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The electronic structures of the non-centrosymmetric Ni-based superconductor LaNiC2, and related
compounds YNiC2 and ThNiC2 are calculated by the full-potential augmented plane-wave method. In
contrast to that in the case of other Ni-based superconductors, there is only one pair of Fermi surfaces
taking the spin degree of freedom into account, when holes are slightly doped. The density of states at the
Fermi level mainly consists of Ni 3d, but La 5d/Y 4d components are not negligible. Since their crystal
structures lack the inversion symmetry, a spin–orbit interaction splits the bands. The splitting values are
3.1 and 2.0 mRy for LaNiC2 and YNiC2, respectively. Using the similarity of the band structures of
LaNiC2 and ThNiC2, the Th4þ doping dependence of Tc for these compounds can be partly explained by
an extended rigid band model.
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1. Introduction

Superconductors including magnetic elements are quite
interesting for us, because magnetic moments are usually
destructive in the normal BCS superconducting state.
Nickel-based superconductors have provided us with such
interesting examples as MgCNi3,1) CdCNi3,2) YNi2B2C,3)

and the recently found nickel-pnictide LaNiPO.4) Among
them, LaNiC2 (Tc ¼ 2:7 K)5,6) is interesting because it lacks
space inversion symmetry. Since the discovery of CePtSi3,7)

intensive studies have been made for this type of super-
conductor without inversion symmetry. It is expected that a
non-BCS type order will be realized in both magnetic and
non-centrosymmetric superconductors. In fact, it is suggest-
ed that the superconducting gap of LaNiC2 is nodal.5) Very
recently, it has also been suggested that the time-reversal
symmetry of LaNiC2 is broken.8) On the other hand, there
are other experimental data suggesting that the super-
conductivity in LaNiC2 is ‘‘normally BCS-like’’.6,9,10)

The symmetry of the superconducting order parameter of
LaNiC2 is still controversial. The isostructural compound
YNiC2 shows superconductivity when the 5f element Th is
doped into it. The maximum Tc is �8:3 K in (Y0:5Th0:5)-
NiC2.11) However, YNiC2 itself shows no superconductivity
down to 0.5 K.11)

In order to understand the nature of superconductivity in
these compounds, it is very important to determine the band
structure. However, there have been no reports on the band
structure calculation of LaNiC2 and YNiC2, to the best of
our knowledge. In this paper, we present results of a first-
principles band calculation for LaNiC2 and its isovalent non
superconducting compound YNiC2. For help in understand-
ing the Th doping effect, we also calculated the band
structure of the hypothetical compound ThNiC2. This paper
is organized as follows: In §2, we describe the crystal
structure of RNiC2 (R ¼ La, Y, and Th) and details of the
calculation. In §3, we present the band properties and
provide some discussions.

2. Details of Calculation

To the best of our knowledge, there are no experimental
data for the atomic coordinates of LaNiC2 and YNiC2.
Therefore, we used the internal atomic parameters of
CeNiC2 for LaNiC2, and DyNiC2 for YNiC2.12) Since the
lattice constants of these pairs are quite similar and their
maximum difference is below 0.1%, we consider that the
results do not depend much on the minor changes of the
atomic coordinates. In order to understand the Th doping
effect, we also performed calculation for the hypothetical
compound ThNiC2. Experimentally, it is known that
(La1�xThx)NiC2 can be synthesized within 0 � x � 0:8.13)

The lattice parameters of (La1�xThx)NiC2 (0 � x � 0:8) are
measured, and a, b, and the volume V ¼ abc are found to
obey Vegard’s law. We extrapolated these data to x ¼ 1 and
found a ¼ 3:8828 Å, b ¼ 4:4691 Å, and V ¼ 107:23 Å3, and
thus c ¼ 6:1795 Å. For internal atomic parameters, we used
those of CeNiC2 because the ionic radii of Ce3þ and Th4þ

are similar.
The scheme used in our calculations is the standard

full-potential augmented plane wave (FLAPW) method. We
used the program codes TSPACE14) and KANSAI-94. For
the exchange–correlation potential, we adopted local-
density approximation (LDA), according to Gunnarson and
Lundqvist.15) Since there is no magnetic order in YNiC2 and
LaNiC2,16,17) we only performed the calculations in the
paramagnetic (not spin-polarized) states.

According to the convention used in TSPACE,14) we
rewrite the original space group Amm2 as Cm2m by
replacing the crystal axis from ða; b; cÞ to ðc; a; bÞ. This
replacement can clarify the layer structure of the com-
pounds. The La plane is at z ¼ 0, and the NiC2 plane is at
z ¼ 0:5. They are alternatively stacked. The structural
parameters we used are described in Table I. The muffin-
tin (MT) radii are set to 0:27a for La/Y/Th, 0:23a for Ni,
0:14a for C, where a is the (new) lattice constant 4.564 Å.
For plane basis functions, we used about 450 LAPWs.
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Since this space group lacks inversion symmetry, the
inclusion of the spin–orbit interaction (SOI) may be
important for understanding the band structure. SOI is
included within the second-variational procedure.18) Self-
consistent potentials are calculated at 60 uniformly dis-
tributed k-points in the irreducible Brillouin zone (IBZ,
1/8th of the BZ). The density of states (DOS) and the
number of carriers are deduced from the eigenstates at 369
uniformly distributed points in the same IBZ by the ordinary
tetrahedron method.

3. Results and Discussion

3.1 LaNiC2
The energy band dispersion without SOI is shown in

Fig. 1 along the principal symmetry axes in the Brillouin
zone. All the bands are doubly degenerate because of the
spin degrees of freedom. The states in the energy ranges of
�0:3 to �0:2 Ry and 0.2 to 0.3 Ry mainly consist of La 5p
and C 2s orbitals, respectively. The states in the energy
range of 0.3 – 0.7 Ry mainly consist of C 2p and Ni 3d
orbitals. Above �0:7 Ry, strongly mixed Ni 3d and La 5d
states are found. The condensed bands along 0.8 – 0.9 Ry are
mainly La 4f states.

To determine the effect of SOI in this compound, we plot
the bands that are very near the Fermi level in Fig. 2. At the
points �, Y, Z, T, R, S and at the points along the axes B and
�, these bands degenerate because of the high symmetry of
the k-point, but at the other k-points the degeneracy is lifted
because of the lack of space inversion symmetry. Never-
theless, Eð�kÞ ¼ EðkÞ is guaranteed by the time reversal
symmetry of the Hamiltonian. As we can see, the magnitude
of SOI is not so large. The maximum value of the splitting of
the 14th band is 13.5 mRy at approximately Að5=8; 0; 1=2Þ,
and the average value in the IBZ is Eav

so ¼ 3:1 mRy. This is
about half of the value of the splitting in CePtSi3,19) and is
comparable to the Debye temperature �D ¼ 4965) or 388 K.6)

This is because the main component of this band is the Ni 3d
state, instead of the Ce 4f state in CePtSi3. Nevertheless, the
ratio of Eav

so to the superconducting gap �SC is Eav
so=�SC ¼

72, if we assume a moderate ratio 2�SC=kBTc ¼ 5. Thus
we can conclude that the ‘‘strong-SOI limit’’ treatment by
Samokhin et al.19) is essentially correct, at least, as a first
approximation.

The Fermi surfaces (FSs) of LaNiC2 are shown in Fig. 3.
There are only two FSs when we neglect SOI. The 14th band
is nearly half-filled, and the 15th band gives a small electron
pocket around the Z point. This small electron pocket may
easily be eliminated by hole doping (namely, 0.28% doping,
see below), for example, Sr doping for a La site. In the
recently found superconductor LaFe(O,F)As, a small hole

pocket at Z point is eliminated when the electrons are doped.
The numbers of electrons in the 14th and 15th bands are
0.9972 and 0.0028, respectively. After the inclusion of SOI,
the 14th band splits and contains 0.5314 and 0.4659
electrons, and the 15th band splits and contains 0.0016 and
0.0011 electrons. All these bands show a large dispersion
along the c-axis, suggesting a large transfer integral between
the NiC2 layers via a La layer.

The DOS’s of LaNiC2 are shown in Fig. 4. In this wide
energy range, the effect of SOI is very small except for the
splitting of La 4f bands to the 4f7=2 and 4f5=2 complexes.
The DOS at the Fermi level DðEFÞ is 33.1 states/Ry, which
gives a calculated specific heat coefficient �cal ¼ 5:73

mJ/(mol�K2). The experimental observed value is �exp ¼
7:835) or 6.5 mJ/(mol�K2),6) then the enhancement factor
� ¼ 1:36 or 1.13 is not so large. It is known that the Tc of
LaNiC2 increases when the 5f element Th is used as dopant.
The maximum Tc is �7:9 K in (La0:5Th0:5)NiC2.11) If we
adopt a rigid band model, and assume that the number of
electrons donated by the Th atom is larger than that donated
by the La atom by 1, then the EF of (La0:5Th0:5)NiC2 is
shifted to form the right vertical dotted line in Fig. 4. In
LaNiC2, EF is already at the peak of DOS, and further
electron doping (and also hole doping) may decrease DðEFÞ,
and thus decrease Tc. We discuss this point in §3.3.

Table I. Structural parameters of LaNiC2 and YNiC2 used in this calculation. We assumed that LaNiC2 and YNiC2 have atomic coordinates of CeNiC2
21Þ

and DyNiC2,21Þ respectively. For the lattice parameters, we used the experimental values.12Þ

a (Å) b (Å) c (Å)

LaNiC2 4.564 6.204 3.959 La/Th(2a) ð0; y; 0Þ y ¼ 0:9936

ThNiC2 4.4691 6.1795 3.8828 Ni(2b) ð0; y; 1=2Þ y ¼ 0:608

C(4e) ðx; y; 1=2Þ x ¼ 0:155 y ¼ 0:285

YNiC2 4.509 6.239 3.562 Y(2a) ð0; y; 0Þ y ¼ 0:0

Ni(2b) ð0; y; 1=2Þ y ¼ 0:6116

C(4e) ðx; y; 1=2Þ x ¼ 0:1523 y ¼ 0:3016
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Fig. 1. Energy bands of LaNiC2 without SOI. The symbols ZP and ZB

denotes the axes ðk; k; 0Þ and ðk; k; 1=2Þ, respectively. Other symbols are

the same as the standard notations, see refs. 14 and 22.

J. Phys. Soc. Jpn., Vol. 78, No. 8 I. HASE and T. YANAGISAWA

084724-2



3.2 YNiC2
The energy band dispersions of YNiC2 with and without

SOI near EF are shown in Fig. 5. The overall feature in the
wide energy range is similar to that of LaNiC2 (not shown).
The bands near EF are also similar between LaNiC2 and
YNiC2, but in YNiC2 the conduction band does not dip in EF

along the �–�–Y direction. The maximum value of the split-
ting of the 14th band is 6.2 mRy at approximately YPð3=8; 0;
1=16Þ, and the average value in the IBZ is Eav

so ¼ 2:0 mRy.
The decrease in the value from LaNiC2 is partly due to the
strong hybridization between the Ni 3d and La 5d/Y 4d
states near EF, and partly due to the absence of 4f electrons.

The Fermi surfaces of YNiC2 without SOI are shown in

Fig. 6. The value of the splitting of the FSs by SOI is too
small to change the shape of FSs, which is almost similar to
that of LaNiC2. Again there are two FSs without SOI: one is
almost half-filled and the other is a small electron pocket
around the Z point. The numbers of electrons in each band
are 0.9903 and 0.0097, respectively. After the inclusion of
SOI, the 14th band splits and contains 0.5052 and 0.4849
electrons, and the 15th band splits and contains 0.0057 and
0.0041 electrons. The differences in the number of electrons
between the split bands are also smaller than that in LaNiC2,
again due to the smaller splitting value of the bands by SOI.
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Fig. 2. Energy bands of LaNiC2 (a) without and (b) with SOI near EF.

Fig. 3. FSs of LaNiC2 after inclusion of SOI. Large FSs are the 27th and

28th electron surfaces, which come from the 14th electron surface

without SOI. Small pockets are the 29th and 30th hole surfaces, which

come from the 15th hole surface without SOI.
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Fig. 4. (Color online) DOS’s of LaNiC2 after inclusion of SOI. The left
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doped cases.
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The DOS’s of YNiC2 are shown in Fig. 7. The overall
feature is almost the same except for the absence of the
La 4f peak. The DOS’s of LaNiC2 are shown in Fig. 4. The
DOS at the Fermi level DðEFÞ is 25.2 Ry�1, which gives a
calculated specific heat coefficient �cal ¼ 4:36 mJ/(mol�K2).
Experimental data of the specific heat is available for
(Y0:5Th0:5)NiC2, that is, �exp ¼ 11:04 mJ/(mol�K2).11) If we
adopt a rigid band model again, and assume that the Th atom
donates one more electron than Y, then EF is shifted in
the right vertical dotted line in Fig. 7. Here, DðEcal,doped

F Þ is
16.7 Ry�1, which gives �cal,doped ¼ 2:89 mJ/(mol�K2). The
enhancement factor � ¼ �exp=�cal,doped ¼ 3:82 is very large.
Moreover, DOS monotonically decreases in this energy
region, which is in contrast to the increase in Tc with
increasing Th content. These findings suggest that the
assumed rigid band model may not be appropriate. We
discuss this point in the next subsection.

3.3 ThNiC2
We show the results for ThNiC2. The DOS and EðkÞ

curves are shown in Figs. 8 and 9. One can see that the
shapes of the DOS and EðkÞ curves are similar to those of
LaNiC2 and YNiC2. This result supports our treatment of the
rigid band model for the Th doping effect on LaNiC2 and

YNiC2, at least qualitatively. Since the number of valence
electrons of ThNiC2 is one more than those of LaNiC2 and
YNiC2, EF is shifted to a higher energy. DðEFÞ becomes
19.8 Ry�1, and this is larger than the rigid band model for
LaNiC2 (add one electron to LaNiC2), 13.8 Ry�1. As for
(Y0:5Th0:5)NiC2, we can also assume that 50% of holes are
doped into ThNiC2. In this case, DðEFÞ becomes 31.0 Ry�1,
almost twice as large as the above value of 16.7 Ry�1,
assuming that 50% of electrons are doped into YNiC2. The
maximum value of the splitting of the 14th band is 42 mRy
at approximately Að5=8; 0; 1=2Þ, and the average value in the
IBZ is Eav

so ¼ 8:8 mRy. These very large SOI splitting values
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Fig. 5. Energy bands of YNiC2 (a) without and (b) with SOI near EF.

Fig. 6. 13th and 14th FSs of YNiC2 before inclusion of SOI. The 14th

band is written in a hole picture.
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come from the Th 5f component. Since the Th 5f orbitals are
more expanded than the La 4f orbitals, they can easily
hybridize with the Ni 3d bands. The Th 5f partial DOS at EF

in ThNiC2 is 2.2 Ry�1 (11% of the total DOS), whereas the
La 4f partial DOS at EF is 1.1 Ry�1 (3.3% of the total DOS).
The FSs of ThNiC2 are shown in Fig. 10. Since the number
of valence electrons of ThNiC2 is one more than that of
LaNiC2, hole FSs shrink and electron FSs expand. More-
over, two small electron FSs appear. Reflecting the large
SOI splitting value at Að5=8; 0; 1=2Þ, the shapes of the 27th
and 28th FSs are significantly different.

Finally, we consider the Th-doping effects on LaNiC2 and
YNiC2. In the above subsections, we have already seen that
the simplest rigid-band model starting from LaNiC2 and
YNiC2 fails to describe the doping dependence of Tc. Evi-
dently, the opposite picture, i.e., the rigid-band model starting
from ThNiC2, also does not work, because it gives the same
curve TcðxÞ for La- and Y-doped compounds, in contrast to
the experimental findings.11,13) Since the DOS curves of these
compounds are not very different, we assume the following
‘‘extended’’ rigid-band model for (La1�xThx)NiC2 as

Dðx;EFðxÞÞ ¼ ð1� xÞDðLa;EFðxÞÞ þ xDðTh;EFðxÞÞ; ð1Þ

where DðLa;EFðxÞÞ and DðTh;EFðxÞÞ denote the DOS curves
of LaNiC2 and ThNiC2, respectively. EFðxÞ is determined so
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that the number of valence electrons becomes correct, as in
the ordinary rigid-band model. If we set the first (second)
term on the right-hand side as zero, we obtain the ordinary
rigid-band model starting from ThNiC2 (LaNiC2). Note that
at x ¼ 0 or x ¼ 1, i.e., at both end members, we obtain the
correct DOS using the above equation. Similarly, we can
obtain the DOS at the EF of (Y1�xThx)NiC2 with replacing
La by Y in the above equation. We plot DOS versus x in
Fig. 11, and compare Tc between Th-doped LaNiC2 and
YNiC2.11,13) We can see that the peak position of Tc and the
decrease in Tc in the doping range 0:5 < x < 0:8 are well
reproduced by this model. However, the increase in Tc in the
doping range 0 < x < 0:5 is not well reproduced.20) We also
cannot explain this behavior of Tc by the ‘‘isotope effect’’
due to the difference in mass between the La and Th atoms,
because Th is heavier than La, and this substitution may
decrease Tc. The disagreement between the theory and the
experiment is worse in (Y1�xThx)NiC2 than in (La1�xThx)-
NiC2, maybe because the change in the lattice parameter is
larger in (Y1�xThx)NiC2, which brings about some mod-
ifications to the band structure. One scenario for elucidating
this behavior is as follows: In LaNiC2, an exotic super-
conducting order parameter exists, as suggested by some
experiments.5,8) In the Th-rich region, the normal BCS
mechanism may work because the exotic superconductivity
is weak for disorder in most cases. In the La-rich region,
these two (exotic and normal) order parameters compete,
thus, Tc deviates from the (extended) rigid-band model.

In summary, we have calculated the electronic structures
of LaNiC2 and YNiC2 by the FLAPW method. The lack of
an inversion center in these crystals leads to the splitting of
the bands due to a spin–orbit interaction, and the value of
this splitting is 3.1 mRy in LaNiC2. This is about half of that
in CePtSi3, and is comparable to the Debye temperature. For
YNiC2 the value of this splitting is 2.0 mRy. These small
splitting values compared with those in CePtSi3 are due
to the small SOI of Ni 3d orbitals, which is the main
component near the Fermi level. Both compounds have one
half-filled band and one small electron pocket. The doping
dependence of (La1�xThx)NiC2 is partly explained by the
extended rigid-band model.
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Fig. 11. (Color online) (a) DOS’s at EF values of (La1�xThx)NiC2

and (Y1�xThx)NiC2 estimated using the extended rigid-band model.

(b) Experimental Tc values of (La1�xThx)NiC2
13) and (Y1�xThx)NiC2.11)

In both panels, the solid lines are for the La system and the dashed lines

are for the Y system. For the La system, we used Tc;�¼0, and for the Y

system we used Tmid
c . Error bars denote the 10 and 90% values.
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