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Band structures of the pressure-induced, heavy-fermion superconductor Ce;Ni3Ges and its non-super-
conducting, mixed-valence isostructural (Ibam) counterpart Ce,NisSis have been calculated employing
the full-potential local-orbital code. Both the local density approximation (LDA) and LDA + U approaches
were applied. These investigations were focused particularly on the topology of the Fermi surfaces (FSs)
of the compounds. The results show that the FSs are quite similar in these systems and exist in four
bands, containing three-dimensional holelike and electronlike sheets. However, the specific FS nesting
properties has been revealed only in Ce,Ni3Ges. They support a previously postulated presence of antifer-
romagnetic spin fluctuations (SF) in the heavy-fermion superconducting state of this germanide under
pressure. Such SF can be responsible for the pressure-induced unconventional superconductivity in this
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1. Introduction

The orthorhombic germanide Ce,Ni3Ges exhibits unusual mag-
netic properties [1-3] leading to the pressure-induced supercon-
ductivity around the quantum critical point (QCP) where
simultaneously an antiferromagnetic (AFM) order vanishes and a
heavy-fermion (HF) state is formed [3-5]. Unconventional super-
conductivity (SC) in HF compounds can be mediated by spin (or
magnetic) fluctuations (SF). It is known that quantum SF may be
present around the QCP. Interestingly, quite a recent detection of
BCS-like SC in YNiGes [6], being a non-magnetic analogue to the
unconventional pressure-induced superconductor CeNiGes; [7],
have also supported the idea of SF mediated SC in the heavy-fer-
mion Ce-Ni-Ge ternaries [4].

So far only two cerium and nickel ternaries possessing the Ibam
crystal structure have been reported, these are investigated here
Ce,NisSis [8] and Ce;NisGes [9]. The former silicide is a valence-
fluctuator [10-12] and a paramagnetic [13] member of the R,NisSis
family (where R = rare-earth atom). Most of these rare-earth nickel
silicides exhibit an AFM ordering [14,15]. Only Y,NisSis [10] and a
BCS-like superconductor Lu,Ni3Sis [16] are paramagnets down to
the lowest temperatures measured. The electronic structures of
these ternaries were investigated by us earlier [17]. The non-
superconducting Ce;NisSis, possessing an open 4f-electron shell,
has been chosen in this work as a better analogue to the considered
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here Ce,;NisGes superconductor than the above (Y;Lu),NisSis
systems.

Previous reports indicated that the AFM structure of Ce;Ni3Ges
with the magnetic unit cell (u.c.) doubled along the b-axis direc-
tion, has either a collinear (along the a-axis [18]) or canted (in
the ab-plane [19]) arrangements of the local 4f moments on Ce
atoms. The HF state with QCP in Ce,NisGes is induced by the crit-
ical pressure of 3.9 GPa [4] where SC does occur below Ts¢c = 0.26 K.
Other superconductors existing in the Ce-Ni-Ge system as CeNi-
Ges [7] and CeNiyGe; [20,21] have slightly higher critical tempera-
tures: Tsc=0.48 and 0.43 K, respectively.

In this paper, electronic structures of the Ce,NisGes and Ce,NisSis
systems are reported for the first time. We present densities of
states (DOSs) and band plots as well as the topology of the Fermi
surfaces (FSs) of both investigated compounds in their non-
magnetic states. The main aim of this work is a comparison of
these two systems, focusing mainly on a possible FS nesting that
could be responsible for the SF mechanism of the pressure-induced
SC in CEZNi3065.

2. Computational methods

Band structure calculations for Ce,NisGes and Ce,NisSis ternaries, crystallizing
in the orthorhombic Ibam structure, displayed in Fig. 1, have been performed with
the full-potential local-orbital (FPLO-9) method [22]. The Perdew-Wang form of lo-
cal density approximation (LDA) of the exchange-correlation functional [23] was
employed in the scalar and fully [24] relativistic modes. Strongly correlated Ce 4f
electrons were also treated within the LDA + U approach [25] (available only in
the scalar relativistic mode of FPLO-9), with a typical value of U= 6 eV, being ap-
plied in other Ce-Ni-Ge [26] and Ce-based [27] ternaries. For Ce,Ni;Ges, powder
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Fig. 1. Orthorhombic unit cell of Ce,Ni5(Ge;Si)s systems of the U,CosSis-type (Ibam,
space group no. 72).

neutron diffraction data of the lattice parameters: a =0.98085, b =1.18378, and
¢=0.59602 nm and atomic positions in the u.c. were taken from Ref. [18]. In turn,
for Ce,NisSis X-ray diffraction values of lattice parameters: a=0.95651,
b=1.11284, and c = 0.56453 nm were used [10]. Because of the lack of experimental
atomic positions for Ce;NisSis, they were assumed as those in other rare-earth nick-
el silicide (Y,NisSis [8]). The discussion about the selection of the atomic positions
in the 235-type ternary nickel silicides has been carried out elsewhere [17]. Here
the u.c. is equivalent to double formula units (f.u.). For both studied compounds,
the valence-basis sets were selected automatically by the FPLO-9 internal proce-
dure. Total energy values were converged with accuracy to ~1meV for the
16 x 16 x 16 (621 points) k-point mesh in the Brillouin zone (BZ) (or its non-equiv-
alent part).

3. Results and discussion

Our calculated scalar relativistic DOS plots within the LDA ap-
proach for the Ce,Niz(Ge;Si)s compounds are presented in Fig. 2.
It is seen in this figure that in both systems the main contribution
to the DOS at the Fermi level (Ef), N(Ef), originates from the Ce 4f
states. Their peaks are nearly identical and almost completely
localized above Er with only small-intensity tails at Er. At the same
time, the Ni 3d and Ge 4p (or Si 3p) states have significantly lower
values of N(Eg). In both investigated ternaries, the overall shape of
the DOSs below Er is dominated by the Ni 3d electrons, similarly to
their behavior in other nickel intermetallics, e.g. Lu,NisSis and

Y,NisSis [17]. However, the centers of masses of these
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Fig. 2. Calculated (scalar relativistic LDA) total and partial (per electron orbitals)

DOSs for Ce,Ni3Ges and Ce,NisSis, displayed in upper and bottom parts,
respectively.

contributions for the Ge- and Si-based systems, being located at
—2.0 and -2.5 eV, respectively, are shifted from each other by
about 0.5 eV. Also the bottoms of the valence bands of Ce,NisSis
are placed slightly deeper below Er than those in Ce,NizGes. This
is mainly due to the lower in energy contribution of the Si 3p elec-
trons with regards to the Ge 4p ones.

The differences between scalar and fully relativistic LDA as well
as scalar relativistic LDA + U results of DOSs in the Ce,;NizGes
superconductor are presented in Fig. 3. Interestingly, as seen in this
figure, the spin-orbit splitting of the Ce 4f states of 0.5 eV affects
only these states lying above the Fermi level. Hence, the DOS at
Er (and also Fermi surface) remain unchanged. On the contrary,
the calculated within the LDA + U value of DOS at Er (5.0 elec-
trons/eV/f.u.) is slightly lower than the LDA results (6.8 elec-
trons/eV/f.u.). This effect can be explained by the fact that the
partial DOS of the Ce 4f states are significantly broadened and
shifted by the Coulomb repulsion potential U to higher energies
above Ef.

The main influence of an application of the potential U on the
LDA electronic structure of Ce;NisGes is shown in Fig. 4. The con-
duction bands around the Fermi level are downshifted by about
merely 0.01-0.05 eV, which slightly changes the shape of some
Fermi surface sheets (presented below). Although assumed here
a large value of U=6eV is consistent with other studies on Ce-
based intermetallics, e.g. [26,27], the correct value of the U
potential for the investigated here superconductor remains still
unknown. Bearing in mind that such a large value of U causes only
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Fig. 3. Same as in Fig. 2 but for Ce,Ni;Ges, obtained within scalar or fully relativistic
LDA and scalar relativistic LDA + U (with U = 6 eV) approaches.
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Fig. 4. Computed (scalar relativistic LDA and LDA + U) band structures of Ce,Ni3Ges near the Fermi level.

minor changes around Ep, it is clear that the pure LDA approach
may also be sufficient for investigations of electronic structures
of other Ce-Ni-Ge compounds, e.g. CesNi,Ge;, CeNiGes [28],
CeNiGe;, [29]. Quite a significant hybridization between the Ce
4f and d/p electron orbitals of Ni and Ge atoms can explain the sit-
uation that the correct value of the U potential for the Ce 4f states
may be even critically low (<0.5 eV) as that deduced for CeRu,Al;q
due to its verification by the valence-band x-ray photoemission
spectrum [30]. Nevertheless, since this work is particularly focused
on very subtle properties of the FS, both results (LDA and LDA + U)
are discussed below.
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The overall Fermi surface of Ce,Ni3Ges, displayed in Fig. 5a), is
almost the same (in the scale of this figure) as that in Ce,;NisSis
(not shown). It consists of four three-dimensional FS sheets: two
holelike (I, II) and two electronlike (III, IV) ones. It seems that small
holelike pockets occurring around the X point in FS sheet I as well
as an electronlike pocket around the I' point in FS sheet IV are
irrelevant because of their relatively small volumes. In contrast,
large and quite complex FS sheets Il and IIl ought to be responsible
for the physical properties of the investigated here intermetallics.

A comparison between the FS sections of Ce,NisGes and
Ce,Ni5Sis through the basal plane, being presented in Fig. 5b)
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Fig. 5. (a) Calculated Fermi surface (LDA) of Ce,;Ni;Ges, containing holelike (I and II) and electronlike (IIl and IV) sheets; (b) Sections of FS sheets Il and IIl in Ce;Ni3Ges through
the basal plane for both LDA and LDA + U results with marked (by arrow) possible nesting vector q = (0.0, 0.5, 0.0) x (27/b). (c) Same FS sections as in (b) but for Ce,Ni;Sis in

LDA approach. Note the lack of any nesting properties.
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and c), reveals pronounced but imperfect nesting properties of FS
sheets II and III, possessing almost parallel parts spanned by
approximately the same vector q. It should be underlined here that
these features are exhibited only by the considered here supercon-
ductor. Interestingly, the nesting vector q = (0.0, 0.5, 0.0) x (27/b)
is consistent with the propagation vector of the AFM structure in
Ce,Nis;Ges. The imperfect nesting with this vector q yields a possi-
bility of appearing, in the non-magnetic HF state around the QCP,
spin fluctuations having an antiferromagnetic character rather
than the ordered AFM state which might be stabilized only by
the perfect nesting. The SF may be tuned by pressure as suggested
earlier by Nakashima et al. [4]. These electronic-structure features
turn out to be crucial for arising HF superconductivity in Ce,;NisGes,
especially because the reference Si-based cerium compound
apparently does not exhibit any nesting properties of that kind. It
should be mentioned here that the SF of an AFM type driven by
the nesting properties have also been considered as crucial for
the SC phenomenon in iron-based superconductors (see e.g.
[31,32]) and cuprates (see e.g. [33]). Thus, a pairing mechanism
of HF and other unconventional high T¢ superconductors is sus-
pected to be similar.

As is visible in Fig. 5b) the influence of the U potential, applied
to the Ce 4f states in the Ce,;Ni3Ges superconductor, on the FS sec-
tions (LDA + U results) is meaningless, as it was deduced from the
DOS and band plots (Figs. 3 and 4). Note from those figures that the
energy broadening of the Ce 4f states takes place mainly above Ef.
Therefore, the imperfect nesting properties of Il and III FS sheets in
this system are quite stable, despite a slight modification of the FS
sections. Furthermore, also the overall FS topology in Ce,NisGes
obtained within the LDA + U approach remains also almost un-
changed compared with the LDA results. Consequently, the above
comparison between the electronic structures of both Ce-based
intermetallics, concentrated mainly on the LDA data, seems to be
justified.

4. Conclusions

The differences found between the electronic structures of
Ce,Ni3Ges and Ce,NisSis can explain a variety in the physical
properties of both systems. The pressure-induced heavy-fermion
superconductivity in the considered here Ge-based compound
may be enabled by spin fluctuations that are driven by imperfect
nesting properties of its Fermi surface. These conditions are not
present in the reference non-superconducting Si-based compound.
Our findings may encourage to further studies on an electronic
structure of other heavy-fermion superconductors and reveal some
connection between nesting properties of the Fermi surface and a
strength of spin fluctuations, tuned by pressure.
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