metal elements. Recent theoretical work
has shown that symmetry-protected spin-orbit-coupled states
near the Fermi level can strongly renormalize the effective
electronic g-factor, offering a natural explanation for the
enhanced Pauli-limiting field observed in compounds such
as Ti4Ir2O. At the same time, experimental indications of
multiband superconductivity, enhanced Wilson ratios, and
anomalous thermodynamic responses suggest that strong cou-
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pling and correlation effects may also play an important
role.

Looking forward, several directions appear particularly
promising. First, direct experimental probes of the effective
g-factor, such as quantum-oscillation or spin-resolved spec-
troscopic measurements, are essential to establish whether
Pauli-limit exceedance in this family is governed primar-
ily by spin–orbit–driven renormalization or by alternative
mechanisms. Second, further high-field thermodynamic and
transport studies are needed to assess the possible emergence
of exotic high-field superconducting states, including the pro-
posed FFLO finite-momentum pairing. Third, the remarkable
compositional variability of the η-carbide framework offers a
platform for materials design. This may include the controlled
tuning of electron count, transition-metal species, and light-
element occupancy, which may provide access to band filling
and spin-orbit coupling strength.
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