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Abstract
The present review article discusses the physics of the non-oxide perovskite
superconductor MgCNi3 on the basis of theoretical and experimental results
available on the material up to July 2004. It was discovered following on from
the breakthrough of the finding of the MgB2 superconductor at the beginning of
2001, which has subsequently been intensively studied; however, less attention
has been paid to it due to its much lower superconducting transition temperature,
Tc (∼8 K), as compared to that of MgB2 (Tc ∼ 39 K). But it has many
interesting properties which need to be focused on to obtain an understanding
of its complicated physics. Energy band calculations show that the density
of states (DOS) at the Fermi level, N(EF), is dominated by Ni d states and
there is a von Hove singularity in the DOS just below EF (<50–120 meV). It
is surprising that the conduction electrons in it are derived from partially filled
Ni d states, which typically lead to ferromagnetism in metallic Ni and many
Ni-based binary alloys. MgCxNi3 has a simple cubic perovskite structure with
space group Pm3̄m and the lattice parameter a is ∼3.812 Å for x ∼ 0.97 at
ambient temperature and pressure. However, the Ni6(O6) octahedron is locally
distorted from those expected in the perfect cubic Pm3̄m form. The carbon
atom of MgCNi3 at the body centre is surrounded by six Ni atoms at the face
centred positions and eight Mg atoms at the cube corners. The carriers in it are
of electron type in the normal state, although theoretically they were predicted
to be of hole type. Tc increases with increase of x in MgCx Ni3, but generally
decreases with Ni site doping with Co, Fe, Mn, Cu etc. Theoretically, the
DOS peak should be greatly reduced by doping at the Mg or Ni site, which
accounts for the reduced Tc. The Tc is found to increase with increase of the
external pressure (P) at a rate of dTc/dP ∼ 0.0155 K kbar−1, which is the
same as that for the intermetallic RNi2B2C (R = rare earth) superconductors
but about one order lower than that for MgB2. The Tc(P) result focuses
our attention on the feature that N(EF) should increase with pressure due to
the broadening of the energy level. Also, a controversial magnetoresistance
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is reported. It has been observed that the electronic contribution is slightly
higher than the lattice one in the normal state thermal conductivity. Specific
heat and tunnelling spectroscopic studies indicate that this is an s-wave BCS-
type weak/moderate coupling type-II superconductor, but this needs further
confirmation as the penetration depth distinctly exhibits a non-s-wave BCS low
temperature behaviour which theoretically suggests a d-wave superconductor.

Contents

1. Introduction 1238
2. Synthesis of MgCNi3 1239

2.1. Polycrystalline bulk 1239
2.2. Chemical doping in MgCNi3 polycrystalline bulk 1241
2.3. Thin film 1241

3. The spectroscopic characterization and structure of MgCNi3 1242
4. Electrical properties 1244

4.1. The critical temperature (Tc) 1244
5. Magnetic properties 1251

5.1. Critical fields (Hc1 and Hc2) 1251
5.2. The critical current density (Jc) 1253
5.3. The normal state magnetoresistance (MR) 1255
5.4. The Hall effect 1255

6. Thermal properties 1257
6.1. The thermal conductivity (k) 1257
6.2. The thermoelectric power (TEP) 1258
6.3. The specific heat (C) 1258

7. Mechanical properties 1262
8. The energy gap of MgCNi3 and the type of superconductivity 1264
9. Theoretical studies 1265
10. Conclusions 1272
11. Future scope of work 1274

Acknowledgments 1274
References 1274

1. Introduction

Since the discovery of the new intermetallic non-oxide perovskite superconductor MgCNi3
by He et al [1], following on from that of MgB2 [2], extensive experimental [3–48] and
theoretical [47–69] studies have been carried out on it. It has a perovskite structure [1] like
that of CaTiO3 with equivalence of Ca to Mg, Ti to C and O to Ni. Its structure is also
like that of the 30 K non-cuprate oxide cubic superconductor [1] Ba1−x KxBiO3. The high
proportion of Ni in this compound suggests that magnetic interactions may play a dominant
role in explanations of its superconductivity. In fact, the density of states (DOS) in the vicinity
of the Fermi level is dominated by the Ni d states [49–54], though it is not large enough to induce
magnetic instability [51] but is associated with the superconducting properties [53]. Ni K-edge
x-ray absorption measurements [16] reveal that the Ni6(O6) octahedra are locally distorted
from those expected for the perfect cubic Pm3̄m form and electronic states in the vicinity
of the Fermi level are mostly derived from the Ni d states and are degenerate. Experimental
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investigation and theoretical computation reveal that there is a von Hove singularity (vHs)
of the DOS just below EF (<50–120 meV) [15, 54]. These bands are very narrow as
they cannot disperse about the many points of high symmetry in the simple cubic Brillouin
zone [50]. The degeneracy in the structure can be lifted by small perturbations such as electron–
phonon (e–ph) interactions and lowering of the symmetry from cubic through Peierls-type
transitions. The 13C NMR investigation on this material [3] suggests that the electronic
states reach modestly mass enhanced Fermi-liquid-like states prior to the superconducting
transition. Evident structural inhomogeneity was detected by Li et al [7], with the appearance
of regular superconducting domains of average size ∼4 nm. The temperature dependence
of the structural parameters revealed by neutron diffraction study shows that there are no
unusual changes in these [5] near Tc. The covalent character of the Ni–C bond implies that
although most of the amplitude of the electron wavefunction resides on the Ni d, there might
be spatial distribution of charge and spin governed by the Ni–C hybridization and Coulomb
and e–ph interactions [70]. Lattice distortion associated with charge density waves (CDW)
and long range antiferromagnetic (AF) ordering consistent with spin density waves (SDW) are
not revealed in MgCNi3 [1, 5]. Single-phase perovskite structure in MgCx Ni3 is found [12]
only in a narrow range of carbon content (0.88 < x < 1.0). The doping of the Ni site with
Cu and Co decreases Tc significantly [6, 10]. Rosner et al [54] have suggested that MgCNi3
is near a ferromagnetic instability that can be reached by hole doping on the Mg site (if 12%
Mg is replaced by Na or Li, i.e., 0.04 hole/Ni) and the effective carriers are Ni-derived holes
of very high band mass although the Hall coefficient and thermoelectric power data show
that the carriers in this superconductor are electrons [4, 7]. Shein et al [53] have shown
theoretically the deterioration of the superconducting characteristics of MgCNi3 that occurs
upon hole doping in MgC1−x Ni3 compositions. No magnetic solution is found for MgCNi2Co
and MgCNiCo2 [56]. This indicates that the hole doping does not produce a magnetic instability
which could be responsible for pair breaking [56]. The decline of the superconductivity upon
electron doping (MgCNi3−x Cux) is due to the filling of antibonding states and a sharp drop
in DOS at the Fermi level, N(EF) [53]. Thus there are many interesting properties of this
non-oxide perovskite superconductor. The present review discusses the synthesis of MgCNi3
along with its electronic, magnetic, thermal, mechanical and optical properties in the light of
experimental findings and theoretical computations.

2. Synthesis of MgCNi3

2.1. Polycrystalline bulk

MgCx Ni3 samples with x = 0.9–1.5 were prepared by He et al [1] using as raw materials Mg
flakes, fine Ni powder and glassy spherical carbon powder. The starting materials were properly
mixed and pressed into pellets. The pellets were placed into Ta foil, put in an alumina boat and
fired in a quartz tube furnace in a mixed gas (95% Ar and 5% H2) environment. The samples
were heat treated at 600 ◦C for 1/2 h and this was followed by treatment for 1 h at 900 ◦C.
Then these were cooled, ground, pressed and heated at 900 ◦C for one more hour. Owing to the
volatility of Mg, 20% excess of its stoichiometric ratio was added to the initial mixture. The
preparation procedures of other groups are almost the same as that of He et al [1], as shown
in table 1. Although most of the groups used Mg flakes, Ni powder and glassy C powder as
raw materials with the final heat treatment temperature as 900 ◦C and Ta foil for wrapping or
positioning the sample, there is a lot of variation as regards the starting mixture of raw materials,
the final heat treatment time and the annealing environment (table 1). For example, Li et al
[4, 7] prepared a sample with nominal formula Mg1.2C1.4Ni3 in a stainless steel reactor under
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Table 1. Summary of different recipes for the synthesis of Mgx Cy Ni3 superconductor. Mg flakes,
Ni powder and glassy C powder are used as the starting raw materials. Only the final heat treatment
time, temperature and environment are shown. Ta foil was used by different groups either to wrap
the sample or to place the sample on.

Annealing Annealing Annealing
x y time (h) temperature (◦C) environment References

1.0 0.9–1.5 2 900 95% Ar + 5% H2 [1]
1.2 1.4 2 900 Ar [4, 7]
1.0–1.3 0.7–1.55 2 900 95% Ar + 5% H2 [8]
1.0 1.0 3 900 Vacuum [13]
1.2 1.45 2 900 Vacuum [15]
1 1.45 8 900 Ar [19]
1.0 1.0 3 900 Vacuum [23]
1.2 1.6 — 900 Ar [24]
0.5–1.55 1.0 4–30 850–1000 Vacuum [28, 47]
0.75–1.55 0.85–1.45 4–30 850–1000 Vacuum [28, 47]

an Ar atmosphere in a glove box. A heat treatment like that of He et al [1] in a tube furnace
under Ar resulted in dense samples of length 7 mm and width 2 mm. Lin et al [13] started with
the appropriate stoichiometric ratio, but added 20% excess of Mg over its stoichiometric ratio
and the final pellets were annealed at 900 ◦C for 3 h in an evacuated quartz tube. The nominal
composition of MgC1.45Ni3 was sintered at 900 ◦C for 8 h in flowing argon [19]. Kim et al [15]
mixed powder with the nominal composition Mg1.2C1.45Ni3. This was heated at 900 ◦C for
2 h and quenched. Afterwards, they [15] put the sample in a high pressure cell and annealed
it under a pressure of 3 GPa at 900 ◦C for 1/2 h to get a dense sample for photoemission
spectroscopy (PES) and x-ray absorption spectroscopy (XAS) studies. Bulk alloy samples
of Mgx CyNi3 (1.0 < x < 1.3, 0.7 < y < 1.55) were prepared by Li et al [8] using the
conventional method [1]. Despite the fact that most of the groups used the final annealing
temperature of 900 ◦C (table 1), there are some reports of synthesis with a temperature of
850–1000 ◦C [28, 47]. Non-superconducting α-MgCx Ni3 and superconducting β-MgCx Ni3
phases are found in the MgCxNi3 system for x < 1.0 and x > 1.0 [28] respectively, depending
on the annealing temperature. Non-superconducting α-MgCx Ni3 with x < 1.0 was prepared
at a temperature lower than 965 ◦C. However, superconductingβ-MgCx Ni3 exists for x > 1.0,
prepared at a temperature of 900–985 ◦C, and for x < 1.0, prepared at a temperature higher
than 965 ◦C. MgCxNi3 (x = 0.5–1.55) and Mgx CyNi3 (x = 0.75–1.55, y = 0.85, 1.0
and 1.45) systems were synthesized in an evacuated quartz tube placed in a box furnace and
heated to the designed temperature (850–1000 ◦C) for 4–30 h; this was followed by furnace
cooling to room temperature [28, 47]. In addition to being obtained by the conventional
method [1], MgCNi3 was synthesized from the Mg, Ni and graphite powders by mechanical
alloying (MA), in which the preliminary condition for the formation of MgCNi3 was the
advance formation of Mg2Ni [25]. Mgx CyNi3 was prepared in two steps [26]; no evidence of
Mg loss due to volatilization or of unreacted C was found at the end of the preparation. A new
and feasible way to prepare MgCNi3 under ambient conditions by ball milling (BM) Mg, Ni
powder and paraffin or graphite was presented by Ouyang et al [44]. It was found that paraffin
was partially dissociated during ball milling, which resulted in free carbon and hydrogen
being incorporated within the Mg–Ni alloy powder in increasing amounts with increasing
milling time. Recently, formation of transition metal boride and carbide perovskites related
to superconducting MgCNi3 in the ternary systems AXM3 (A = Mg, Ca, Sc, Y, Lu, Zr, Nb;
X = B; M = Ni, Ru, Rh, Pd, Pt) was reported by Schaak et al [27].
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Table 2. Summary of different recipes for the preparation of Mgx CyNi3−zMz (M = doping
element) superconductor from Mg flakes, Ni powder, glassy C powder and M metallic powder.
The final heat treatment temperature was 900 ◦C for all cases except those of [10] and [33]. Ta foil
was used by different groups either to wrap the sample or to place the sample on.

Time Excess Excess Max.
x y z M (h)a Atmospherea Mg (%) C (%) Tc (K) References

1.2 1.5 0.03–0.75 Co 2 95% Ar + 5% H2 20 50 6.6 [6]
1.0 1.0 0.03–0.09 Cu 2 95% Ar + 5% H2 20 50 6.5 [6]
1.0 1.45 0–3.0 Co 5 Vacuum 20 — 7.5 [10]b

1.0 1.0 0.05–0.30 Fe 2 92% Ar + 8% H2 20 50 8.5 [18]
1.0 1.0 0.05–0.40 Co 2 92% Ar + 8% H2 20 50 7.7 [18]
1.0 1.0 — Ag 2 Vacuum — — 6.6 [21]
1.2 1.5 0–0.05 Mn 7 Ar — — — [33]b

a Final heat treatment time and atmosphere.
b The final heat treatment temperature is 950 ◦C.

2.2. Chemical doping in MgCNi3 polycrystalline bulk

Chemical doping and diffusion of metallic particles in MgCNi3 have been reported by several
groups [6, 10, 18, 21, 33, 34, 36–38, 41]. The recipes for the syntheses by some groups are
summarized in table 2. Most of the groups doped at the Ni site. However, the effect of doping
at the Mg site is also studied [38, 41]. The preparation technique is over all conventional
types [1]. Excess Mg and C in initial mixtures are found to be favourable for obtaining
single-phase samples (table 2). Mgx CyNi3−zMz (z = 0.05–0.30 and M = Fe, Co) were
prepared [18] following the procedure of He et al [1] using the starting materials Mg, Ni,
Fe, Co and amorphous carbon. Mg and C were taken with respectively 20% and 50% excess
to get the required stoichiometry in the final sample. The final heat treatment atmosphere
was also a little different (tables 1 and 2) to that of He et al [1]. Mgx CyNi3−zMz (M = Cu,
z = 0.03–0.09; M = Co, z = 0.03–0.75) samples were synthesized by Hayward et al [6] using
the initial stoichiometry of Mg1.2C1.5Ni3−x Mx . Ren et al [10] prepared Co doped (z = 0–3.0)
samples in vacuum at a higher temperature (950 ◦C). Mn doped samples with x = 1.2, y = 1.5
and z = 0–0.5 (table 2) were synthesized at a slightly higher temperature with a higher heat
treatment time in Ar [33]. Complete and partial replacement of Mg by Zn was carried out and
ZnCNi3 and (Mg0.85Zn0.15)CNi3 were prepared from the nominal compositions Zn1.2C1.3Ni3
and (MgZn)1.2C1.3Ni3, respectively, under a high purity Ar atmosphere [38, 41]. The pellets
were reacted for 1 h at 900 ◦C, rapidly quenched to room temperature, then treated again for
2 h at 1000 ◦C. Excess Zn and C were used to compensate for the Zn evaporation during the
reaction and to ensure full C incorporation, respectively. Ag diffused MgCNi3 was synthesized
by Liu et al [21] using stoichiometric MgCNi3 pellets and a highly pure thin piece of Ag. These
were wrapped in a Ta foil, sealed in a quartz tube, sintered at 900 ◦C for 2 h and cooled down
to room temperature.

2.3. Thin film

So far, there has been only one report on the preparation of MgCNi3 as a thin film [20].
The metastable intermetallic CNi3 precursor films were deposited onto sapphire substrates by
electron beam evaporation of CNi3 targets. High purity graphite and nickel were used as the
buttons, with initial composition CNi3.25, to avoid the loss of Ni during the melting process.
The films were grown with a typical growth rate ∼0.1 nm s−1 in a vacuum of 2 µTorr at room
temperature and were handled in air. The adherent and pristine CNi3 films were subsequently
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Figure 1. The powder neutron
diffraction pattern at ambient temper-
ature for MgC1.25Ni3; the inset shows
the crystal structure of MgCNi3 [1].

exposed to Mg vapour at 700 ◦C by sealing in a quartz tube in vacuum with 0.1 g of Mg metal.
The entire quartz tube was rapidly quenched after heating for 20 min leading to the MgCNi3
thin film formation.

It should be noted that although polycrystalline MgCNi3 has been extensively studied in
the form of bulk or thin film, it has not yet been investigated in the form of single crystal or
wires/tapes. Thus there is immense scope for research focusing on the changes of properties
(if any) in the above-mentioned form compared to those of the polycrystalline bulk and thin
films.

3. The spectroscopic characterization and structure of MgCNi3

This intermetallic MgCNi3 superconductor is found to possess the classical cubic perovskite
structure with the space group Pm3̄m and the lattice constant a ∼ 3.812 21 Å at
295 K [1, 5, 14, 21, 29]. Its neutron diffraction pattern and the atomic positions of the unit
cell are shown in figure 1. From neutron diffraction study, it is found [1, 5] that the formula
for the superconducting phase is MgC0.96Ni3 for the nominal composition MgC1.25Ni3. This
is due to the small amount of unreacted graphite found in the sample [1, 5]. The C site
occupancy is also found to be 0.960(8), by Ren et al [10]. The positions of the atoms are:
Mg 1a (0, 0, 0); C 1b (0.5, 0.5, 0.5); Ni 3c (0, 0.5, 0.5), respectively with temperature factors
0.90(3), 0.54(4) and 0.75(1) Å2 [1, 5]. Figure 2 shows the x-ray diffraction (XRD) spectrum
of MgCNi3 with unreacted Ni peaks. Mgx CyNi3 (1.0 < x < 1.3, 1.0 < y < 1.55) samples
reveal evident structural inhomogeneity [8]. Regular domains, with an average size as small
as ∼4 nm, appear commonly in the superconducting phase [8]. This structural phenomenon
is qualitatively explained in terms of the perovskite cubic structure of MgCNi3, modulated
locally by the variable stoichiometry on the C sites. The presence of the local C deficiency
can be a dominant factor affecting the crystal structure and superconductivity. Single-phase
perovskite structure is found only in a narrow range of carbon content, 0.88 < x < 1.0, in
MgCx Ni3 [12]. The introduction of carbon vacancies has significant effects on the positions
of the Ni atoms. No evidence for long range magnetic ordering is observed by means of
neutron diffraction for carbon stoichiometries within the perovskite phase stability range [12].
No homogeneous region with changeable content of Mg exists in Mgx CyNi3 (x = 0.75–1.55
and y = 0.85–1.45) systems [28]. The electronic structure of MgC1−xNi3 obtained by x-ray
photoemission spectroscopy (XPS) and x-ray absorption spectroscopy (XAS) shows that the
overall band structure is in reasonable agreement with band structure calculations, including
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Figure 2. The x-ray diffraction
pattern of pristine MgCNi3. The lines
marked with an asterisk correspond to
unreacted Ni [18].

the existence of a von Hove singularity (vHs) near EF [15]. However, the sharp vHs peak
predicted theoretically near EF [54] is substantially suppressed. As for the Ni core level
and absorption spectrum, there exist satellites of Ni 2p which have a slightly larger energy
separation and reduced intensity compared to the case for Ni metal [15]. These facts indicate
that correlation effects among Ni d electrons may be important for understanding various
physical properties. The onset of local distortions can be closely related to the removal of the
degeneracy in the electronic states dominated by the Ni d bands [16]. The validity of the band
structure calculations is confirmed by x-ray emission (C Kα, Ni L2,3 and Co L2,3) and x-ray
photoelectron spectra [56].

In the MgC1.45Ni3−x Cox system [10], the lattice parameter decreases slightly with
increasing x (figure 3). Thus, Shein et al [56] have used the same lattice parameter for all Co
doped MgCNi3 compounds because the changes in the lattice parameter from MgC1.45Ni3 to
MgC1.45Co3 are found to be negligible [10]. Kumary et al [18] also find no significant changes
of lattice parameter upon partial replacement of Ni with Fe or Co. It should be noted that
in situ high pressure energy dispersive x-ray diffraction has also revealed that the structure
of MgCNi3 is stable under a pressure of ∼22 GPa [30]. Therefore, the chemical and the
external pressure have the same effect on the lattice parameter [10, 15, 18, 30]. It decreases
by only about 1% with Ag diffusion [21]. The XRD spectrum of Ag–MgCNi3 also exhibits
a series of Ag crystal peaks [21] corresponding to the known cubic structure with the lattice
parameter 4.1065 Å. The XRD results show that a small amount of Ag is substituted at Ni
sites, and much of the Ag is in vacancy sites of the Ag diffused MgCNi3 [21]. Actually, the
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Figure 3. Lattice parameter ver-
sus x for the nominal composition
MgC1.45Ni3−x Cox [10].

Ag is mostly located at the grain boundaries. The volume fraction of Ag on the surface of the
samples is estimated at about 7.7% from XRD studies [21]. Raman spectroscopy reveals that
Ag–MgCNi3 has a special Raman peak at around 842.1 cm−1 compared to that of C [21]. The
surface properties of Ag–MgCNi3 have been studied using Raman scattering spectra and x-ray
photoemission spectra (XPS) [21]. The coexistence of metal magnesium and magnesium oxide
in the surface areas of Ag–MgCNi3 is consistent with the results obtained from transmission
electron microscopic (TEM) analysis.

Huang et al [5] report the structural parameters of superconducting MgCxNi3 (x = 0.96,
Tc = 7.3 K) as a function of temperature, from 2–295 K, as determined by neutron powder
diffraction profile refinement. It is established that the compound has the perovskite structure
over the whole temperature range and no structural or long range magnetic ordering transitions
are observed [5]. There are no unusual changes of the structural parameters near Tc [5]. This is
also confirmed by the Ni K-edge x-ray absorption fine structure (EXAFS) over the temperature
range of 3–300 K, which exhibits no anomaly near Tc ∼ 7 K [16]. However, the symmetry
of Ni6 octahedra below the temperature T ∗ ∼ 70 K is lower than cubic Pm3̄m [16]. Both
the uniform spin susceptibility and the spin fluctuations show a strong enhancement with
decreasing temperature and saturate below ∼50 and 20 K, respectively, as observed from
13C nuclear magnetic resonance (NMR) characterization [3]. The lattice parameter a and the
Debye–Waller factors for the individual atoms decrease smoothly with decreasing temperature.
The lattice parameter aT at any temperature T can be fitted with [5]

aT = a0 + αT + βT 2, (1)

where a0 = 3.8066 is the value of a at T = 0 K; α (=3.7985×10−6) and β (=5.3493×10−8)

are the polynomial coefficients. The thermal expansion of the model parameter cannot be
fitted, unlike that for MgB2 superconductor, with a model where the behaviour is dominated
by a single phonon energy [52], which is expected as the strongly bonded network of light
atoms (B) present in MgB2 is absent in MgCNi3. Thus there is the trend of decreasing lattice
parameter with decrease of the temperature and increase of the Co doping [5, 10] although the
effect of Co doping is negligible.

4. Electrical properties

4.1. The critical temperature (Tc)

The critical temperature (Tc) of a superconductor is determined as the average of the onset
and end point temperatures. The upper part of figure 4 shows the temperature variation
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Figure 4. The temperature (T ) variation of the resistivity (ρ) and the thermoelectric power (S) for
sample A (MgCNi3) at ambient pressure. The inset shows the resistivity (ρ) for the three MgCx Ni3
samples with x = 1.0 (A), x = 1.25 (B) and x = 1.5 (C) near Tc [17].

of the resistivity for MgCxNi3 samples for x = 1 (A), 1.25 (B) and 1.5 (C). He et al [1]
observe Tc from resistivity measurements for a sample with nominal composition MgC1.5Ni3
as 8.4 K with the onset temperature as 8.5 K and a 90%–10% transition width at 0.1 K. The
Tc onset of the same sample is found from magnetization measurements as 7.4 K, whereas
that from specific heat (C) studies is 6.1 K. Differences among the values of Tc derived from
resistivity, magnetization and specific heat measurements are also found by several other
groups [4, 7, 13, 17]. Different values of Tc being obtained by different techniques is also
a well known fact for other intermetallic and oxide superconductors; they mainly depend on
the sample homogeneity and transition width. Young et al [20] report on the Tc of MgCNi3
thin films with thickness 7.5–60 nm (figure 5). Films thicker than ∼40 nm have Tc ∼ 8 K,
which is comparable to that of polycrystalline bulk samples. Tc decreases with decrease of
the film thickness as shown in figure 5, becoming the minimum for the film with thickness
7.5 nm [20]. It should be mentioned that Artini et al [31] observe double superconductive
transitions, with one ∼10 K higher than that (∼8 K) reported by others [1, 4, 7, 13, 17] and a
second one at ∼6 K. In the following, the internal (chemical) and external pressure effects on
the Tc of MgCNi3 have been discussed.
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Figure 5. The temperature depen-
dence of the resistivity for MgCNi3
films with different thicknesses. The
curves correspond from left to right to
MgCNi3 layer thicknesses of 7.5, 15,
20, 30, 45 and 60 nm [20].

4.1.1. The internal pressure (chemical doping) effect. The Tc of MgCx Ni3 is sensitive to the
carbon content as shown in table 3. The Tc varies from 6.4 to 8.4 K depending on the value of
x (table 3). MgCx Ni3 (x = 1.0–1.5) samples reveal an increase of Tc [17] with increase of x
(figure 4). The highest Tc corresponds to x ∼ 1.45–1.5 and decreases with further increase of
x [1, 10, 11, 17, 19, 48]. The Tc is found to decrease systematically with decreasing carbon
concentration [12] from the stoichiometric value. It is concluded from theoretical calculations
that the absence of superconductivity for non-stoichiometric compositions MgC1−x Ni3 is due
to the transition of the system to the magnetic state [53]. Excess of Mg and C in the initial
material mixture is favourable for improving Tc and for obtaining single-phase samples [1, 10].
The Tc of MgC1.45−x Bx Ni3 decreases with increase of x up to 0.10 and then it becomes non-
superconducting for x = 0.15–0.20 [10]. The Tc of Ag–MgCNi3 (∼6.6 K) is lower than that
of pure MgCNi3 [21]. The complete replacement of Mg by Zn in ZnCNi3 causes it to become
paramagnetic without the onset of superconductivity down to ∼2 K [38].

Doping at the Ni site with Co, Fe, Mn, Cu etc also causes a decrease of Tc (table 2)—except
the initial increase with Fe doping [18]. Calculation of the expected electronic DOS suggests
that electron (Cu) and hole (Co) doping should have different effects on Tc [6]. However,
the Tc of MgCNi3−zCuz decreases systematically from 7 to 6 K for z = 0.1 [6]. It is also
observed by other groups that both electron (Cu) and hole (Co, Fe and Mn) doping quench the
superconductivity of MgCNi2T (T = Co, Fe, Mn and Cu) [36, 37]. Consequently, comparing
with the hole (Co) doping, we see that there is not much difference between Cu and Co doping,
which is opposite to what observed by Hayward et al [6]. As the metallic doping at the Ni site
finally leads to non-superconducting phases, the maximum Tc of Mgx CyNi3−zMz (M = metal)
for lower metallic doping concentrations (z) is shown in table 2. The Tc of MgC1.45Ni3−zCoz

decreases gradually with increasing z [10]. A small superconducting transition is observed for
the sample with z = 1.5, which indicates that the superconducting volume fraction decreases
upon substitution of Co for Ni. This is inconsistent with the finding of [6], where z above 0.03
completely suppresses the superconductivity. Kumary et al [18] also monitored the decrease
of Tc with increase of the Co content. No magnetic solution was found for MgCNi2Co and
MgCNiCo2 [56]. This indicates that the hole doping does not produce the magnetic instability
which could be responsible for pair breaking [56]. Again, no long range magnetic ordering is
observed in the magnetic susceptibility of MgCNi3−zCoz [6]. The Co doping of MgCNi3 is
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Table 3. Some important characteristic parameters of MgCx Ni3.

Parametersa Values of parameters

x 1.0 1.0 1.5 1.6 1.0 1.0 1.4 1.0 1.0
Tc (K) 7.63 6.4 8.4 6.8 7.3 7 8 8 6.7
Hc2(0) (T) 14.4 11.5 12.8 11.0 16 11.8 15 14 —
Hc(0) (T) 0.19 0.29 — 0.18 0.6 — — — —
Hc1(0) (mT) 10 — — 11.3 12.6 — — — —
ξGL(0) (Å) 46 56 50 54.7 45 — 47 50 —
λGL(0) (Å) 2480 1800 — 2370 2300 — — — —
κ(0) 54 — 66 43.3 51 — — — —
γn (mJ K−2 (mol Ni)−1) 10.03 11.2 10 10.5 — 11.3 — — 9.8
θD (K) 284 287 — 292 — 351 206 — 256
n (1022 cm−3) — — — — — — 1.0 4.2 —
λ — 0.83 0.77 0.84 — 0.66 1.4 — 0.79
	C/γn Tc 2.1 1.97 1.9 2.09 — 1.7 — — —
2	/kBTc 4.4 �4 — 3.75 — ∼5 — — —
	 (meV) 1.5 1.1 — 1.1 — 1.5 — — —
References [9] [13, 14] [1, 11] [48] [23] [47] [4, 7] [20] [38]

a The symbols are explained in the text.

accompanied by a reduction of the DOS at the Fermi level, which seems to be responsible for
the reduced superconductivity in the MgCNi3−zCoz system [56]. An increase followed by a
decrease of Tc is observed if Ni is replaced by Fe [18]. The maximum Tc is found by monitoring
when the Fe concentration is 0.05. The authors of [18] argue that the spin fluctuation effect
would be less for Fe substituted compounds as compared to that for Co substituted ones for low
concentration of doping. The detected variation of Tc is explained in terms of the competition
between an increase in Tc due to increase in the DOS and a decrease in spin fluctuation [18].
Conversely, Alzamora et al [34] find that the Fe doping in MgC(Ni1−x Fex)3 (0 � x � 1.0)
quickly reduces Tc, completely destroying the superconducting state for x ∼ 0.04. It is
confirmed that Co and Fe dopants in MgCNi3 behave as a source of d band holes [36, 37] and
the suppression of superconductivity occurs faster for the Fe doped compared to the Co doped
case, which is in contrast to the finding of Kumary et al [18]. So the above discussion suggests
that doped Co and Fe do not act as magnetic impurities in MgCNi3. On the contrary, the rapid
loss of superconductivity for Co replacement of Ni is argued to be consistent with magnetic
quenching of the superconductivity [6]. It is also suggested that Co is a very strong magnetic
impurity rather than a source of hole doping [6], which is opposite to the observation of other
groups [6, 18, 36, 37, 53, 56]. Again, the establishment of an ordered magnetic state is observed
for Fe concentration (z � 0.3) far above the concentration for which the superconducting state
has completely disappeared [34]. In addition, Das and Kremer [33] observe a rapid suppression
of the superconductivity (∼−21 K/at.% Mn) in Mn substituted MgCNi3. Doping with only
0.3 at.% of Mn completely destroys the superconductivity in MgCNi3−zMnz via pair breaking
effects due to moment formation for Mn [33]. This is consistent with the observation of Ren
et al [10] who find that the suppression effect is smaller for Co than for Mn, when replacing
Ni. Thus the doping effect needs further investigation to settle the controversies.

4.1.2. The external pressure effect. High pressure (P) plays an important role as regards the
Tc of the intermetallic superconductors [71–77]. The P can change the electronic structure,
phonon frequencies and electron–phonon coupling, affecting the Tc. Isotropic pressure will
not affect too much the electronic structure but anisotropic compression will cause large
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Table 4. The superconducting transition temperature Tc (determined from the mid-point of the
resistive transition for MgCx Ni3) at ambient pressure, dTc/dP and d ln Tc/dP for some metallic
as well as some intermetallic superconductors.

Sample dTc/dP d ln Tc/dP

composition Tc (K) (10−2 K kbar−1) (10−3 kbar−1) References

MgB2 38.6 −8.0 −2.07 [72]
MgB2 37.5 −16.0 −4.26 [73]
LuNi2B2C 15.9 +1.88 +1.18 [75]
V 5.3 +1.0 +1.88 [81]
Ta 4.3 −0.26 −0.60 [82]
MgCNi3 7.69 ∼−1.0 ∼−1.30 [18]a

MgCNi3 7.69 ∼+0.75 ∼+0.97 [18]b

MgCx Ni3 (A) 6.9 +1.55 +2.24 [17]
MgCx Ni3 (B) 7.4 +1.34 +1.81 [17]
MgCx Ni3 (C) 7.9 +1.52 +1.92 [17]

a Below the pressure of 17 kbar.
b Above the pressure of 17 kbar.

pressure induced changes due to the change of bonding strength in different crystallographic
directions [71]. Yang et al [17] have measured the hydrostatic pressure dependent ac magnetic
susceptibility (χac) of MgCx Ni3 using the piston–cylinder self-clamped technique [78]. The
hydrostatic pressure environment around the sample is generated inside a Teflon cell with 3M
Fluroinert FC-77 as the pressure-transmitting medium [17]. The pressure is determined by
using a Sn manometer situated near the sample in the same Teflon cell [17]. On the other hand,
a high pressure resistance measurement has been carried out [18] for pristine MgCNi3 using
a pressure locked, opposed Bridgman anvil apparatus [79] using the four-probe method. A
superconducting Pb manometer is used for the pressure calibration [18].

An initial decrease in Tc of MgCNi3 with dTc/dP ∼ −1.0 × 10−2 K kbar−1 up to a
pressure of ∼17 kbar (table 4) followed by an increase is observed on application of external
pressure, from resistivity measurements [18]. The decrease in Tc for small applied pressures
is explained in terms of the decrease in the DOS at the Fermi level. The subsequent increase
in Tc with pressure is argued to be due to a lattice softening or a structural phase transition,
consistent with the band structure calculations. It is conjectured that suppression of spin
fluctuations by pressure may also be responsible for the observed increase in Tc at higher
pressures [18]. However, Yang et al [17] observe an increase of Tc with pressure from ac
susceptibility measurements on three MgCx Ni3 (for x = 1.0, 1.25 and 1.5) samples, which
is in contradiction to the low pressure result of Kumary et al [18]. The temperature variation
of the ac magnetic susceptibility (χac) for different MgCx Ni3 samples under pressure (0–17
kbar) is shown in figure 6. The Tc (mid-point) for the sample with x = 1.0 (sample A)
increases from 6.56 to 6.79 K with increase of the pressure from ambient to 14.80 kbar,
as illustrated in figure 7, at the rate of dTc/dP ∼ 0.015 K kbar−1. A similar trend of
the pressure effect on Tc for other samples [17] is also observed (table 4). This rate is
slightly higher than that (∼0.0075 K kbar−1) observed by Kumary et al [18] at pressures
above 17 kbar. To give a clear idea of the pressure effect on Tc for other intermetallic and
metallic superconductors such as MgB2, LuNi2B2C, Ta and V [71–77, 80–82], some of the
results are listed in table 4. Yang et al [17] explain the increase of Tc with pressure as
follows.

The change of Tc with the unit cell volume (V ) can be given by [71, 75]

(V/Tc)(dTc/dV ) = d ln Tc/d ln V = −(B/Tc)(dTc/dP), (2)
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Figure 6. The variation of the ac magnetic susceptibility (χac) of MgCx Ni3 samples with x = 1.0
(A), 1.25 (B) and 1.5 (C) near Tc at various pressures (P) [17].

where B is the bulk modulus of the superconductor. Using the calculated value of B
for MgCx Ni3, 1510 kbar [18], and taking the dTc/dP and Tc obtained from table 4, the
d ln Tc/d ln V values were found from equation (2); they vary from −3.18 to −2.58. These
values are of the same order of magnitude for MgB2 superconductor (+4.16), but with the
opposite sign [71].

Since the DOS is sufficiently large in MgCx Ni3 to produce strong electron–phonon
coupling [51] and is supported by the thermoelectric power (S) data, the Tc can be expressed
by the McMillan formula [80] as

Tc = (θD/1.45) exp{−1.04(1 + λ)/[λ − µ∗(1 + 0.62λ)]}, (3)

where µ∗ is the Coulomb pseudopotential and θD is the Debye temperature. λ is the electron–
phonon coupling constant and is given by

λ = N(EF)〈I 2〉/M〈ω2〉, (4)

where N(EF) is the DOS at the Fermi level, 〈I 2〉 is the square averaged electronic matrix
element for electron–phonon interaction, M is the ionic mass and 〈ω2〉 is the square averaged
phonon frequency. It appears from equation (3) that the change of λ and θD caused by
pressure will determine the sign of dTc/dP . It is well established that the pressure induces
lattice stiffening and generally reduces the Tc [75, 76]. However, the DOS effect can either
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enhance or reduce the Tc by, respectively, increasing or decreasing N(EF) on application of
pressure [75, 76]. The dependence of Tc on θD is complicated as it appears both in the linear
and in the exponent (being connected with 〈ω2〉 in equation (4)) terms of equation (3). Again,
the change of exponent λ in equation (3) will be more effective than that of the linear term
θD in determining Tc. Therefore, the positive dTc/dP for MgCx Ni3 possibly originates from
the increase of N(EF) and consequently the enhancement of the electron–phonon coupling
constant λ (equations (4)) if µ∗ and 〈I 2〉 are less pressure dependent [17]. In addition, the
P causes not only a shifting of the EF but also a broadening of the energy bands. This
broadening of the energy bands may also increase the N(EF). The computation of some
important parameters such as d ln N(EF)/dP and d ln ω/dP of MgCx Ni3 may be useful for
quantitative analysis of the pressure dependent Tc data.

Yang et al [17] have also argued that the reduction of spin fluctuation with P may also
be one of the reasons for the positive pressure effect on the Tc of MgCx Ni3. Generally,
the deficiency of carbon compared with the optimum value decreases the Tc [1, 8]. Non-
stoichiometry of carbon (if any) may also affect the energy bands of the sample and alter the
position of EF compared to that expected from theoretical energy band calculations [49–54]
for stoichiometric MgCNi3. As the dTc/dP is not changed much with carbon content, this
suggests that the carbon deficiency does not significantly affect the pressure effect on Tc of
MgCx Ni3 [17]. The controversial results of Yang et al [17] as compared with those of Kumary
et al [18] may be due to the reduction of grain boundary effects caused by pressure. Yang
et al [17] claim that once the pressure applied is high enough (∼17 kbar) to overcome the
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Figure 8. Resistivity ver-
sus temperature curves of
MgCNi3 at different fixed
magnetic fields (H ) [4].

Figure 9. The field dependence of the
resistivity of MgC1.6Ni3 measured at
several fixed temperatures [48].

grain boundary effect, the bulk superconductivity dominates and the positive dTc/dP is found
the same as the observation of Kumary et al [18] using resistivity measurements. It should
be mentioned that the effect of irradiation pressure on Tc is just opposite to that of hydraulic
pressure [17, 32]. It has been found that the Tc of MgCNi3 decreases from 6.5 to 2.9 K
upon disordering induced by irradiation from a nuclear reactor and is completely restored after
annealing at a temperature of 600 ◦C [32].

5. Magnetic properties

5.1. Critical fields (Hc1 and Hc2)

The upper critical field Hc2(0) of MgCNi3 is determined both from the specific heat (C) and
from the resistivity (ρ) data [1, 4, 7, 9, 11–14, 20, 23, 47, 48, 83]. The results derived from ρ are
nearly identical to those determined from the anomaly in C . Figure 8 shows the temperature
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Table 5. Comparison between MgCNi3, Nb0.5Ti0.5 and Nb. The parameters of MgCNi3 are
similar to those of Nb0.5Ti0.5 and Nb [13].

MgCNi3 Nb0.5Ti0.5 Nb

Tc (K) 6.4 9.3 9.2
	C/γn Tc 1.97 ∼1.9 1.87
ln(θD/Tc) 3.79 3.23 3.40
2	/kBTc �4 3.9 3.80
Hc2 (T) 11.5 14.2 ∼0.2
θD (K) 287 236 275
γn (mJ mol−1 K−2) 33.6 (11.2/Ni) 10.7 7.79

variation of ρ in different magnetic fields (H ) up to 14 T [4]. The magnetic field dependence
of the resistivity of MgC1.6Ni3 measured at several temperatures is illustrated in figure 9 [48].
The Tc decreases with increase of the magnetic field and finally becomes non-superconducting
(figures 8 and 9). A magnetic field of 8 T leads to about 50% suppression of Tc and a complete
suppression takes place at 14 T [4, 14]. The width 	H = H90 − H10, with H90 and H10 being
respectively the field values where 90% and 10% of the normal state resistivity is observed,
remains constant at ∼0.6 T down to low temperature (figure 9). This indicates that MgCNi3
has a small anisotropy in Hc2, as the strongly anisotropic superconductor shows a gradual
broadening of the superconducting transition with decrease of the temperature [48]. The slopes
(dHc2/dT )Tc derived from the linear fits of both the C and the ρ data for 0.8 � (T/Tc) < 1
are very close to each other [14]. The values of (dHc2/dT )Tc are found as 2.96 ± 0.08 and
2.88±0.03 T K−1 respectively from C and ρ measurements [13, 14]. Neglecting the spin–orbit
interaction and the spin paramagnetic term in MgCNi3, the relation

Hc2(0) ≈ 0.69Tc(dHc2/dT )Tc (5)

leads to Hc2(0) ∼ 13.2±0.7 T [14]. Similarly, Hc2(0) = 14.8 T is estimated from equation (5)
by Mao et al [9]. As the spin–orbit and the spin paramagnetic effect are not taken into account,
the value of Hc2(0) is significantly overestimated [13]. It is found that the physical properties
of MgCNi3 [13] are very similar to those of Nb0.5Ti0.5 (table 5). Thus Lin et al [13] conclude
that the two compounds may have similar relations between Hc2(0) and (dHc2/dT )Tc . Again,
Hc2(0) ≈ 0.59Tc(dHc2/dT )Tc for Ni0.5Ti0.5 [13]. Following this relation, it is found that
Hc2(0) = 11.2 ± 0.6 T for MgCNi3 [13]. The values of Hc2(0) obtained by different groups
vary from 11 to 16 T (table 3). The Hc2 versus T curve of MgCNi3 is shown in figure 10 [4].
Downward curvature in figure 10 indicates the conventional superconductivity in MgCNi3. It is
contended [16, 48] that MgCNi3 has a Werthamer–Helfand–Hohenberg-like [84] temperature
dependence of Hc2(T ) and follows the quadratic relationship

Hc2(0) = 0.0237(1 + λ)2.2T 2
c /(105 × v2

F), (6)

with vF as the bare Fermi velocity, which points to an effective predominant single-band
behaviour near the quasi-clean limit [85]. It is also found that the value of Hc2(0) is the same as
that obtained from the Werthamer–Helfand–Hohenberg formula [84] if the spin paramagnetic
effect and the spin–orbit interaction are taken into account by utilizing the relation γ (H ) ∝ H
and the value of dγ /dH [13, 14] as discussed later. It is observed that the critical field behaviour
of 60 nm thin film [20] is comparable to that of sintered MgCNi3 powders. Films thicker than
∼40 nm have an upper critical field Hc2 ∼ 13 T, which is comparable to that of polycrystalline
bulks [16, 20, 48].

The Pauli limiting field HP(0) = 1.84 × 104Tc is expected within the weak coupling
BCS theory [86]. The Hc2(0) [9] obtained from Werthamer–Helfand–Hohenberg theory [84]
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Figure 10. The upper critical field Hc2 of MgCNi3 as a function of temperature. The upper inset
shows the temperature dependence of the sample resistivity at zero magnetic field. The lower inset
shows the magnetic field dependence of the resistance at a temperature of 2.3 K [4].

is higher than HP(0), suggesting that pair breaking effects due to the Zeeman energy in
MgCNi3 are slight. For type-II superconductors, HP(0) should satisfy the relation [87]
Hc2(0) � HP(0). Taking Tc = 6.4–8 K (table 3), HP(0) is estimated as ∼11.7–14.72 T. Thus
HP(0) for MgCNi3 is of the order of its Hc2(0) (table 3), indicating type-II superconductivity.
The thermodynamic critical field Hc(0) ∼ 0.18–0.6 T, Ginzburg–London (GL) coherence
length ξGL(0) ∼ 45–56 Å, penetration depth λGL(0) ∼ 1800–2480 Å and lower critical field
Hc1(0) ∼ 10–12.6 mT (table 3) are generally estimated from the following relations [88, 89]:

Hc(0) = 4.23γ 1/2
n Tc Oe, (7)

ξGL(0) = {�0/[2π Hc2(0)]}1/2 Å, (8)

λGL(0) = 6.42 × 105(ρres/Tc)
1/2 Å, (9)

Hc1(0) = Hc(0)(21/2κ)−1 ln κ Oe, (10)

where the fluxon �0 ≈ 2.0678 × 109 Oe Å2 and κ(0) [=λGL(0)/ξGL(0)] ∼ 43.3–66. All
the parameters obtained for MgCNi3, ξGL(0), λGL(0) and κ(0), also satisfy the conditions for
type-II superconductivity [89].

5.2. The critical current density (Jc)

Figure 11(a) shows the critical current density (Jc) of MgC1.5Ni3 [11] at different temperatures
(1.8–6.5 K). Assuming that the current flows through the entire sample, Cooley et al [11]
calculate that Jc = 3	M/d , taking the applied magnetic field perpendicular to the thin
square prism, where 	M is the full width of the magnetization and d is the width of the
sample. The calculation shows that Jc ∼ 103–104 A cm−2 at 4.2 K. Taking into consideration
the presence of carbon in grain colonies, inferred from microstructural analysis [11], the
modified Jc (=16	M/3πa), with the critical state of a sphere of diameter 2a = 10 µm,
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(a)

(b)

Figure 11. (a) The critical current density (Jc) at
1.8–6.5 K, assuming that magnetization current
loops flow around grain colonies with diameter
10 µm. (b) The bulk pinning force (FP) at 1.8
and 4.2 K derived from the Jc(H ) data using a
scaling length of 10 µm colony size [11].

gives a very high Jc ∼ 1.8 × 106 A cm−2 at 1 T and 4.2 K. Again the pinning force,
FP(H ) = µ0 H × Jc(H, T ), derived from Jc is significantly higher for the latter assumption
(figure 11(b)). The peak value is found as 23.5 GN m−3 at 4.2 K, which is greater than that
of the Nb–48% Ti superconductor with the higher irreversibility field at 4.2 K [90]. Cooley
et al [11] argue that the Ginzburg–Landau (GL) parameter, κ(0) = 66, of MgCNi3 (table 3)
suggests that the pinning force per flux line Jc × φ0 ∼ 2 × 10−5 N m−1 is about 10% of the
flux line tension µ0 H 2

c2πξGL/2κ2 ∼ 1.5 × 10−4 N m−1, taking φ0 = 2 × 10−15 Wb as the flux
quantum. This strong pinning is within the single-vortex pinning regime where it plastically
deforms the flux line lattice [11]. The high value of FP at 1.8 K (figure 11(b)) suggests core
pinning in MgCNi3 [11]. The low field pinning characteristic can be exceeded by incorporating
nanoprecipitates in MgCNi3 [35]. However, too many precipitates within the grain boundaries
can block uniform current flow between grains. The bulk pinning force FP(H ) is comparable to
that of other strong flux pinning superconductors,such as Nb–N, Nb–Ti and Nb3Sn, all of which
have higher critical temperatures [11]. While FP(H ) indicates the expected grain boundary
pinning mechanism just below Tc ∼ 7.2 K, a systematic change to a core pinning mechanism
is indicated by a shift of the FP(H ) curve peak to higher (reduced) field with decreasing
temperature. The lack of temperature scaling of FP(H ) suggests the presence of pinning sites
at a nanometre scale inside the grains, smaller than the diameter of the fluxon cores 2ξGL(T ) at
high temperature, which become effective when the coherence length ξGL(T ) approaches the
nanostructural scale with decreasing temperature. It is concluded that no other fine grained bulk
intermetallic superconductor exhibits a similar change from grain boundary to core pinning
with decreasing temperature, suggesting that the arrangement of pinning sites in MgCNi3 is
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unique [11]. These results also indicate that strong flux pinning might be combined with a
technologically useful upper critical field if variants of MgCNi3 with higher Tc can be found.

5.3. The normal state magnetoresistance (MR)

Normal state magnetoresistance (MR) is an important tool for getting further insight into the
charge transport mechanism, since it is more sensitive to the change in the charge carrier
scattering rate 1/τ , the effective mass m∗ and the geometry of the Fermi surface. The MR is
given by 	ρ/ρ0 = [ρ(H ) − ρ0]/ρ0 where ρ(H ) and ρ0 are respectively the resistivities with
and without a magnetic field H . Since the charge carrier scattering rate, 1/τ , is proportional
to ρ0, the MR depends only on H/ρ0. Kohler’s rule for conventional superconductors is given
by [91]

MR = 	ρ/ρ0 = f (H τ ) = F(H/ρ0) (11)

where f and F are universal functions. In the low field limit, 	ρ(T ) = A(H/ρ0)
2 as MR

quadratically depends on H , where A is a constant. The resistance of MgCNi3 increases with
magnetic field (figure 12) showing a positive magnetoresistance [7]. It is also comparable to
that of a normal metal [91]. However, the MR of MgCNi3 is much smaller than that for the
borocarbide superconductors [7]. It is found that the normal state transverse MR of MgCNi3 is
always positive and monotonically decreases with increasing temperature (figure 12). The data
above 50 K follow Kohler’s rule, although those below 50 K do not. This electronic crossover
at 50 K is also observed in NMR data [3], which may be associated with this deviation of MR
from Kohler’s rule below 50 K. Here it should be mentioned that Das and Kremer [33] observe
a negative MR at 2 K and followed by a ∼H 2 dependence for MgCNi2.97Mn0.03 samples. The
authors of [33] argue that the negative MR is from partial alignment of impurity spins reducing
the spin flip scattering. They [33] also show a correlation between MR and M2 indicating the
Kondo effect [92]. This can be described by the relation

	R = R(H, T ) − R(0, T ) = [3π2mcV J 2 M2]/[EFe2h] (12)

where m and e are respectively the charge and mass of an electron, V is the atomic volume,
J is the s–d exchange constant, c is the atomic concentration of impurities, EF is the Fermi
energy, h is Planck’s constant and M is the magnetization in µB/atom. 	R versus M2 indeed
satisfies the above relation (equation (12)) for MgCNi2.97Mn0.03 samples [33].

5.4. The Hall effect

Hall effect measurements are used to get a direct idea of the type of the carriers (namely
electrons or holes) in a material. They can also give the number of carriers per unit volume
(n). The Hall coefficient (RH) of MgCNi3 at a magnetic field of 10 T is almost constant up
to a temperature of 140 K (figure 13) and beyond that the magnitude decreases with increase
of the temperature [4]. The inset of figure 13 shows the increase of the Hall voltage (VH)

measured at 100 K with increase of the magnetic field in the opposite direction. RH of MgCNi3
is negative for the whole temperature range, which definitely indicates that the carriers in
MgCNi3 are of electron type, as supported by the thermoelectric power data [7, 17, 39]. At
T = 100 K, RH = −6.1 × 10−10 m3 C−1 and the carrier density (n) was 1.0 × 1022 cm−3,
which is comparable with the theoretically calculated [50] value (1.3×1022 cm−3) and that for
perovskite (Ba, K)BiO3, but less than that for the metallic binary MgB2. However, the value of
n for MgCNi3 thin film [20] is found to be 4.2 × 1022 cm−3 (table 3) which is about four times
higher than that of the bulk sample [4] although the superconducting properties of bulk and thin
film samples are almost the same. Again the RH depends on temperature, which is not observed
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Figure 12. The magnetoresistance of MgCNi3 as a function of the magnetic field at various
temperatures. The inset shows the magnetic field dependence of the resistance at 2.3 K [7].

Figure 13. The temperature variation of the Hall coefficient (RH) measured at a magnetic field of
10 T. The inset shows the Hall voltage measured at 100 K for two opposite directions of the applied
field up to 10 T [4].

for conventional superconductors. Moreover, it is temperature independent between Tc and
140 K. Above 140 K, the magnitude of RH decreases with increase of the temperature [39].
The temperature variation of RH is also observed in non-cuprate Ba1−x Kx O3 and copper-based
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Figure 14. The temperature variation of the thermal conductivity of MgCNi3. The dashed curves
represent the electronic contribution ke and the lattice contribution kl. The inset shows the change
of slope at Tc = 8 K [7].

superconductors [93, 94]. The thermal dependence of RH in MgCNi3 may be explained as due
to magnetic excitations of the electrons supplied by Ni d states [49–54]. But interestingly the
non-cuprate Ba1−x Kx O3 has the same temperature behaviour [93] of RH, which needs further
investigation.

6. Thermal properties

6.1. The thermal conductivity (k)

The temperature variation of the thermal conductivity (k) of MgCNi3 (figure 14) shows that it
is nearly constant above 210 K [7]. It is of the order of that for intermetallics, larger than that
of borocarbides [95] and smaller than that of MgB2 [96]. A change of slope in the thermal
variation of k is observed at Tc (figure 14). The total thermal conductivity k = ke + kl where ke

and kl are respectively the electronic and lattice contributions in k. The electronic contribution
can be obtained from the Wiedemann–Franz law [97]

ke(T ) = L0T/ρ(T ) (13)

where L0 is the Lorentz number, ρ is the resistivity and T is the absolute temperature. Then the
lattice contribution is achieved from the total thermal conductivity. The electrons contribute a
large fraction to the thermal conductivity in the normal state because of the non-localization of
the mutual effect of electrons [61]. Analysis of the electronic thermal conductivity indicates
that the scattering by impurities prevails in the electronic thermal resistance. It has been
observed [7] that the electronic contribution is slightly higher than the lattice contribution in
the normal state (figure 14). It has also been found from thermal conductivity that the scattering
of electrons by static imperfections of the crystal becomes dominant near Tc [7]. However,
the spin fluctuations are increased with decrease of the temperature [3] and the scattering of
electrons with spin fluctuations decreases the thermal conductivity at low temperatures.
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6.2. The thermoelectric power (TEP)

The lower part of figure 4 shows the thermoelectric power (S) of the MgCxNi3 sample [17] with
x = 1.0 (sample A). The temperature dependence of S is negative, confirming the carriers to
be of electron type, which is consistent with other published results [4, 7, 39] and inconsistent
with the theoretical predictions [50]. The absolute value of S(275 K) ∼ 9.5–14 µV K−1 for
this sample decreases with decreasing temperature and is a characteristic of metallic transport
in the normal state [7, 17]. The magnitude of S at room temperature (RT) is higher than
that associated with free electron or conventional metals but of the same order as that for
RNi2B2C (R = rare earth) superconductors [7]. There are generally diffusion and phonon
drag contributions to S. The former contribution is proportional to temperature (T ) while
the latter one falls both at low and high temperature, respectively due to the freezing out
of the phonons and phonon–phonon scattering. No phonon drag peak is observed in S of
MgCNi3 from room temperature down to 10 K [7]. A different type of contribution to S is
found compared to the borocarbide case; it may be due to the three-dimensional (3D) and non-
layered nature of MgCNi3. Li et al [7] observe a nonlinear temperature dependence of S below
150 K, which is explained by the electron–phonon interaction renormalization effects. The
nonlinear temperature dependence of S [7, 39] seems to suggest that the enhancement of the
electron–phonon interaction plays an important role in the superconductivity of MgCNi3 like
in the chevrel phase compounds [98] Cu1.8Mo6S8−ySey and Cu1.8Mo6S8−yTey . An electronic
crossover occurs at about 50 K, resulting in the abnormal behaviour of S below 50 K [39].

The electron–phonon interaction renormalization effect may show a low temperature
‘knee’ in S(T ) and may be written as [98]

S/T = (Sb/T )[1 + λ(T )] (14)

where λ(T ) is the electron–phonon mass enhancement parameter which is maximum at
T = 0 but becomes very small near room temperature [7] and Sb is the bare S without
any renormalization effect. Li et al [7] observe a change of curvature in the S/T versus T
curve near 50 K, as is also observed by Singer et al [3] from NMR investigation, which may be
associated with the electronic crossover at 50 K prior to the superconducting transition. Li et al
[7] estimate the value of λ(0) from S data as ∼1.4, which is much higher than that (∼0.66–0.84;
table 3) calculated from low temperature specific heat (C) data [1, 9, 13, 38, 47, 48] (discussed
later). This suggests that there may be a mechanism other than the electron–phonon interaction
for the mass enhancement. MgCNi3 has a strong spin fluctuations [3, 13] which may be lessened
with decreasing temperature. The larger value of λ(0) obtained from S data compared to that
obtained from C data may be arising from spin fluctuations. Thus the modified S is of the
form

S/T = (Sb/T )[1 + λ(T ) + λsf ] (15)

where λsf is the mass enhancement parameter due to spin fluctuations. The λsf term can explain
the discrepancy between the values of λ(0) obtained from S and C data [1, 3, 7, 13].

6.3. The specific heat (C)

The specific heat (C), a thermodynamic bulk property, unlike resistivity and magnetization,
of MgCNi3 has been intensively studied by several groups [1, 13, 24, 38, 48]. Figure 15
shows the low temperature specific heat C(T, H ) of MgCNi3 with H = 0 and 8 T as C/T
versus T 2 [13]. The superconducting anomaly observed by Lin et al [13] at H = 0 is much
sharper than that observed by He et al [1], indicating the high quality of the sample of the
former group. The C data are discussed on a qualitative level in terms of effective single- and
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Figure 15. C(T, H )/T
versus T 2 for MgCNi3 for
H = 0–8 T [13].

multi-band models [24, 48] based on an orbital assignment of the disjoint Fermi surface sheets
(FSS) derived from LDA full-potential electronic structure calculations. It is noted that C/T
shows an upturn at very low temperatures [1, 13] and disappears in high field, which is a
demonstration of a paramagnetic contribution such as a Schottky anomaly. The normal state
specific heat, Cn(T ) = γnT + Clattice(T ), was extracted from H = 8 T data by Lin et al [13]
between 4 and 10 K using

C(T, H = 8 T) = γnT + Clattice(T ) + nCSchottky(g µH/kBT ), (16)

where the third term is a two-level Schottky anomaly. Clattice(T ) = βT 3 + δT 5 represents
the phonon contribution and γnT , the electronic contribution with γn as the coefficient
of the electronic specific heat in the normal state. It was found by several groups that
γn = 9.8–11.2 mJ K−2 (mol Ni)−1 (table 3). The value of γn increases with increasing Mn
concentration in MgCNi3−zMnz samples [33]. This observation indicates that the reduction in
Tc with addition of Mn is due to the pair breaking interaction, which is of magnetic origin and
not electronic [33]. This value of γn, with the electron–phonon coupling constant λ discussed
below, requires a higher band N(EF) than most of those reported from calculations [49–
51, 54–57]. It is found that for MgCxNi3, the γn of the superconducting sample (x ∼ 1) in the
normal state is twice than that of the sample in the non-superconducting state (x ∼ 0.85) [47].
Comparison of the measured γn and the calculated electronic DOS shows that the effective
mass renormalization changes remarkably as the carbon concentration alters. The Debye
temperature (θD) derived from the relation

β = 1.944 × 106 × n/θ3
D, (17)

where n is the number of atoms per formula unit and takes the value 5 for MgCNi3, varies from
206 to 351 K (table 3) and is much lower than that (450 K) of Ni. These values are also lower
than the calculated θD ∼ 440 K of MgCNi3 obtained by using the Rietveld refinement method
based on the powder XRD data [29]. However, these are close to that estimated by considering
the softening of the Ni lattice [51], which can enhance the electron–phonon interaction. The
concentration of paramagnetic centres can be estimated to be of the order of 10−3, consistent
with that assessed from the magnitude of the low temperature upturn. With a dominant content
of Ni in this compound, this number is understandable and the paramagnetic contribution is
indeed observed in the magnetization measurements, too [23].
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The characteristics of the superconducting phase transition in MgCNi3 can be analysed
using the relation

	C(T ) = C(T, H = 0 T) − Cn(T ). (18)

The resultant 	C(T )/T versus T at H = 0 is shown in figure 16(a), where the inset illustrates
the conservation of entropy S = ∫ Tc

0
δC
T dT around the transition. This conservation of entropy

is essential for a second-order (such as the superconducting–normal) phase transition. It is
worth noting that 	C(T )/T for MgCNi3 is qualitatively different from that of Sr2RuO4,
which is considered as a p-wave superconductor [99]. By the conservation of entropy around
the transition, the dimensionless specific heat jump at Tc is 	C/γnTc = 1.7–2.1 (table 3), as
shown in figure 16(b) [13],which is greater than the typical weak coupling value (∼1.43). Thus
	C(T )/T is well fitted by the BCS model, as shown in figure 16(a) by the solid curve [13]
with 2	/kBTc ∼ 4.0, where 	 is the superconducting energy gap. The values of 2	/kBTc

observed by different groups vary from 3.75–5.0 (table 3). This is higher than the weak
coupling value (∼3.52). Consequently, the superconductivity in MgCNi3 can be explained by
the moderate coupling BCS framework.

The electronic specific heat in the superconducting state is given by Ces(T ) = C(T ) −
Clattice(T ). A logarithmic plot of Ces(T )/γnTc versus Tc/T (figure 17) shows that the fitting
of data (as demonstrated by the solid line) within the range 2 to 4.5 K leads to [13] the relation

Ces(T )/γnTc = A exp[(−aTc/T )], (19)

with A = 7.96 and a = 1.46. However, the BCS theory predicts Ces(T )/γnTc =
8.5 × exp[(−1.44Tc/T )] for this temperature fitting range in the weak coupling limit [80].
Therefore, the values of both the coefficient and the prefactor are in the ranges for typical
moderate coupling BCS fully gapped superconductors. Lin et al [13] argue that since the
magnetic contribution will make Ces overestimated at low temperatures, the value of 1.46 in
the exponent is probably slightly underestimated. This is in contrast to the case for MgB2 [100],
for which Ces ∝ exp(−0.38Tc/T ). This small coefficient in the exponent for MgB2 is usually
attributed to a multi-gap order parameter.

The electron–phonon coupling constant λ ∼ 0.66–0.84 (table 3) is estimated from the
relation [101]

	C/γnTc = 1.43 + 0.942λ2 − 0.195λ3. (20)

According to McMillan model [80], the value of λ for weak coupling is λ � 1, for weak and
intermediate coupling λ < 1 and for strong coupling λ > 1. Therefore, the present λ values
suggest that MgCNi3 is a moderate coupling superconductor.

The field dependences of C(T, H )/T and δC(T, H ) (≡C(T, H )− Cn(T ))/T are shown
in figures 18(a) and (b), respectively. It is noticed that the conservation of entropy (the
areas above and below zero of C/T are equivalent around the superconducting transition)
is fundamentally satisfied for all fields studied. γ (H ) is expected to be proportional to H
for a gapped superconductor [102]. For nodal superconductivity, the relation between γ (H )

and H is expected to be γ (H ) ∝ H 1/2 [103]. Actually, γ (H ) for high temperature cuprate
superconductors has been intensively studied in this context [103, 104]. Lin et al [13] find
that γ (H ) follows a straight line passing through the origin, which suggests that δγ ∝ H . At
T = 2 K, the magnetic contribution is not so significant as that at 0.6 K; thus [105, 106]

Ces(T, H ) ≈ Ces(T, H = 0) + γ (H )T . (21)

This approximation neglects the temperature dependence of 	. However, since 	 varies slowly
below Tc/2, information on γ (H ) can still be deduced in this way consistently, as we will see
from dγ /dH . δC/T data for all fields are shown as the solid circles (figure 18). As seen in
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Figure 16. (a) 	C(T )/T versus T . The data are presented as the solid circles. The solid curve is
the BCS 	C(T )/T with 2	/kTc = 4. The deviation at low temperatures from the solid curve is
due to the magnetic contribution of a small amount of paramagnetic centres in the sample. Inset:
the entropy difference 	S obtained by integration of 	C(T )/T according to the data above 3 K
and the solid curve below 3 K. (b) The dashed lines are determined from the conservation of entropy
around the anomaly, to estimate 	C/Tc at Tc [13].

figure 18(b), all high field data can be well described by the straight line, indicating again a linear
H dependence of γ [13]. Data below H = 1 T begin to deviate from the linear behaviour due to
flux line interactions at low H , as nicely demonstrated in [106]. The straight line passes through
the origin in figure 18(a), which implies that the flux line interactions are relatively insignificant
compared to the core contribution at very low temperatures. This trend is also observed in [106].
The slopes dγ /dH in figures 18(a) and (b) are 2.91±0.05 and 3.15±0.08 mJ mol−1 K−2 T−1,
respectively. These two close values derived from different methods suggest that the relation
δγ ∝ H is genuine [13]. On the other hand, one may try to fit the data in figure 18(b) with
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Figure 17. Ces for MgCNi3 in
the superconducting state is plotted
on a logarithmic scale versus Tc/T .
The straight line is the fit from 2–
4.5 K [13].

δγ (H ) ∝ H 1/2. The results are represented by the dashed curve in figure 18(b). Apparently,
the data cannot be well described in this manner, in contrast to the nice δγ (H ) ∝ H 1/2 relation
found for cuprates [107, 108]. In principle, it is possible to obtain γ (H ) in low fields by
subtracting the paramagnetic contribution Cm(T, H ) from C(T, H ). There have been attempts
to obtain γ (H ) by taking Cm(T, H ) in the form of a Schottky anomaly [13, 22]. It is found
that the derived γ (H ) can differ depending on the details of the fitting. This implies that the
Schottky anomaly cannot totally account for the magnetic contribution at low temperatures.
The results are fascinating but inconclusive [13, 22]. Consequently, the field dependence of
γ (H ) suggests that MgCNi3 is an s-wave superconductor in nature.

7. Mechanical properties

The mechanical relaxation properties of MgC1−x Ni3 with x = 0 (superconducting) and 0.2
(non-superconducting) were measured by Yao et al [40]. The internal friction (Q) and
modulus (Y ) of the mechanical relaxation spectra were measured for rectangular bars in
the clamped–free flexural vibration mode using frequency modulation acoustic attenuation
(FMAA-I) equipment [40]. The schematic set-up of the equipment is shown in the inset of
figure 19. The mechanical relaxation spectra of a superconducting MgCNi3 sample show
two internal friction peaks (at 300 K labelled as P1 and 125 K, as P2) as shown in figure 19,
whereas for the non-superconductingone, the position of P1 shifts to 250 K, while P2 is almost
completely depressed [40]. Thus the peak P2 may be thermally activated. It is found from the
Arrhenius relation

2π fp = ν0 exp(−W/Tp) (22)

where fp is the resonant frequency, Tp is the peak temperature and ν0 = 2.9 × 109 Hz
that the value of the activation energy (W ) is 0.13 eV. It is observed that the peak position
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H(T)

(a)

(b)

Figure 18. The magnetic field dependence of (a) C/T at T = 0.6 K and (b) δC/T at T = 2 K.
The straight lines are linear fits of the data for H � 4 T, implying δγ ∝ H . The open circles in (a)
represent C/T data corrected with the Schottky term (see the text). In (b), the fitting range is from
1 to 8 T. Data below H = 1 T deviate from the linear behaviour due to flux line interactions at
low H . The fits with δγ (H ) ∝ H 1/2 and δγ (H ) ∝ H n are also shown, by the dashed and dotted
curves, respectively, in (b) for comparison. The latter leads to n = 0.73 [13].

of P2 shifts towards higher temperature for higher measuring frequency [40]. The relative
changes of the modulus (	Y/Y ) for the two samples are also shown in figure 19, where
	Y/Y = ( f 2 − f 2

0 )/ f 2 with f the resonant frequency and f0 the resonant frequency at 81 K.
No clear softening (local minimum) is observed (figure 19), confirming that there is no lattice
instability, and this is supported by XRD data [5] which show that the lattice parameter and the
Debye–Waller factors for individual atoms decrease smoothly with decreasing temperature,
and no unusual change of the structure parameters occurs near Tc. It is to be noted here that
although the structure of MgCNi3 is similar to that of Ba1−x KxBiO3 [1], the latter has a lattice
instability [40]. The prediction of Debye theory for the inverse internal friction (Q−1),

Q−1 = 	ωτ/T (1 + ω2τ 2), (23)
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Figure 19. The inverse internal friction (Q−1) and reduced modulus (	Y/Y80 K) of the mechanical
relaxation spectra of the superconducting and non-superconducting MgC1−x Ni3 samples in the
temperature range 77–300 K. The inset shows a schematic plot of the frequency modulation acoustic
attenuation (FMAA-I) equipment [40].

is compared with the P2 peak, where 	 is the relaxation strength, ω = 2π f and τ =
ν−1 exp(W/Tp). It is found that the prediction is much narrower than the experimental
findings [40]. Thus the Cole–Cole law [109]

Q−1 = (	/T ) Im[1/(1 + {iωτ }α)] (24)

is used to fit the experimental data. It is found that α = 0.52, indicating the existence of a
strong correlation between the relaxation units. There are generally two phases in MgC1−x Ni3,
namely non-superconducting α-MgC1−x Ni3 and superconducting β-MgC1−x Ni3 phases [28].
Due to the smaller lattice parameters of the α-MgC1−x Ni3 phase, the off-centre configurations
would be suppressed, which is consistent with the depression of the P2 peak for the non-
superconducting sample. Yao et al [40] propose an explanation relating P2 to carbon atom
jumping among the off-centre positions. And further they predict that the behaviour of carbon
atoms may correspond to the normal state crossovers around 150 and 50 K observed by many
other experimental findings [3, 4, 7, 39].

8. The energy gap of MgCNi3 and the type of superconductivity

Unlike the case for the MgB2 superconductor which shows two energy gaps [100, 110], a
clear gap feature corresponding to the bulk phase Tc is observed for MgCNi3 [9, 19]. The
superconducting energy gap 	 is found to be ∼1.5 meV by Mao et al [9] and ∼1.1–1.15 meV
by Kinoda et al [19], from the tunnelling spectra of MgCNi3. These values of 	 are found
to be consistent with the one calculated from the specific heat and other data (table 3). The
tunnelling spectroscopy and specific heat studies show that 2	/kBTc for MgCNi3 varies from
3.75 to 5 (table 3), which is higher than the typical weak coupling BCS value (∼3.52) as
discussed earlier. The electron–phonon coupling constant λ = 0.66–0.84 (table 3) indicates
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moderate coupling superconductivity in MgCNi3. The values of the Ginzburg–London
(GL) coherence length ξGL(0) ∼ 45–56 Å, penetration depth λGL(0) ∼ 1800–2480 Å and
κ(0) (=λGL(0)/ξGL(0)) ∼ 43.3–66 (table 3) argue for type-II superconductivity [89] in it.
Thus, from the above discussions, it can be concluded that MgCNi3 is a BCS s-wave, moderate
coupling, type-II, single-gap superconductor. However, this is still controversial as discussed
below.

The electron tunnelling spectroscopy results and theoretically estimated superconducting
parameters support a BCS s-wave pairing in MgCNi3 in the weak coupling regime
[19, 43, 49, 51]. The nuclear spin–lattice relaxation rate (1/T1) displays behaviour typical
of isotropic s-wave superconductivity [3] with a coherence peak below Tc. The properties
of Ag diffused Ag–MgCNi3 and Zn doped (Mg0.85Zn0.15)CNi3 can be interpreted properly
via the conventional BCS phonon mechanism [21, 41]. The difference between the low
temperature specific heats of isostructural MgCNi3 and ZnCNi3 with similar carrier densities
can be understood within the BCS framework [38].

Waelte et al [48] derive λ = 0.84 from the McMillan formula [80] (equation (3)), although
the specific heat data show λ ∼ 1.45 which is identical to the value ∼1.75 calculated by
Ignatov et al [66]. Therefore, Waelte et al [48] conclude that strong electron–phonon coupling
is present in MgCNi3, which is supported by Tan et al [65]. The s- and p-wave scenarios
are observed from the calculated DOS of different Fermi surface sheets [48]. The large mass
renormalization for the superconducting sample and the low Tc (∼7 K) indicate that more
than one kind of boson mediated electron–electron interaction exists in MgCxNi3 [47]. The
penetration depth exhibits distinctly a non-s-wave BCS low temperature behaviour, instead of
showing quadratic temperature dependence, suggestive of a nodal order parameter [42]. Mao
et al [9] interpret the observed zero-bias conductance peak (ZBCP) as caused by Andreev bound
states which result from a possible unconventional non-s-wave pairing state in MgCNi3. On this
basis, of the simultaneous appearance of two conductance dips, they suggest strong coupling
superconductivity in MgCNi3. However, Naidyuk [45] shows that the current transport through
these junctions is determined by thermal effects due to the huge normal state resistivity of
MgCNi3. Therefore no conclusion can be drawn about the possible unconventional pairing
or strong coupling superconductivity in MgCNi3 [45]. Again, Mao et al [46] argue, on the
basis of specific heat rather than tunnelling data, that strong coupling superconductivity is
suggested. Here it should be mentioned that comparing only 2	/kBTc ∼ 4.4 with the weak
coupling value of 3.52, Mao et al [9] suggest that MgCNi3 is a strong coupling superconductor
although another criterion for it, i.e. λ > 1 [80], is not satisfied.

9. Theoretical studies

The theoretical calculations on doped and undoped MgCNi3 were performed by different
methods as discussed below. Some of the important theoretically calculated parameters such
as 	E (=EFM − EPM), where EFM and EPM are respectively the energies of the ferromagnetic
and paramagnetic states, the DOS at the Fermi level N(EF) and the magnetization (M) of pure
and doped MgCNi3 are shown in table 6. The DOS of the components of MgCNi3 along with
the total DOS [49] are displayed in figure 20. The electronic density of states, N(E), of MgCNi3
calculated within the local density approximation (LDA), along with the d contribution inside
the Ni spheres, via the radius 2.04 a0 obtained by the general potential linearized augmented
plane wave (LAPW) method [50], is demonstrated in figure 21. The lower panel of figure 21 is
an expanded view near the Fermi level, EF. It is found that the band structure is dominated by a
Ni 3d-derived DOS peak [49, 50] just below the Fermi energy (figures 20 and 21). The N(EF)

of pure MgCNi3 varies from 1.8 to 5.34 states eV−1/fu (table 6). This variation in N(EF)
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Figure 20. The total and atomic site-
projected densities of states (DOS) of
MgCNi3 [49].

may arise from the different approximations made by different groups [49, 52, 53, 56, 57].
The linearized muffin-tin orbital (LMTO) method [51], the self-consistent spin-polarized full-
potential linear muffin-tin orbital (FP-LMTO) method [53] and the self-consistent tight-binding
linear muffin-tin orbital (TB-LMTO) method [52] also show that the EF for MgCNi3 is located
in the slope descending from a sharp peak originating from Ni 3d states. This leads to a
moderate Stoner enhancement, placing MgCNi3 in the range where spin fluctuations may
noticeably affect the transport, specific heat and superconductivity, providing a mechanism
for reconciling various measures of the electron phonon (e–ph) coupling constant λ. Strong
e–ph interactions are found for the octahedral rotation mode and may exist for other bond angle
bending modes. Several other groups [51–53, 56, 58, 64] indicate that the DOS peak just below
the Fermi level provides the superconducting properties of this compound. Wan et al [64] argue
that the DOS peak is strongly correlated with various instabilities. After including the strong
electron–electron (e–e) correlation effects on the Ni 3d state via the on-site Coulomb interaction
correction, the DOS is greatly redistributed and the peak just below EF disappears [64]. Shim
et al [49] accomplish a correspondence of the peak to the π∗ antibonding states of Ni 3d and
C 2p but with a predominant Ni 3d character. The results calculated from density functional
theory and the LDA also show that the conduction bands in this compound are derived from
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Figure 21. The electronic density of states, N(E), of MgCNi3 calculated within the local density
approximation (upper limit). The dashed curve is the d contribution within the Ni spheres with
radius 2.04 a0 obtained by the general potential linearized augmented plane wave (LAPW) method.
The lower panel is an expanded view near the Fermi level, EF [50].

Ni 3d and C 2p states [65]. Tan et al [67] also find that the conduction bands in this compound
are derived from Ni 3d and C 2p states. The top valence states have essentially Ni 3d character
and the C 2p states occupy the region from 4.0 to 7.0 eV below the Fermi energy. The EF

locates just at the slope step of the sharply structured Ni 3dyz+zx and 3d3z2−r2 peaks. Optical
conductivity in the energy range 0–12 eV is also contributed by the Ni 3d to Ni 4s and C
2p transitions [65]. The optical properties of MgCNi3 have been calculated using the full-
potential linearized augmented plane wave (FLAPW) method within the generalized gradient
approximation scheme for the exchange–correlation potential [68]. The dielectric function,
reflectivity, optical absorption coefficient, optical conductivity, energy loss function, refractive
index and extinction coefficient are calculated [68] to fully elucidate the optical properties of
MgCNi3. The calculation [68] predicts a large reflectivity and small extinction coefficient in the
low energy region, as shown in figure 22. The absorption coefficient and optical conductivity
are very small at low energy [68]. All these computed results need experimental verification.
Wan et al [64] find that MgCNi3 is a metal from electronic structure calculations using the local
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Table 6. Some important theoretically calculated parameters for pure and doped MgCNi3.
Here 	E = EFM − EPM; EFM and EPM are respectively the energies of the ferromagnetic and
paramagnetic states. M is the magnetization and N(EF) is in states eV−1/fu.

Parameters

Composition 	E (meV) N(EF) M (µB) Model useda References

MgCNi3 0.2 1.8 — FLAPW [57]
MgCNi3 — 5.34 — LDA-LMTO [49]
MgCNi3 — 5.26 — TB-LMTO [52]
MgCNi3 — 4.65 — FP-LMTO [53, 56]
MgCNi3 — 4.99 — LAPW [53]
MgCNi2Co 0.2 1.2 — FLAPW [57]
MgCNi2Co — 3.65 — FP-LMTO [56]
MgCNiCo2 0.0 0.7 — FLAPW [57]
MgCNi2Fe 0.0 0.5 — FLAPW [57]
MgCNiFe2 −271.6 2.9 0.08(Ni) FLAPW [57]
MgC(FeCoNi) −60.6 2.6 0.97(Fe) FLAPW [57]
MgCNi2.84Co0.16 −1.0 4.6 0.646(Co) LDA [58]
MgCNi2.92Co0.083 −1.8 6.5 0.638(Co) LDA [58]
MgCNi2.95Mn0.042 — — 1.06(Mn) TB-LMTO [58]
MgCCo3 −30.4 2.0 0.39(Co) FLAPW [57]
MgCFe3 −379.1 3.4 1.42(Fe) FLAPW [57]
MgBNi3 — 4.79 — LDA-LMTO [49]
MgNNi3 — 3.63 — LDA-LMTO [49]
ScBNi3 — 2.59 — FP-LMTO [53]
InBNi3 — 1.47 — FP-LMTO [53]

a The abbreviations for the models are explained in section 9.

spin density approximation (LSDA) of the density functional theory, using the self-consistent
FLAPW method. The magnetic moment on the Ni ion is only 0.014 µB. The magnetic moment
on the Ni ion increases when electron–electron (e–e) correlation effects are considered and
becomes 0.66 µB [64]. The 	E of pure MgCNi3 is ∼0.2 meV (table 6). It is observed that
the Fermi surface contains nearly cancelling hole and electron sheets [52] that give an unusual
behaviour of transport quantities, particularly the thermoelectric power. The prominent nesting
feature is observed in the �-centred electron Fermi surface of an octahedral cage-like shape
that originates from the 19th band [50].

Ignatov et al [66] have calculated a large coupling constant λ = 1.75 which
is much higher than the experimentally observed values, ∼0.66–0.84 (table 3), but
comparable to those (∼1.4–1.45) obtained by others [7, 48]. The theoretical Sommerfeld
constant γcal ∼ 4.45 mJ K−2 (mol Ni)−1 [66] is lower than the experimental values
∼9.8–11.2 mJ K−2 (mol Ni)−1 (table 3). On the basis of BCS strong coupling theory and
first-principles calculation, the Debye frequency (ωD) for MgCNi3 is estimated to be 87 cm−1

approximately.
The surface electronic structures of MgCNi3(001) with both MgNi terminated and

CNi terminated surfaces are investigated using the all-electron FLAPW method within the
generalized gradient approximation to density functional theory [55]. It is found that the
calculated work function of the MgNi terminated surface (∼4.17 eV) is lower than that of
the CNi terminated surface (∼5.16 eV). The total numbers of electrons in the surface layer
of the MgNi terminated surface and the CNi terminated surface are respectively greatly and
slightly reduced with respect to the centre layer values [55]. The number of Ni(S) d electrons
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Figure 22. The calcu-
lated refractive index and
extinction coefficient of
MgCNi3 [68].

for the MgNi terminated surface is calculated to be 0.08 electrons more than that for the CNi
terminated surface. The layer-projected l-decomposed local DOS shows that the difference in
the number of Ni(S) d electrons is due to the strong C p and Ni d hybridization at the surface
layer of the CNi terminated surface. The peak just below EF for bulk MgCNi3 is broadened
substantially at the Ni(S) CNi terminated surface, while that peak survives at the Ni(S) MgNi
terminated surface [55]. By analysing the charge density for a very narrow energy window just
below EF, such considerable modifications of the DOS peak at the CNi terminated surface are
distinguished as being due to the broken local symmetry of the CNi layer at the surface [55].
It is considered that the behaviour of the modification of the peak near EF resembles the p
band hole doping through C site substitution and this is supported by the stability against
ferromagnetism determined from total-energy calculations [55].

The possibility of superconductivity is discussed for the intermetallics ScBNi3, InBNi3,
MgCCo3 and MgCCu3 which are isostructural with MgCNi3 [49]. Electronic structures of the
MgCNi3−zMz (M = Co, Cu; z = 0, 0.5, 1.0) system have been calculated using the TB-LMTO
method [52]. Electron (Cu) and hole (Co) doping of MgCNi3 reconstructs its band structure but
does not lead to magnetic order, although the DOS initially increases with increase of the Co
concentration (figure 23). However, investigation of the electronic structures and magnetism
of MgCNi3−zTz compounds (z = 0, 1, 2 and 3; T = Co and Fe) via first-principles all-electron
FLAPW calculations within the local spin density approximation reveals that the suppression
of superconductivity occurs faster for the Fe doped case than for the Co doped one with increase
of z and ferromagnetic transitions occur when z � 2 for the Co doped cases, while the Fe
doped cases become ferromagnetic before z = 2 [47]. From the calculated DOS, it is found
that MgCNi3 becomes paramagnetic and then ferromagnetic as the number of minority spin
d band holes are increased via Co and Fe doping at Ni sites. The effects on the electronic
structure and magnetic properties of the Ni site substitution in MgCNi3−zCoz are studied by
using density functional calculations [58]. Co doping results in the onset of ferromagnetism
at z = 0.083. However, the slightly energy gain as well as small magnetic moment per atom
indicate weak itinerant ferromagnetism [58]. Cu doping can be well accounted for by the rigid
band model, which reduces the DOS at the Fermi level and the Tc [58]. Co doping of MgCNi3
is accompanied by a reduction of the DOS at the Fermi level, which seems to be responsible
for the reduced superconductivity in the MgCNi1−zCoz system [56]. No magnetic solution is
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Figure 23. The density of states (DOS) at E = EF for MgCNi3−x Mx (M = Co, Cu) plotted as a
function of the impurity concentration, x [52].

(This figure is in colour only in the electronic version)

found for MgCNi2Co and MgCNiCo2 [56]. This indicates that hole doping does not produce
the magnetic instability which could be responsible for pair breaking [56]. Starting from a
first-principles electronic structure calculation for MgCNi3 and using a simple Hartree–Fock
approximation, Granada et al [59] compute the magnetic moment of transition impurities
T in the dilute limit of MgC(Ni1−zTz)3 with T = Co, Fe, Mn, Cr and V. The computation
shows that Co impurities are non-magnetic and for the remaining ones at least a small moment
exists. Rosner et al [54] observe an unusual quasi-two-dimensional heavy band mass von
Hove singularity (vHs) very near the Fermi energy for MgCNi3. It is pointed out [54] that
this compound is strongly exchange enhanced and unstable against ferromagnetism upon hole
doping with ∼12% Mg → Na or Li (i.e., 0.04 hole/Ni). An essentially infinite mass along the
M–� line accounts for the two dimensionality of this vHs [54]. Thus this compound provides
new opportunities to probe the ferromagnetic critical point as well as introducing the novelties
of 2D behaviour into a 3D system. It is concluded that experimental studies on the change
of Tc with concentration might indicate, for non-magnetic impurities, a d-wave behaviour of
these superconductors [59].

Replacement of C by B or N greatly reduces the DOS peak [49] near EF (figure 24). The
N(EF) of MgBNi3 (∼4.79 states eV−1/fu) is much higher than that (∼3.63 states eV−1/fu)
of MgNNi3 (table 6). The replacement of Mg in MgBNi3 by In or Sc reduces the N(EF) even
more (table 6). The total or partial replacement of Ni in MgCNi3 by Co or Fe also greatly
diminishes N(EF), as shown in table 6, except for MgCNi2.92Co0.083 where a higher value
(∼6.5 states eV−1/fu) is obtained. The magnetic moment (M) of doped MgCNi3 calculated
by several groups is shown in table 6. Depending on the doping element, i.e. Co, Fe, Mn
etc, the value of M differs. 	E for some doped and undoped MgCNi3 samples is shown
in table 6. A hypothetical system, MgC(FeCoNi), has been found to be ferromagnetic with
magnetic moments of 0.97, 0.24 and 0.03 µB for Fe, Co and Ni, respectively; these are roughly
proportional to the number of d band holes of minority spin (table 6). The role of the transition
metal dopants [57] in the magnetism may be understood from the site-projected spin-polarized
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Figure 24. The density of states of
MgXNi3 (X = B, C, N) [49].

DOS of hypothetical MgC(FeCoNi). The majority spin d bands are seen to be nearly filled
for all transition metal atoms. On the other hand, the location of EF is shifted to the top of
the minority spin d band as we move from Fe to Ni, which is again understood as behaviour
typical of metallic ferromagnetism. It also confirms that Co and Fe doping in MgCNi3 provide
a source of minority spin d band holes rather than magnetic scattering centres that quench
superconductivity. In addition, their locations and the widths of the main peaks of the minority
spin d bands are seen to be rather independent of each other, but the shape of the Fe d bands
is modified from that in the bcc phase [57]. This again confirms the independence of the
magnetic moments of the face centred transition metal atoms. The strong ferromagnetic spin
fluctuation in MgCNi3−zCoz leads to quenched bulk superconductivity, while the Mn atom
forms a local magnetic moment of 1.06 µB at z = 0.042 which suppresses superconductivity
more seriously than Co does in the low doping case [58]. There is a large variation of 	E
(−379.1–0.2 meV) according to the difference in composition.

A two-band model [18, 24, 48] provides a consistent interpretation of the temperature
dependence of the normal state resistance and the Hall constant. The thermoelectric power
also needs to be explained by a multi-band model [48]. Although the band structure calculations
suggest an increase in Tc upon partial replacement of Ni with Fe and Co, the Co substitution
quenches the superconductivity and Fe substitution leads to an increase followed by a decrease
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Figure 25. The two Fermi surface sheets of MgCNi3 and the corresponding band resolved density
of states near EF. Band 1 corresponds to the Fermi surface sheet in the top right panel and band 2
corresponds to that of the top left panel [24].

in Tc [18]. The DOS of the two bands along with those of their Fermi surface sheets are shown
in figure 25. A multi-band superconductor [111, 112] with a conventional phonon mechanism
can develop an unconventional state with a non-trivial order parameter phase relation between
the individual bands. It is proposed [69] that such a state can explain the experimentally
found [9] s-wave pairing symmetry and unconventional superconductivity in MgCNi3. It has
been shown [69] that such a state gives rise to Andreev bound states and to spontaneous
currents, at surfaces and around impurities, which can explain the zero-bias features observed
in quasi-particle tunnelling [9].

10. Conclusions

The following conclusions can be drawn as regards the physics of MgCNi3.

(1) It has a simple cubic perovskite structure [1] like the 30 K oxide non-cuprate
superconductor Ba1−x KxBiO3 with space group Pm3̄m and the lattice parameter a is
∼3.812 Å.

(2) The Ni K-edge x-ray absorption study [16] suggests that the Ni6(O6) octahedra are locally
distorted from those expected in the perfect cubic Pm3̄m form.
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(3) It is found [5] that the compound has the perovskite structure over the temperature range
(2–295 K) and no structural or long range magnetic ordering transitions are observed. Its
structure is also stable under a pressure of ∼22 GPa [30].

(4) A high proportion of Ni in this compound indicates that the magnetic interactions may
play a dominant role as regards its superconductivity.

(5) The superconducting transition temperature Tc of MgCx Ni3 is sensitive to the carbon
content increasing with x and x ∼ 1.45–1.5 corresponds to the highest Tc [10, 12, 17, 56].
However, doping at the Mg and Ni sites decreases the Tc [6, 18, 33, 56] sharply.

(6) The external pressure increases the Tc of MgCxNi3 [17, 18] at the same rate as for other
intermetallic superconductors but at a rate one order lower than that for MgB2 and the
pressure effect on Tc is independent of the C content.

(7) The 13C NMR investigation on this material [3] implies that the electronic states reach a
modestly mass enhanced Fermi-liquid-like state prior to the superconducting transition.

(8) Normal state NMR properties of MgCNi3 are irregular [3] and analogous to those observed
for the exotic superconductor Sr2RuO4.

(9) The change from grain boundary to core pinning by intragranular nanoparticles near Tc

suggests [11] that the arrangement of pinning sites in MgCNi3 is unique.
(10) Hall coefficient and thermoelectric power data [4, 7] on MgCNi3 show that the carriers

in this compound are electrons, in contrast to those of MgB2. However, He et al [1]
suggest that the holes in Ni d states might be responsible for the electrical conduction
in this material in an electronic analogy to the holes in the O p states in perovskite
oxide superconductors. The constant scattering approximation also shows that the
thermoelectric power is hole type [50] above 10 K.

(11) It has been suggested [54] that MgCNi3 is near a ferromagnetic instability and can be
reached by hole doping at the Mg site (if 12% Mg is replaced by Na or Li, i.e., 0.04 hole/Ni).

(12) Energy band calculations [49–60] illustrate that the density of states (DOS) of the Fermi
level (EF) is dominated by Ni 3d states and there is a von Hove singularity (vHs) of the
DOS [15, 54] just below the EF (<50–120 meV). Nevertheless, photoemission and x-ray
absorption studies [15] show that the sharp vHs peak theoretically predicted near EF is
substantially suppressed, which may be due to electron–electron and electron–phonon
interactions.

(13) Both positive and negative magnetoresistances are reported [7, 16, 33],which needs further
clarification.

(14) It has been observed [7] that the electronic contribution is slightly higher than the lattice
one in the normal state thermal conductivity.

(15) MgCNi3 is a single-gap superconductor in contrast to MgB2 [100, 110] and the value of
the superconducting gap (	) is estimated to be 1.1–1.5 meV [9, 13, 19, 47, 48], from
tunnelling spectroscopy and specific heat data.

(16) The nuclear spin–lattice relaxation rate (1/T1) displays the typical behaviour of isotropic
s-wave superconductivity [3] for MgCNi3 with a coherence peak below Tc. However, the
field dependent specific heat and resistivity results imply that it is a moderate coupling,
type-II, s-wave BCS superconductor [1, 11, 13, 14, 38, 47, 48]; this is supported by
tunnelling and other experiments as well as theoretical calculations [19, 21, 49, 51, 67].
Again, the penetration depth distinctly exhibits a non-s-wave BCS low temperature
behaviour [42], instead of showing a quadratic temperature dependence, suggestive
of a nodal order parameter. It is also theoretically suggested that it is a d-wave
superconductor [59]. Thus the nature of the superconductivity in MgCNi3 is still
controversial and needs more efforts to clarify it.
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11. Future scope of work

(1) The single-crystal or wires/tapes form of MgCNi3 should be studied to allow focusing on
the changes of properties (if any) compared to those of the polycrystalline bulk and thin
films.

(2) The nature of the superconductivity in MgCNi3 should be clarified.
(3) The computation of some important parameters such as d ln N(EF)/dP and d ln ω/dP

for MgCx Ni3 may be useful for quantitative analysis of pressure dependent Tc data.
(4) The calculated optical properties should be experimentally verified.
(5) Intensive theoretical studies are needed to clarify the controversies over the type of the

superconductivity and normal state magnetoresistance of MgCNi3.
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