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Abstract

We present a detailed study of the electronic structure of the Ce, M, Iny;, 43, (M = Co, Rh, Ir;
n=1,2and m = 0, 1) series of Ce intermetallic compounds and of the reference Laln;
compound. The ground state of these heavy-fermion (HF) materials can be tuned between
antiferromagnetic (AF) and superconducting (SC), with pressure or doping as the tuning
parameter. Performing the x-ray photoelectron spectroscopy (XPS) measurements on the Ce 3d
core levels as well as on the valence band states we analyse the dependence of both the Ce 4f
band character and physical properties on the kind of transition metal atom M and on the
number of Celnj layers intervened by the MIn; layers in the investigated family of compounds.
We draw a parallel between the XPS valence band spectra and ab initio band structure
calculations based on the full-potential linearized augmented plane-wave (FP-LAPW) method.
We analyse changes in valence band states within the whole family of materials. We compare
the experimental magnetic moments on Ce atoms with the theoretical ones calculated within
different approximations for exchange—correlation potential. Finally, we have shown that the Ce
4f electrons participate in bonding formation for all investigated compounds. Our study
indicates that the observed changes in the 4f band on-site hybridization energy result from the
reconstruction of the charge density distribution driven by transition metal atoms inserted into

the Celnj structure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years, the investigations of Ce-based systems, where
the long-range Ruderman—Kittel-Kasuya—Yoshida (RKKY)
interaction and the local on-site exchange interaction (Kondo
effect) compete with each other, have attracted much attention.
If the RKKY interaction predominates, various magnetic
ground states can occur [1]. Otherwise, the hybridization
between the localized f electron and the conduction states
can lead to formation of a heavy-fermion (HF) liquid [2].
An especially intriguing situation occurs near a magnetic
instability, i.e., close to the phase transition between
magnetically ordered and non-magnetic ground states. The
most interesting are HF systems, in which superconductivity
(SC) appears near the boundary between the magnetic and
non-magnetic states, suggesting that magnetic interactions may
play an essential role in the formation of the Cooper pairs in the
SC state.

0953-8984/08/115202+17$30.00

The Ce,M,,Iny, 3, materials are examples of such
behaviour. It is visible in the (7', P) phase diagram of the
parent compound Celns [3-5], which exhibits AF with Ty =
10.2 K at atmospheric pressure. With applied pressure, Tx
decreases and SC occurs with a maximum value of 7¢ ~ 0.2 K
found in a narrow P-range around P, ~ 2.6 GPa, where
Tn — 0. Likewise CeRhlns, ordered antiferromagnetically
below Ty = 3.8 K, exhibits a transition to the superconducting
state with 7¢ of 2.2 K at the pressure of 2.5 GPa [6-9]. The
microscopic coexistence of AF and SC has been found in
a range of pressure of 1.53-1.9 GPa, whereas CeColns and
Celrlns are HF superconductors at atmospheric pressure with
Tc values of 2.3 K and 0.4 K, respectively [10, 11]. Similar
properties characterize the Ce,MlIng subfamily. Namely,
Ce,Colng is an HF superconductor with 7c ~ 0.4 K [12];
Ce,RhlIng exhibits AF with Ty ~ 2.8 K at atmospheric
pressure and transition to the superconducting state with rising

© 2008 IOP Publishing Ltd  Printed in the UK
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pressure, showing T¢ ~ 2 K at the pressure of 2.25 GPa [7, 13].
Ce,IrIng is an HF paramagnet down to 50 mK [7].

The parent Celns system forms in a simple cubic AuCus-
type structure [14]. The compounds with transition metal
atoms M crystallize in the quasi-two-dimensional (quasi-
2D) tetragonal structures Ho,CoGay,+3 [15], that can be
viewed as n layers of Celns units stacked sequentially along
the c-axis with intervening m layers of MIn,. Therefore,
the Ce,M,,Iny, 13, systems gave us a unique opportunity
for investigation of the influence of systematic structure
modifications on both electronic structure and physical
properties of these compounds. On the one hand we can
investigate the changes arising from the gain in the number of
Celns layers intervened by the MIn, layers, and on the other
hand we can analyse the dependence on the kind of transition
metal atom in the series of Ce,MIng and CeMIns compounds.

An especially important question, which is worth
studying, is the role of the 4f electrons and their degree of
localization in formation of the unconventional ground states.
Although many advances have been achieved in explanation
of the electronic structure, especially within the CeMlIns
subfamily [5, 16-26], the character of the Ce 4f electrons in
these materials is still somewhat controversial. For instance,
for AF CeRhlns a nuclear quadrupole resonance (''*In NQR)
study revealed the strong hybridization of the 4f electrons with
the conduction band in a very low temperature region and
localized character of 4f states at higher temperatures (above
~10 K) [5, 17]. On the other hand, Moore et al interpreted
the results of the angle-resolved photoelectron spectroscopy
(ARPES) within the framework of an itinerant 4f electron
model [18]. Meanwhile, the combined ARPES, the Ce 3d-
4f resonant photoemission spectroscopy (RPES) and the x-ray
absorption spectroscopy (XAS) experiments [19] suggested a
relatively localized character of the Ce 4f states at temperature
~ 15 K, in agreement with results from the NQR experiment.
Besides, some de Haas—van Alphen (dHVA) experiments were
interpreted within the itinerant 4f electron picture [20], while
the following detailed dHvVA study showed that in CeRhlns
the Ce 4f states do not contribute to the volume of the Fermi
surface [21, 22, 27].

For SC Celrlns, as for CeColns, the topology and size
of the Fermi surface investigated by the dHvVA effect suggest
the itinerant character of the 4f electron [20, 22, 23, 27]. In
addition, NQR study confirmed that 4f electrons in Celrlns
are much more itinerant than in the other known Ce-based HF
compounds [24]. In contrast, some photoemission experiments
(ARPES and Ce 3d-4f RPES) showed that in this compound
Ce 4f states are nearly localized [19]. Finally, recent Ce 3d—4f
RPES investigations for Celrlns revealed [25] that, although
the Ce 4f spectra are dominated by the localized character,
there is also a small itinerant contribution originating from the
hybridization, observed as the quasi-particle band near eg. This
is consistent with a very high value of Sommerfeld coefficient
of 750 mJ (mol K?)~! [11].

In contrast, for parent AF compound Celn; different
experimental data gave evidence for a strongly bound
character of the Ce 4f states at ambient pressure [28-30].
However, the large value of specific heat coefficient of

130 mJ (mol K?)~! [3] indicates that there is some contribution
of the 4f states at the Fermi level.

We performed the x-ray photoelectron spectroscopy
(XPS) measurements for the family of Ce,M,,In,43,
compounds to investigate the changes in hybridization between
Ce 4f states and the conduction band resulting either from
the M-element substitution or the number of Celn; layers
intervened by the MIn, layers. Based on the Ce 3d XPS
spectra we also discuss the valence of Ce ions. We analyse
the XPS valence band spectra in the context of ab initio
band structure calculations. To get more precise information
about the Ce 4f bands in Celn; we combined the XPS
valence band spectrum of Celns with that of the isostructural
reference Lalns compound. We also carried out band structure
calculations using the full-potential local-orbital minimum-
basis (FPLO) code [32] to clarify the contributions to the
valence band originating from states of Ce and In with different
I-symmetry extended into the interstitial regions. The LAPW
method demands the presence of the electrons in the interstitial
region, which cannot be taken straightforwardly into account
in a simulation of the theoretical XPS spectra, whereas the
FPLO crystal potential does not introduce the interstitial
regions. The compounds Celns, CeRhIns and Ce,RhIng have
AF ground states, therefore we performed additional band
structure calculations assuming antiferromagnetic alignment of
Ce magnetic moments inside Celns layers. We investigated
the influence of such magnetic order on values of the total
magnetic moments as well as on the DOS near the Fermi level
in both GGA and GGA + U approximations.

Finally, based on our results we analysed the changes in
valence band states within the whole family of Ce,M,, Iny,, 13,
compounds. We tried to clarify which interactions have the
dominant influence on both the Ce 4f band character and the
ground state properties of the investigated compounds.

2. Computational methods

The electronic structure of all compounds was studied by the
full-potential linearized augmented plane-wave (FP-LAPW)
method [31] using WIEN2k computer code [33]. In this
method the unit cell is divided into non-overlapping muffin-tin
spheres (centred at the atomic sites) and an interstitial region.
The muffin-tin radii were assumed to be 2.55 au for Ce and
La, 2.45 au for Co, Rh and In and 2.5 au for Ir. Inside the
atomic spheres, partial waves were expanded up to /.x = 10,
while the number of plane waves in the interstitial region was
limited by the cut-off at K.« = 8.0/Rmr, Where Ryr is
the smallest of all atomic sphere radii in each system. The
charge density was Fourier expanded up to Gax = 14. The
calculations were spin polarized. The k-space integrations
were done using over 330 Kk points in the irreducible wedge of
the Brillouin zone (5000 points in the full zone) for CeMlIns,
over 260 k points (4000 points in the full zone) for CeMIng
and over 330 k points in the irreducible wedge (10 000 points
in the full zone) for Celns and Lalns. In the AF calculations
for Celnz, CeRhlns and Ce,Rhlng a similar density of k-
mesh was assumed. Exchange—correlation (XC) effects were
treated within the GGA approximation in the form proposed



J. Phys.: Condens. Matter 20 (2008) 115202

M Gamza et al

by Perdew, Burke and Ernzerhof (GGA96) [34]. The following
states were considered as valence: Ce (4f, 5d, 6s, 6p), La
(5d, 6s, 6p), Co (3d, 4s, 4p), Rh (4d, 5s, 5p), Ir (5d, 5f,
6s, 6p) and In (5s, Sp, 5d). As semicore states we chose Ce
(4d, Ss, 5p), La (4d, 5s, 5p), Co (3s, 3p), Rh (4s, 4p), Ir
(41, 5s, 5p) and In (4s, 4p, 4d). The core levels were treated
fully relativistically, while for valence states relativistic effects
were included in a scalar-relativistic manner [35]. Spin—orbit
(SO) coupling was included in the second variational method
using the scalar-relativistic eigenfunctions as basis [36]. For
Celnj the easy magnetization axis was assumed along the [111]
direction, in agreement with experimental data [14], whereas
for CeMlIns and Ce,MlIng the [001] axis was chosen. Because
the considered compounds are strongly correlated systems, we
went beyond the standard GGA approximation and included
the orbital dependent potentials for the Ce 4f states, applying
the so called GGA + U method, introduced by Anisimov et al
[37], with an approximate correction for the self-interaction.
The exchange constant J for the Ce 4f states was assumed to
be ~1 eV. The effective U is defined as Ueis = U — J, where
U is the Coulomb correlation parameter for the specified shell.

The electronic structure of Celn; and Lalny was also
studied by the full-potential local-orbital (FPLO) minimum-
basis method [32] within the local spin density approximation
(LSDA) as well as using the LSDA + U approach for the
Hubbard correlation interactions within the Ce 4f shell [38]. In
the scalar-relativistic calculations the XC potential of Perdew
and Wang was used [39]. As the basis set, Ce(4f, 5s, 5p,
5d, 6s, 6p), La(Ss, 5p, 5d, 6s, 6p) and In(4s, 4p, 4d, 5s, Sp,
5d) states were employed. The lower-lying states were treated
fully relativistically as core states. The In 5d states were taken
into account as polarization states to increase the completeness
of the basis set. The spatial extension of the basis orbitals,
controlled by the confining potential exponent equal to 4, was
optimized to minimize the total energy [40]. A k-mesh of 286
points in the irreducible part of Brillouin zone (8000 in the full
zone) was used.

The electronic structures of all considered systems were
computed using the experimental atomic positions and lattice
parameters listed in tables 1 and 2, respectively.

Based on band structure results we calculated the
theoretical XPS valence band spectra. The densities of states
were convoluted by the Lorentzians with a full width at half
maximum (FWHM) of 0.4 eV to account for the instrumental
resolution, thermal broadening and the effect of the lifetime of
the hole states. The partial /-resolved densities of states were
multiplied by the corresponding cross-sections [41] and by the
Fermi-Dirac function with 7 = 300 K.

3. Experimental details

Polycrystalline samples of Celns, Lalns, CeRhlns, Celrlns
and Ce;RhIng were prepared by arc melting stoichiometric
amounts of the elemental metals (Ce 99.99%, La 99.99%, Rh
99.9%, Ir 99.99%, In 99.995%, in units of atomic%) on a water
cooled cooper hearth in an ultra-high purity Ar atmosphere
with an Al getter. Each sample was remelted several times
to promote homogeneity and annealed at 800°C for 7 days.

Table 1. Comparison of the structural data for CeMIns and Ce,MIng
series of compounds.

Atomic positions of Ce,MIng compounds

Atom X y z
Ce 2g 0 0 2ce
M la 0 0 0
Inl 2e 0 0.5 0.5
In2 4 0 0.5 Zin2
In3 2h 0.5 0.5 ZIn3
Compound Zce 22 ZIn3
Ce,Colng [43] 0.3105 0.1199 0.2962
Ce,RhIng [44] 0.3070 0.1194 0.3056
Ce,IrIng [44] 0.3060 0.1199  0.3056

Atomic positions of CeMIns compounds

Atom X y b4
Ce la 0 0 0
M 1b 0 0 0.5
Inl lc 0.5 0.5 0
In2 4i 0 0.5 ZIn2
Compound ZIn2

CeColns [43] 0.3103

CeRhlns [45] 0.3059

Celrlns [45] 0.3052

Polycrystals were examined by the x-ray powder diffraction
analysis and found to consist of a single phase. Single crystals
of CeColns and Ce,Colng were grown by the

self-flux method described elsewhere [42, 12], from the
elemental metals (Ce 99.99%, Co 99.9%, In 99.995% in units
of atomic %) using In as a flux. The quality of crystals
was checked by Laue and rotating crystal methods. The
lattice parameters provided in table 2 were acquired from the
diffraction pattern analysis and are in agreement with those
previously reported [14, 43-45].

The XPS spectra were obtained with monochromatized
Al Ko radiation at room temperature using a PHI 5700 ESCA
spectrometer. Total energy resolution was about 0.4 eV.
Polycrystalline samples were broken under a high vacuum of
6 x 107'° Torr immediately before taking spectra. In the
case of Celns we also measured the sample polished in ultra-
high vacuum and the sputtered one using an Ar ion beam.
Calibration of the spectra was performed according to [46].
Binding energies were referenced to the Fermi level (e = 0).
A background, calculated using Tougaard algorithm [47], was
subtracted from the XPS data.

4. Results and discussion

4.1. Ce 3d XPS spectra

Analysis of the Ce 3d XPS spectra is a proper method to
investigate the character of the Ce 4f states in intermetallic
systems owing to the strong Coulomb interaction between
photoemission holes in the 3d shell and electrons located near
the Fermi level. Figure 1 shows the Ce 3d XPS spectra of
Celns, CeMIns and Ce,MIng compounds. Because of the
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Table 2. Lattice parameters a and ¢, volume of the unit cell V, height of the Celnz complex Acer,, difference between hicern, and a lattice
parameter, and volume of the Celn; complex for all Ce,M,,In,,+3, compounds. The table also presents values of hybridization energy A

estimated from the Ce 3d XPS spectra.

a C Vv hCeIn3 aOhCeIn3 VCeIn3 A

Compound A A (Ah A) (A) (Ah (meV)
Celn; [14] 4.687 102964 4.687  — 102.964 60
Ce,Colng [43]  4.640 12251 263759 4.657 —0.017 100263 89
Ce,RhIng [44] 4.667 12247 266750 4.661  0.006 101.521 85
Celrlng [44]  4.690 12.195 268242 4.635  0.055 101.952 —
CeColns [43]  4.601  7.540 159.616 4.679 —0.078 99.051 89
CeRhlns [45]  4.656  7.542 163498 4.614  0.042 100.024 84
Celrlns [45]  4.674  7.501 163.869 4.579  0.095 100.034 89

— o

h2) =

g 3

g 3

A =

2 5

2 IS
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g

* T
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Figure 1. The Ce 3d XPS spectra for Celn; (a), Ce,Colng (b),
Ce,Rhlng (¢), CeColns (d), CeRhlns (e) and Celrlns (f).

SO interaction there are two sets of photoemission lines in
each Ce 3d XPS spectrum: 3d3;, and 3ds;;, with intensity
ratio I (3ds;2)/1(3d32) = 3/2. The estimated value of the
SO splitting (§) is equal to 18.6 eV and is the same for
all investigated compounds. Our LAPW calculations gave a
similar result for the SO splitting for these compounds (6 =
18.84 eV).

Each set of photoemission lines in the Ce 3d XPS
spectrum can consist of three different core-ionized final state
contributions labelled as f°, f! and f2, for which the nominal f
electron counts are 0, 1 or 2. The 3d°f' peaks are interpreted
as the main photoemission lines. The 3d°f> components,
located on the low-energy side of the main lines at a distance
of ~4 eV from the f' lines, originate from a screening of
the core hole by electrons from the valence band to the
4f states [48-50]. Therefore the f> peak intensity can be
considered as an indicator of hybridization strength between
Ce 4f shell and conduction states. The appearance of an

915

900
Energy (eV)

885 870

Figure 2. Ce 3d XPS spectra for Celn; measured under low angle (a)
and from the sputtered (b), polished ((c), (d)) and broken in
ultra-high vacuum surfaces of the sample ((e), (f)). The satellite lines
observed in the 3d XPS spectra are interpreted as plasmon losses
with an energy of hv ~ 13 eV.

additional 3d°f” line in the 3d XPS spectrum, ~11 eV away
from the f' peaks, may be evidence of the intermediate valence
behaviour of Ce [49].

In Ce 3d XPS spectra for all investigated compounds
(figure 1) we found broad maxima located at the binding
energies of 896.4 and 915 eV, which are 11.5-12.5 eV away
from the f' peaks. These contributions are more pronounced
in the case of Celn;. To give insight into their origin
we performed consecutive XPS measurements on the Celn;
samples prepared for XPS experiments in different ways (see
description of figure 2). The inelastic mean free path of the
electrons with ~600 eV kinetic energy is about 10 A, so
approximately 20% of each Ce 3d XPS spectrum measured
under the angle close to 90° arises from the first atomic
layer where the Ce electrons might have different electronic
structure [51]. To investigate the contribution to the Ce 3d
XPS spectra coming from the surface states we also performed
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Figure 3. La 3d XPS spectra for Laln;. The additional features
visible in the spectrum are interpreted as being due to the plasmon
effect with an energy loss of hv ~ 13 eV.

XPS measurements under low angle on the almost flat plane
of the Celns sample, which was broken under a high vacuum
immediately before taking spectra. Results are shown in
figure 2.

The intensity of the contribution located at 878 eV in the
3d XPS spectrum of Celns depends on the surface preparation.
The features at about 905 and 887 eV we assign to the multiplet
structure of the f' configuration due to the coupling of the 3d
hole with the open 4f shell [52]. It is worthwhile to note,
however, that these contributions are significantly larger in
the spectrum measured under low angle. This suggests that
they are pronounced in some Ce 3d XPS spectra due to the
surface effects. In the Ce 3d XPS spectrum measured under
low angle we also observe the appearance of additional features
at about 899 and 914 eV, 917 and 920 eV. These peaks could
be interpreted as plasmon loss satellites arising from group
oscillations of the conduction electrons, which we indicated
in figure 2.

For comparison, in figure 3 we present the La 3d XPS
spectrum of the isostructural reference compound Lalnj as
well. There are two main photoemission lines in the spectrum:
3ds/, and 3ds;,, which exhibit a spin—orbit splitting § equal
to 17 eV. This value is in agreement with the one calculated
by the LAPW and FPLO methods (§ = 17.2 eV). The main
photoemission lines in RE 3d XPS spectra are much wider
for Ce,M,,Iny,,+3, compounds than for Laln;. The observed
broadening is supposed to result from multiplet effects and a
special broadening mechanism related to virtual-bound-state
effects [53]. The last mechanism arises if the state from which
an electron hops into a localized screening orbital from the
full valence states is degenerate with the energy of a poorly
screened state.

The contributions to the La 3d XPS spectrum at the
binding energies of 832.5 and 849.5 eV we attribute to the
screening of the core hole by the transfer of an electron
from the valence band to the localized 4f states [49], while
the features visible at about 893.5 and 886 eV are supposed
to originate from the surface effects, like the analogous
contributions in the Ce 3d XPS spectrum of Celn;. We would
like to note that there are also additional peaks in the spectrum,
that we interpret as the energy-loss lines (see figure 3). Some

of them overlap with a very broad Auger line in the energy
range of 860-870 eV.

The preceding analysis indicates the presence of plasmon
effects in measured XPS Ce 3d spectra. Since the shape of the
peaks located at about 896.4 and 915 eV and the interval in
energy between them and the f! lines are very similar to those
of the peaks interpreted as energy-loss lines [49], we assign
them to plasmon satellites of the main photoemission lines. We
did not find any additional, sharp peaks in the measured Ce 3d
spectra in a similar energy range which could be interpreted
as f%-like peaks, providing clear evidence of a mixed valence
of Ce in the investigated compounds. It is worthwhile to
stress that for CeRhlns and Celrlns compounds this judgement
is consistent with XAS results [19]. In case of the parent
Celns compound the stable valence of Ce is also in agreement
with previous experimental results (e.g. NQR, 2D angular
correlation of the electron—positron annihilation radiation),
which unambiguously revealed that Ce 4f states in Celn;
are well localized at ambient pressure [28-30]. Moreover,
significant deviations from Vegard’s law in Celns_,Sn, have
been attributed to the valence transition from trivalence for
x < 2.3 to a small amount of mixed valence character for
x > 2.3, also pointing to the stable Ce™ configuration in
Celns [54]. However, we cannot exclude a very slight mixed
valence effect in all investigated compounds, because in the
Ce 3d core-level XPS spectra the loss-energy lines and peaks
connected to the 3d°4f” configuration of Ce could overlap.

Gunnarsson and Schonhammer (GS) [55, 49] have shown
how the experimental Ce 3d spectra can be used to estimate
the hybridization energy A between the 4f and conduction
electron states. The hybridization energy A is defined as
77V pmax, Where pmay is the maximum value of the DOS and V
is the hybridization matrix element in the Anderson impurity
Hamiltonian. According to the GS theory, the ratio R =
I/ Y 4+ I(f?)), where I(f") is the intensity of the
f" peak, provides a sensitive measure of A. The dependence
of R on the shape of the conduction band and the n¢ value as
well as the other model parameters is much weaker than on the
A value [55]. Therefore, based on figures 5 and 6 of [49], we
have estimated the values of the energy A for Ce,M,,Iny,, 13,
compounds, assuming their conduction band’s DOS to be a
simple semi-elliptic one with lower edge B~ = 4 eV and
upper edge BT = 1.57 eV with respect to the Fermi level. The
other parameters in the GS model were assumed to take values
typical for Ce-based intermetallics (the Coulomb interaction
between the core hole and the 4f subshell Uy, = 9.6-13.0 eV
and U = 6.4 eV). The separation of the overlapping peaks
in Ce 3d XPS spectra was done on the basis of the Doniach—
Sunji¢ theory using the same parameters for all systems [56].
The energy distance between f' and > peaks was found to be
~3.5 eV. The obtained A values are listed in table 2.

The estimated values of the hybridization energy A should
not be treated dogmatically, since they are only as good as the
GS theoretical model used to extract them. Moreover, there are
many other sources of errors in estimation of A values. The
most important ones we attribute to the surface contribution
to the measured spectra, the spectrum decomposition and the
background subtraction. Besides, in order to estimate the A
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values we assumed simple semi-elliptical conduction bands of
the investigated compounds. Substitution of the true densities
of states could change the deduced A values even by up to
20-30% [49, 55].

Finally, we are aware of the fact that the absolute values
of the hybridization energy A, listed in table 2, can differ by a
factor of up to two from those found in other experiments [55].
It is worth noting, however, that based on the 3d—4f and 4d—4f
RPES experiments and using the non-crossing approximation
of the Anderson impurity model Kim et al [57] found the
A value for bulk Celn; to be about 69 meV and about
47 meV for surface states. Our estimations (table 2) gave the
hybridization energy as slightly reduced as compared to the
bulk value of Kim ez al, which may be mainly due to the surface
contributions to the XPS spectra. Furthermore, the A values
listed in table 2 were obtained using the same procedure, i.e.,
the samples were prepared in a similar way, measured under
similar conditions, the Ce 3d XPS spectra were analysed and
deconvoluted in an analogous way. Therefore it is justified to
compare the estimated A values in order to analyse the changes
in hybridization strength, related to the changes in the f2 peak
weight in Ce 3d XPS spectra of the investigated compounds.

Hybridization energy A is similar for CeMlIns and
Ce,MIng compounds and much bigger than for the parent
Celns. This is consistent with previous conclusions
suggesting that in Celns the character of Ce 4f states is
well localized [28-30], while in CeMIns compounds these
states are on the border of localization [19]. Our results
suggest that there are also slight variations in hybridization
strength within CeMIns and Ce,MIng compounds. In both
subfamilies, the estimated hybridization energy is a bit smaller
for compounds containing Rh than for their counterparts with
Co and Ir. Since the observed changes in hybridization strength
within CeMIns and Ce,MlIng subfamilies are very similar
and these changes have been also confirmed by the other
comparative spectroscopic studies [19, 58], we believe that
they are meaningful. It is of great interest to understand the
mechanisms leading to the observed changes in hybridization
energy A within the Ce,M,,Iny,, 13, compounds.

For Ce,M,,Iny,, 13, systems, one of the most important
factors having an influence on A value and ground state
properties could be the volume of the Celn; complex. For
the parent Celn; compound, for instance, the contraction of
unit cell volume (due to application of external pressure) leads
to transition from the AF ground state to the non-magnetic
ones, which is connected with the A enhancement and the
delocalization of Ce 4f states [5].

Much stronger hybridization A for all CeMlIns and
Ce,MIng compounds in relation to that for the parent Celns
(table 2) could also be partially explained as due to the so called
chemical pressure effect, i.e. the changes of Celns-complex
volume induced by the inserted MlIn, layers. However, the
variation in volume of the Celn; complex between Celns and
Ce,;MIng compounds is comparable with that between CeMIns
and Ce,MlIng series (table 2), but no significant difference in
the hybridization energy A between the last two subfamilies
can be observed. This suggests that the variation in the Celns-
complex volume is not the only mechanism responsible for

the observed variation in the hybridization energy across the
investigated compounds.

Moreover, the slight strengthening of the hybridization A
for CeColns and Celrlns with respect to CeRhlIns, suggested
by the Ce 3d XPS spectra, is in agreement with the fact
that systems with Co and Ir at ambient pressure exhibit
similar properties (HF SC) [10, 11] as CeRhIns under external
pressure [6-9]. However, only the enhancement of A for
CeColns with respect to CeRhIns could be attributed to the
chemical pressure effect. Meanwhile, Celrlns and CeRhlns
have similar volumes of the Celn; complexes (see table 2),
despite the difference in hybridization strength A. Therefore,
we conclude that the chemical pressure effect cannot be the
single mechanism responsible for the strength of hybridization
between 4f states and the conduction band in the investigated
family of compounds.

The slight enhancement of hybridization energy A for
Celrlns and CeColns with respect to that for CeRhlns could
be connected with the tetragonal distortion of the Celns
cuboctahedra. According to the distortion parameter (a-hcen,),
shown in table 2, the Celn; complexes in all CeMlIns
compounds are distorted with respect to the parent Celn;
composition. However, for CeColns and Celrlns compounds
the distortion is much larger than for CeRhlns. This might
indicate that in these compounds the increase in distortion
of the Celns cuboctahedra favours the strengthening of the
hybridization parameter A and the formation of the SC ground
state. On the other hand, smaller distortion (as in CeRhlIns) or
higher Ce point symmetry (as in Celn3) favours the AF ground
state, as suggested previously [45]. Similar tendency can be
also observed in Ce,MIng subfamily (table 2).

Nevertheless, taking into consideration both the chemical
pressure effect and the distortion of Celns cuboctahedra, we
still cannot explain why for instance Ce,Colng is an HF SC
with a relatively strong hybridization A, while CeRhIns shows
the AF ground state and slightly smaller A value. Since
the volume of Celns complexes is smaller in CeRhlns than
in Ce,Colng and distortion of the Celns cuboctahedra is not
significant for both compounds (smaller for Ce,Colng), one
would expect an SC ground state and stronger hybridization
A for CeRhlns rather than for Ce,Colng, which do not agree
with experimental data.

Therefore, we guess that inclusion of transition metal
atoms, besides leading to both shape distortion and volume
contraction of the Celns cuboctahedra, must have also a direct
influence on the Ce 4f states due to the formation of bondings
between Ce and the nearest neighbouring (NN) M atoms. This
conclusion has been supported by the band character analysis
as well as the valence charge density analysis, presented in
sections 4.3 and 4.4. An important question, which should
be answered, concerns the overall mechanism responsible for
changes in ground state properties within the whole family of
compounds and leading, on the one hand, to the significant rise
in hybridization between the Ce 4f states and conduction band
in CeMIns and Ce;MIng subfamilies as compared to that in
parent Celn; compound and, on the other hand, to the slight
variation of the hybridization strength within both CeMIns and
Ce,MlIng subfamilies. Our band structure results and valence
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Figure 4. The calculated (LAPW and FPLO) total and atom projected density of states of Celns and Lalns. For Celn; the majority (minority)
spin was plotted upward (downward). The common vertical dashed line indicates the position of the Fermi level (colour online).

Table 3. Celn;: density of states at ee—DOS(eg); Ce 4f contribution to the DOS at eg — DOSy¢ (€); Sommerfeld coefficient y calculated
from the DOS(¢€g); the spin (Ms), orbital (M) and total (M) magnetic moments of Ce obtained by the LAPW method within different
approximations, assuming the ferromagnetic (FM) or antiferromagnetic (AFM) order.

+SO+U +U
M +SO Ugjg=6eV AFM Ug =6¢eV
DOS(ep) (states eV~ fu.") 83 107 2.1 98 23
DOSy (€p) (stateseV~! fu.”!) 6.4 8.2 0.04 9.3 0.06
y (mJ mol~! K2) 19.6 253 4.8 23.2 5.4
Ms (up) 0.64 0.60 0.99 0.69 0.99
M; (uB) — 0.10 0.47 — —

charge density distribution, discussed in the next sections, give
insight into this problem.

4.2. Valence band of Celnz

Figure 4 shows the total and partial electronic densities of
states (DOSs) for Celn; calculated by the LAPW method,
assuming the ferromagnetic (FM) spin polarization. The SO
interaction results only in a slight reduction of the Ce spin
moment (table 3) due to the SO splitting of the Ce 4f bands.
The characteristic feature of the DOSs obtained within the
GGA and GGA + SO approximations is the unrealistic narrow
bands near the Fermi level formed mainly by the Ce 4f states
due to the insufficient treatment of the Coulomb correlations
within the 4f manifold by the GGA approach. In contrast,
the Ce 3d XPS spectra has revealed that the Ce atoms have

a trivalent configuration in Celns, suggesting the strongly
correlated character of the 4f states. Therefore we applied
the GGA + SO + U approach to the Ce 4f states to account
for the strong correlations within this shell. The Hubbard-
type correlation term included in the XC potential splits the
occupied and unoccupied 4f bands and shifts them away from
the Fermi level. Consequently, it modifies essentially the
hybridization between the Ce 4f and valence band states close
to the Fermi level, reduces the DOS at the Fermi level and leads
to the increase of the Ce spin moment (table 3).

The calculations with the Hubbard parameter values
U larger than about 4 eV yield the qualitatively correct
description of the trivalent Ce in Celns, with approximately
one electron occupying the 4f shell and the magnetic spin
moment of Ce equal to ~1 ug. For Uy ~ 6 eV, which is
typical for Ce* [59], the occupied 4f states form a narrow peak
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at about 2.7 eV below er (figure 4), but there is still some slight
contribution of these states near the ep due to the hybridization
with the conduction band. In the band structure (figure 9) there
is a small, uniform admixture of the Ce 4f band character for
several bands close to the Fermi level. Near the R point in the
Brillouin zone there is also a distinct hybridization between
the main occupied Ce 4f and some In 4p states, located in the
same energy region. This might indicate that the 4f electrons
contribute to the bonding in Celns.

The variation of the U parameter within the range of
4-8 eV, besides the shift of the main 4f band on the energy scale
and slight changes of the hybridization around the R point,
almost does not affect the overall shape of the band structure,
which justifies the GGA + SO + U description.

It is worthwhile to note that the experimental value of the
Sommerfeld coefficient of 130 mJ (mol K?)~! for Celns [60] is
an order of magnitude larger than the theoretical one obtained
from the DOS(er) (table 3). Different effects, e.g. phonon—
electron coupling or magnetic excitations, can enlarge the
y-value, but such a strong enhancement of the Sommerfeld
coefficient suggests that at low temperatures there is a peak of
the electronic quasi-particle density of states at the Fermi level
originating from the Abrikosov—Suhl resonance. This effect
cannot be described within the GGA + U approach, which is
a mean-field-like approximation and neglects all the dynamic
correlation effects.

The calculated spin moment of In is negligible,
manifesting that only Ce atoms carry magnetic moment in
Celns, in agreement with the experimental data [14]. The
theoretical values of spin, orbital and total magnetic moments
of Ce are listed in table 3. Since at low temperatures
Celns orders antiferromagnetically, we also performed AF
band structure calculations. According to the experimental
data [14] we assumed the simple AF structure of type II, where
Ce magnetic moments align antiferromagnetically in adjacent
(111) FM planes. The AF coupling between Ce moments leads
to the slight increase of the DOS(er) and of the spin moment
of Ce within both the GGA approximation and the GGA + U
approach applied for the Ce 4f states (see table 3). The FM and
the AF solutions have similar total energies, that correlate with
the low value of Ty = 10.2 K for Celn;. We got a quantitative
agreement between the calculated and experimental [14] total
magnetic moments of Ce only within the GGA + U approach
with the value of the U.g parameter typical for the rare earth
elements. This suggests the strongly correlated character of Ce
4f states in Celns. This result has been confirmed by the XPS
valence band spectrum (figure 5).

To analyse in detail the experimental data we have
calculated the XPS spectra based on the theoretical partial
DOS data obtained by the LAPW method in both the GGA
approximation and using the GGA + U approach for the
Ce 4f states. Results are shown in figure 5(c). The peaks
located at about 4.9 and 6.8 eV are attributed mainly to the
In 5s states, while the main feature, with a maximum at about
1.5 eV, originates from the In 5p bands hybridized with the
Ce 5d and Ce 4f states. The width of the features in the
measured photoemission spectrum is larger than that expected
theoretically. ~ This could indicate that the experimental
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Figure 5. The XPS valence band spectra of Celn; and Laln; (a) and
the difference between these two spectra (b). In panels (c) and (d),
respectively, the XPS valence band spectra of Celn; and Lalns,
corrected by the background, are compared with the calculated ones
based on the FPLO and LAPW DOSs. For Celn; different values of
the Ui parameter were assumed for Ce 4f states (colour online).

resolution was slightly worse than assumed in calculations.
Furthermore, a significant discrepancy between the theoretical
and measured XPS valence bands can be observed with regard
to the intensities of features located near the Fermi level. To
understand the reason for this disagreement we performed
the XPS experiments on the isostructural reference Lalnj
compound and additional band structure calculations by the
FPLO method for both Celn; and Laln;. In figure 5(a)
we present a comparison between the XPS valence band
spectra measured for Laln; and Celns. The experimental data
were normalized to the common intensity of peak located
at about 4.9 eV originating from In states. The difference
between the two spectra occurs only in the binding energy
range from —4 to —1 eV. Since band structure calculations
revealed similar shapes of the DOSs for Celn; and Lalnj
except the 4f contribution of the rare earth (RE) elements
(figure 5), we have attributed the difference between the two
spectra (shown in figure 5(b)) mainly to the Ce 4f states.
According to the XPS data, the Ce 4f states form a wide
peak located at the binding energy of 2.1 eV. This value
is slightly higher than that previously reported on the basis
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Figure 6. The total and atomic, spin projected density of states of CeMIns and Ce,MIng compounds calculated by the LAPW method within
the GGA approximation. Detailed description as in figure 4 (colour online).

of the 4d—4f RPES experiments and the many-body model
calculations (~1.5 eV) [57]. Our band structure calculations
reproduced the experimental energy position of the occupied
Ce 4f states when the Coulomb correlation parameter Ueg
for this states takes the value of 4.7 and 3.5 eV within
the LAPW and the FPLO method, respectively (figure 5(c)).
This confirms the strongly correlated character of the 4f
bands in Celns. The difference between the Celns and
Laln; valence band spectra (figure 5(b)), however, is much
wider than the calculated Ce 4f contribution to the valence
band spectrum. The observed discrepancy could result for
instance from disorder in the polycrystalline sample, grain
boundary effects or the surface contribution to the measured
spectra.

Let us consider the discrepancy between the theoretical
XPS valence band spectra obtained by the LAPW and
the FPLO method (figures 5(c) and (d)). Concerning the
total DOS of Celn; and Laln; both methods gave very
similar results (figure 4). The differences between the
LAPW and FPLO based spectra originate mainly from the
interstitial region in the LAPW method, that cannot be
taken straightforwardly into account in calculations of the
theoretical XPS spectra based on the partial atom-/-resolved
DOSs. The FPLO crystal potential does not introduce
the interstitial regions. Therefore, for both investigated
compounds the FPLO method gave better agreement between
the theory and experiment at the low binding energies. The
compatibility between the calculated and measured XPS
valence bands, however, is still not satisfactory with regard
to the peak intensities. The discrepancies are similar for
Celns and Lalns. This could suggest that in the case of these
compounds the photoemission cross-sections differ strongly
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Figure 7. The total and atomic, spin projected density of states of
Ce,lIrIng and Celrlns compounds calculated by the LAPW method
within the GGA approximation including the spin—orbit coupling.
Detailed description as in figure 4 (colour online).

from that of Yeh and Lindau obtained from the atomic-like
calculations [41].

4.3. Valence band of CeMIns and Ce;MlIng

Results of ab initio calculations for both subfamilies are
summarized by figures 6-10 and listed in tables 4 and 5.
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Table 4. Density of states at eg-DOS(eg), calculated (y) and experimental (yeyp) values of Sommerfeld coefficient, spin magnetic moment
(Ms) of Ce obtained by the LAPW method within the GGA approximation and using the GGA + SO + U (Ut = 6 eV) approach for CeMIns

and Ce,MIng compounds.

DOS(ep) (states eV~! fu.™h)

y (mJ mol~! K72) Ms [Ce] (1B)

Compound GGA 4SO+ U GGA +S0+U  vup GGA +SO+U
CeColns 70 24 165 5.7 ~1200[10] 071  0.99
CeRhIn; 68 2.1 160 49 ~400 [7] 0.74  0.99
Celrlns 66 2.1 155 49 ~720 [7] 073  0.99
Ce,Colng 131 5.1 309 120 ~500 [12] 0.66  0.99
Ce,RhIng 136 45 320 106 A 400 [7] 068 098
Ce,rlng 128 5.0 301 118 ~700(65,7] 0.68  0.99

Table 5. CeRhlns and Ce,Rhlng: density of states at eg-DOS(eg); the spin (Ms), orbital (M) and total (M) magnetic moments of Ce
obtained by the LAPW method within the GGA approximation and taking into account the spin—orbit coupling (4-SO) and the strong
correlation interaction within Ce 4f states (+U ), assuming the ferromagnetic (FM) or antiferromagnetic (AF) order.

CeRhlns FM +SO +4+SO+U +SO+U +SO+U +SO+U AF +U
Usr (V) — — 035 1 285 6 — 6
DOS(er) 6.8 7.1 6.5 3.7 2.3 2.1 9.2 2.13
(states eV~ fu.™!)

Ms (ug) 0.74 0.70 0.84 0.89 0.95 0.99 0.71  0.99
My (up) — —0.47 —0.64 —0.51 —0.49 —0.51 — —
M, (ug) — 0.23 0.20 0.38 0.46 0.48 — —
CeRhlns FM +SO +4+SO+U +SO+U +SO+U +SO+U AF +U
Usr (V) — — 0.85 1.4 235 6 — 6
DOS(er) 13.6 144 6.5 54 49 4.5 14.6 4.6
(states eV~ fu.™!)

Ms (ug) 0.68 0.64 0.89 0.93 0.95 0.98 0.72  1.00
My (up) — —0.44 —0.51 —0.46 —0.47 —0.50 — —
M, (up) — 0.20 0.38 0.47 0.48 0.48 — —

Figure 6 presents the total and partial electronic density
of states (DOS) of CeMlIns and Ce,MIng (M = Co, Rh or Ir)
compounds calculated within the GGA approximation. The
spin-polarized band structure calculations reveal a magnetic
ground state with significant magnetic moments only on Ce
atoms for all investigated compounds (table 4).

Inclusion of the SO interaction causes a reduction of the
Ce spin moment and a small increase of the DOS(er) due to
the splitting of the Ce 4f bands. It has no significant influence
on the shape of the other partial DOSs, except the 5d states
of Ir in Celrlns and Ce,IrIng (see figure 7). The SO coupling
splits a complex of these bands, located at energies of 2—4 eV,
into two separate parts and results in a shift of these states to
higher binding energy. The experimental XPS valence band
spectrum for CelrIns has confirmed this effect (see figure 10
and discussion below).

For all CeMIns and Ce,lrIng systems the partial Ce 4f
DOSs obtained within the GGA approximation are pinned in
the vicinity of the Fermi level and give significant contributions
to the DOS(eg). This outcome is inconsistent with the XPS
results (section 4.1), which pointed to the Ce in a trivalent
state for all investigated compounds. Application of the
GGA + SO+ U method circumvents this problem by including
the Hubbard-like interaction term in the XC potential for the Ce
4f shell. It results in a shift of the occupied Ce 4f bands toward
higher binding energies and of the unoccupied 4f states above
the Fermi level and for a reasonable range of the Ueg-values

(4-8 eV) it provides the correct physical picture of trivalent Ce
state with one electron occupying the 4f orbital for all CeMlIns
and Ce;MlIng compounds. For this range of Ugg-values the
shape of the partial DOSs for all atoms except Ce almost does
not depend on this parameter, especially in a region close to the
Fermi level, which is crucial for the low-energy excitations.
The calculated spin moments of M and In atoms are smaller
than 0.05 wp for all examined compounds. The obtained
values of Ce magnetic moments are listed in tables 4 and 5.
The calculated DOS(er) are very similar within both series of
CeMlIns and Ce,MIng compounds (table 4).

For Uegt ~ 6 eV (typical for Ce’") the occupied 4f
states form a narrow band at about 2.7 eV for all CeMlIns
and Ce,MlIng systems (figure 8). There is still, however,
some slight contribution of these states near eg due to the
hybridization with the conduction band. The traces of such
hybridization can be seen in figure 9. Detailed analysis of
partial weights of the band states for CeRhlns (figures 9(b)
and (c)) shows that the band located just below —0.4 eV near
I' is of mixed character. Although the dominant contribution
at I comes from the In2 p states, the admixture of the Ce 4f
character is also significant. This hybridized complex changes
its orbital character gradually to Rh 4d as one goes away from
I'. Application of the larger U.g-values leads to the decrease
of the admixture of the Ce 4f character in this band. Similar
results were obtained for other CeMIns compounds. For the
Ce,MIng series we found pronounced admixture of Ce 4f

10
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Figure 8. The total and atomic, spin projected density of states calculated by the LAPW method within the GGA + SO + U approach for
CeMlIns and Ce,MlIng. Detailed description as in figure 4 (colour online).

character in the band at about —0.6 eV near the Z point of the
Brillouin zone, in which the dominant contribution comes from
the Inl p and In2 p states. This hybridized complex transforms
its orbital character to M d as one goes away from Z.
Figure 9(d) shows this effect in Ce,Colng. All these findings
indicate that there is a hybridization between Ce f and M d
states for all CeMIns and Ce,MlIng systems. This hybridization
could be relevant for the changes in hybridization energy A
within the family of investigated compounds, indicated by the
XPS measurements (section 4.1).

At low temperatures CeRhIns and Ce,Rhlng are magnet-
ically ordered. Below 7y &~ 3.8 K magnetic moments of Ce
ions in CeRhIns with magnitude ~0.37up form an incommen-
surate transverse spiral with wavevector (1/2, 1/2,0.297) [61],
while the magnetic structure of Ce,Rhlng below Ty ~ 2.8 K
is closely related to that of cubic Celn;. In Ce,RhIng mag-
netic moments of Ce ~ 0.55 up are pointed 52° from the a—b
plane [62]. The neutron diffraction experiments performed by
Bao et al [63] also revealed the presence of additional peaks
associated with incommensurate magnetic ordering in a very
low temperature region (below ~1.4 K). In both compounds
the strongest magnetic interactions are within Celns layers and
result in the AF ordering of the Ce magnetic moments in basal
planes. The Celns layers are coupled weakly by an inter-
layer exchange interaction through the Rhln, layer. To get in-
sight into the magnetic properties we performed band structure
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calculations for CeRhIns and Ce;RhIng assuming simple AF
order inside the a—b planes and along the ¢ axis. Band struc-
ture calculations revealed that the AF interactions between Ce
atoms are the reason for small changes of the Ce spin moments
calculated within both GGA and GGA + U (Ut = 6 eV) ap-
proximations (see table 5). For both compounds the FM and
AFM solutions have similar total energies, that are consistent
with the low values of the 7Ty for both compounds.

The best agreement between the calculated and exper-
imental total magnetic moment of cerium in CeRhlns was
achieved for Ut ~ 1 eV, which corresponds to the nearly lo-
calized nature of the Ce f electrons (figure 8). However, for the
larger Ugg-values the theoretical Ce magnetic moment is only
slightly larger (by ~0.1 up) than that estimated from the exper-
imental results [61]. Meanwhile, for Ce,Rhlng, the agreement
between the theoretical and experimental magnetic moments
of cerium in this compound was obtained assuming the value
of the U parameter to be larger than 1.4 eV.

We compared the numerical valence band spectra
obtained from our calculations with the XPS spectra. The
theoretical XPS valence bands were calculated according to
the description presented in section 2. The main peaks in XPS
spectra, at about 2.5 eV for CeRhIns and Ce;Rhlng, 2.8 eV for
Celrlns and 1.2 eV for Ce,Colng, originate to a large extent
from the d states of transition metal atoms hybridized with
some of the In 5p states. The other peaks located at binding
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Figure 9. Electronic band structure close to the Fermi level for Celns
(a), CeRhlIns ((b), (c)) and Ce,Colng (d) calculated within the

GGA + SO + U approach with Ui =6 eV. The size of the circles
denotes the weights of contributions of states with different atomic
and orbital characters. In the following panels the circles represent
the following: ((a), (b), (d)) green (grey) filled circles—Ce 4f; (b) red
(light grey) empty circles—M d; (c) blue (dark grey) filled
circles—In1 p; (d) brown (light grey) empty circles—In2 p. The radii
of the circles are normalized to the radius of circles representing the
Ce 4f contribution in Celns shown in panel (a). The high symmetry
points are labelled according to the standard notation (colour online).

energies 4.5-4.9 eV and 6.0-6.3 eV come mainly from the In
5s bands. The Ce 5d bands contribute in the binding energy
range from about 2 eV to €. The Ce 4f electrons give only a
small contribution to the valence band spectrum, in comparison
with d states of transition metals. This makes it difficult
to get precise information about the Ce 4f states in CeMIns
compounds from the XPS valence band spectra. We have found
a good agreement between the theoretical and experimental
valence bands. The slight discrepancy visible for compounds
with Rh and Ir at low binding energies up to 2 eV below the
Fermi level is similar to that observed for Celn; and Lalns at
the same binding energies (see the discussion in section 4.2).
It is also worthwhile to note that taking into account the spin—
orbit splitting we could reproduce the experimentally observed
shape of the main peak in the XPS valence band of Celrlns,
which originates from Ir 5d states (figure 7). This confirms the
important influence of this interaction on the Ir 5d bands.
Finally, the most significant difference in calculated DOSs
for different compounds within the CeMIns and Ce,MIng
subfamilies is related to the d states of transition metal atoms
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Figure 10. Comparison of the experimental XPS valence band
spectra (line with points) with the theoretical ones calculated within
the GGA approximation (dashed line) and using the GGA + U
approach for Ueg =~ 6 eV (solid line) for Ce,Colng, Ce,Rhlng,
CeRhlns and Celrlns. For Celrlns we also present the theoretical
XPS spectrum calculated within the GGA + SO approximation
(dash—dot line) (colour online).

(see figure 6). For CeColns and Ce,Colng the 3d states, located
not far from the Fermi level, form narrow bands of width
approximately 2 eV. In systems with Rh and Ir the d states
of the M atoms reach higher binding energies and are much
wider. In the case of Celrlns and Ce,IrIng the 3d-type bands are
slightly wider than in CeRhIns and Ce,RhIng. These changes
in shape of the M d bands have been confirmed by the XPS
valence band measurements (see figure 7). One could explain
them as follows. Transition metal atoms form layers which are
parallel to the basal plane of the unit cell. Substitution of Co
by larger, isoelectronic Rh results in an increase of the spatial
overlapping of the d states of the neighbouring transition metal
atoms. In consequence it leads to an increase in the band
width and could result in changes of the hybridization of these
bands with some In p states, which are located in the same
region of binding energies. The difference in shape of the d
bands between Rh and Ir is much smaller than that between
Co and Rh for both CeMIns and Ce;MIng subfamilies, which
corresponds well to the differences in covalent radii of the
M atoms (~126 pm for Co, ~135 pm for Rh and ~137 pm
for Ir).
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Figure 11. The surface of constant difference charge density equal to
0.0022 (electron au) for Celns (a), Ce,Colng (b) and CeRhlIns (c)
calculated by the LAPW method within the GGA 4 SO + U

(Uegr = 6 €V) approximation. Because of symmetry, only half of the
unit cell is considered (colour online).

To investigate in detail the observed changes in valence
band states we performed a study of the valence charge density
distribution for all Ce,M,, Iny,, 43, compounds.

4.4. Charge densities

Charge density analysis is an appropriate tool for getting
insight into the bonding nature of solids. In order to study
the charge distribution in all Ce,M,,Iny;+3, systems we
have calculated the spatial valence charge densities for the
investigated compounds using WIEN2k computer code [33].
We have further calculated the difference charge density plots
by subtracting the superposition of free atom densities from the
self-consistent valence charge density. The results are shown
in figures 11-14.

The difference charge densities illustrate the reordering of
electronic density accompanying the bonding formation in the
solid. Moreover, besides indicating the charge transfer, they
emphasize the slight differences in charge density, especially
in interatomic regions, which cannot be easily visualized using
valence charge density maps. Therefore we base the further
analysis on the difference charge density plots. This approach
is fully justified in a quantitative analysis of the changes
in charge densities calculated for a given compound using
different computational set-up. The comparative analysis of
difference charge density maps calculated for different systems
is possible only on a qualitative level.

To inspect the contribution of the Ce 4f electrons to
bonding we have calculated also charge density maps based
on the band structure calculations within the GGA + SO 4+ U
approach, assuming U & 20 eV. The strong interaction U
shifts the occupied Ce 4f bands far below the conduction band
and eliminates the hybridization between the 4f and conduction
band states for each Ce,M,,Iny,,+3, compound.

For the parent Celns, difference charge density maps
(figures 11(a) and 12) clearly show that electrons are
accumulated near the faces of the unit cell, between the
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Figure 12. The difference charge densities (electron au~?) for planes
(100) and (200) of Celn; calculated by the LAPW method within the
GGA + SO + U approximation. Because of the symmetry
properties, only part of each picture is presented. The black thick
lines indicate the border of the unit cell. By + and — we denote the
positive and negative values of the difference charge density. Since
there is no noticeable difference between the maps for (200) planes
for Ue equal to 6 and 20 eV, we present only one of these maps
(colour online).

NN Ce atoms. It points to the formation of the covalent-
like bondings between Ce atoms. However, the observed
accumulations are not distributed exactly along the edges of the
unit cell, but they are dispersed and shifted away significantly
toward the midpoints of lines connecting the pairs of NN In
atoms surrounding the Ce ones. This indicates the important
influence of the In atoms on formation of these bondings.
In effect, each Ce atom is surrounded by the 24 charge
accumulations, while the lowest valence charge density was
found near the centre of the unit cell. The comparative analysis
of the difference charge density maps calculated for different
values of the U parameter applied for Ce 4f states indicates
that the 4f states do not give a noticeable contribution to
the charge accumulations, since these accumulations remain
almost unchanged even for the very large Ueg-values (~20eV).
The hybridization between the Ce 4f and conduction band
states in Celns, observed for U = 6 eV, leads only to a
slight increase in charge density near the faces of the unit cell
(figure 12).

Insertion of the MIn; layers between the Celnz complexes
results in an essential redistribution of the charge density, as
presented in figure 11. First of all, it lowers the Ce point
symmetry from m3m in Celns to 4/mmm and 4mm in CeMlIns
and Ce,MIng subfamilies, respectively. Consequently, it
enables a change of the orbital occupied by the 4f electron from
fxyz in Celns to f3,2_\2 in CeMlIns and Ce;MlIng subfamilies.
Both these atomic orbitals have the same shape, but the f,.
has lobes directed toward the centre of the unit cell, while the
lobes of the f;,2_.,> are distributed along the lateral faces of
the unit cell.

Let us consider in detail the CeMIns compounds first. The
insertion of the MlIn, layer between each two Celns complexes
leads to (i) an essential increase in the charge accumulations
distributed between the NN Ce and In atoms; (ii) creation of
significant charge accumulations near the M atoms, along the
lateral faces of the unit cell.

-2y



J. Phys.: Condens. Matter 20 (2008) 115202

M Gamza et al

75

Uer=6 eV Uer=1eV

Us=6eV

e +
Ues=20eV Uei=6 eV

Figure 13. The difference charge densities (electron au™) for planes (100) and (200) of CeMIns compounds calculated by the LAPW method
within the GGA + SO + U approximation. For a detailed description and legend see figure 12 (colour online).

The first observation, that the charge accumulations
located between the NN Ce and In atoms increase, indicates
that there is considerable enhancement of horizontal bondings
within Celns layers in all CeMIns compounds in comparison
with the parent Celns system. This effect may be responsible
for the contraction of the lattice parameter a and, to some
extent, also for the shortening of the Celns-complex height,
as a result of the contraction of distances between atoms
contributing to these bondings.

The second effect can be related to formation of other
bondings. It should be noted that the charge accumulations
near the M atoms are substantially elongated toward the
midpoints of lines connecting the pairs of NN In atoms
surrounding the Ce ones and appear instead of the vertical
bondings in parent Celns system. This suggests that the
bondings are created between the M atom and its neighbours,
Ce and In atoms. Formation of these vertical bondings and
strengthening of bondings within the Celns layers result in
the significant shrinking of the Celns-complex height for all
CeMlIns materials (table 2) with respect to the basic Celn;
compound.

To get insight into the role of Ce 4f electrons in bonding
we have calculated difference charge density plots based on the
band structure calculations for the CeMIns series with different
values of the U.g parameter applied for Ce 4f states. Figure 13
presents the selected result for CeRhIns. Comparison of the
density maps obtained for U = 6 eV and Uegr = 20 eV shows
that for the U.g-value typical for Ce** there is a noticeable
contribution of the Ce 4f density in interatomic regions near
the lateral faces of the unit cell between the neighbouring
Ce, In2 and M atoms. This suggests that the 4f electrons
contribute to bonding in CeRhlns and it is consistent with our
band structure results, which points to the hybridization of
the 4f states with M d and In2 p orbitals (see the discussion
in section 4.3). There is no apparent direct participation of
the 4f electrons in the main horizontal and vertical charge
accumulations. In contrast, for U = 1 eV, which gives the
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Figure 14. The difference charge densities (electron au™3) for planes
(100) and (200) of Ce,Colng calculated by the LAPW method within
the GGA + SO + U approximation. For a detailed description and
legend see figure 12 (colour online).

best agreement between the theoretical and experimental Ce
magnetic moments, the strong hybridization close to the Fermi
level between the 4f and conduction band states leads to the
distinct strengthening of the horizontal charge accumulations
as well as to the significant increase of the valence charge
density in the interatomic regions near the Ce atoms (figure 13).
Similar results were obtained for all CeMIns systems.

Within the CeMIn;s series, the electronic charge accumu-
lated within the horizontal bondings slightly increases with
atomic number of the M atom. There are also slight changes
in shape of these bondings, which can be associated with dif-
ferences in the a/ hcen, ratio, i.e. higher value of the ratio re-
sults in charge accumulated closer to the basal planes of the
unit cell (figure 13). Simultaneously, there is also a consid-
erable variation in vertical charge accumulations located near
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Table 6. The table presents the distances between the plane passing
through Ce atoms, parallel to the basal plane of the unit cell, and
parallel planes crossing through In2 atoms, dce—pm2; In3 atoms,
dce—1n3; M atoms, dce—y; NN Ce atoms, dee—ce, for all Ce,M,, Ing,, 43,
compounds.

dCe*InZ dCe*In3 dCe*M dCe{e
Compound (&) (A) (A) (A)
Celns 2343 — — 4.687
Ce,Colng  2.335  0.175 3.804 4.643
Ce,RhIng 2297 0017 3746 4.727
Ce,Irlng 2269  0.005 3.722 4732
CeColns 2340 — 3.770  7.540
CeRhlIns 2307 — 3771 7.542
Celrlns 2289 — 3.751  7.501

the M atoms. One can expect that changes in both the ver-
tical and the horizontal charge accumulations, resulting from
the replacement of the smaller M atoms by the larger ones, are
the reason for the displacement of Ce atoms toward the planes
passing through the M atoms and for the shift of In2 atoms to-
ward the basal Ce plane (table 6). In turn the shift of In2 atoms
toward the basal planes of the unit cell, in the vicinity of the
Ce and Inl atoms, is supposed to result in the observed elon-
gation of the lattice parameter a within the CeMIns subfamily
of compounds. Comparison of the difference charge density
maps calculated for CeMIns compounds with values of Uk
typical for Ce?* indicates that there are slightly more electrons
assembled in the interatomic regions between the NN Ce, M
and In2 atoms, with respect to the superposition of free atom
densities, for CeRhIns than for CeColns and Celrlns. Since
the Ce 4f electrons contribute to the charge density in these re-
gions, the effect discussed above might explain the variation in
hybridization energy A within the CeMIns subfamily (see the
discussion in section 4.1). However, the effect is small and the
precise understanding of the mechanism leading to the changes
in hybridization strength (A) for these compounds needs fur-
ther theoretical and experimental investigations.

Analogous mechanisms can be observed within the
Ce,MlIng subfamily.  For these compounds, the charge
accumulations near the M atoms are similar to that in the
CeMIns series and may also contribute to the reduction of the
distance between M and its neighbouring Ce atoms. Within
the Ce,MlIng series, replacement of the smaller M atoms by
the larger ones results in a shift of Ce atoms toward the
planes crossing through M atoms and displacement of In2
atoms toward the Ce plane parallel to the basal plane of the
unit cell (table 6). Both these effects, analogously as in the
CeMlIns series, may be responsible for the observed elongation
of the lattice parameter a as one goes from Ce,Colng to
Ce,RhlIng and Ce,lIrIng (table 2). The similarity between the
two subfamilies discussed above is also reflected in the changes
in complex of the pd bands, which are similar within both
subfamilies, as proved by the XPS measurements and band
structure calculations (see section 3).

However, for the Ce;MIng compounds there is also an
essential redistribution of the valence charge density within the
(Celn3), bicomplexes relative to that in both the parent Celnj
compound and the CeMIns systems. As demonstrated by the
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difference charge density maps for Ce,Colng (figure 14), the
insertion of the MlIn; layers between the (Celns), bicomplexes
results in the significant enhancement of charge accumulations
spaced along the z-axis between the NN Ce atoms. This
suggests that there is a strengthening of the vertical bondings
between these Ce atoms, which may be responsible for the
shrinking of the distance between these atoms in all Ce;MIng
compounds relative to that in the parent Celn; compound
(table 6).

In Celn; and CeMlIns compounds the charge accumu-
lations parallel to the basal plane, between the Ce atoms,
are symmetrical relative to the horizontal Ce planes. In the
Ce,Mlng series this symmetry is destroyed. The accumulations
shifted toward the MlIn, layers increased, essentially assem-
bling more electrons, while those which are displaced in the di-
rection of the centre of the (Celns), bicomplexes are strongly
reduced, so that only their traces are visible for the Ce,MIng
compounds (figures 12(b) and (c)). The observed asymmetry in
horizontal bondings within the (Celn3),-complexes is respon-
sible for the shift of In3 atoms, located originally within the Ce
plane, towards the NN MlInj; layers in all Ce;MIng compounds
(table 6).

Two distances contribute to the ¢ lattice parameter of the
Ce,MlIng unit cell. The first one is the distance between Ce
and M planes parallel to the basal ones (dce—v). The second
one is the distance between Ce planes parallel to the basal ones
(dce—ce). The changes of these distances within the Ce,MIng
series are in opposite directions. dce.—y becomes smaller when
the atomic number of M atoms decreases. The origin of
these changes is the same as in CeMIns compounds. The
increase in the dce—ce value with increasing atomic number
of M atoms can be explained as due to the weakening of the
direct Ce—Ce bonding along the z-axis. The variation in the
lattice parameter ¢ within the Ce,MIng series results from the
competition between changes in both distances. The observed
changes of relative position of In3 atoms with respect to Ce
planes parallel to the basal ones can also be explained in terms
of the discussed mechanisms.

The comparative analysis of the difference charge density
maps calculated for Ce,MIng series with different values of the
U.sr parameter applied for Ce 4f states (figure 14) indicates that
there is no apparent participation of the 4f electrons in the main
horizontal and vertical charge accumulations. However, for
Ut & 6 eV the hybridization between the 4f and conduction
band states leads to a slight increase in charge density near the
lateral faces of the unit cell, between the NN Ce and Inl atoms
as well as between the NN Ce, In2 and Co atoms. Similar
results were found for all Ce;MIng compounds. This indicates
that 4f electrons participate in bonding in the Ce,MIng series
and it is consistent with our band structure results, which
revealed that there is hybridization of the 4f states with M
d states and with p states of Inl and In2 (see discussion in
section 4.3).

The characteristic effect which can be observed on
valence charge density maps for both CeMIns and Ce,MIng
subfamilies (not presented in the paper) is the growth of
the region of low charge density located in the centre of
the MlIn, layers for increasing atomic number of M atoms.
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Simultaneously, there is also a considerable increase in
valence charge density, relative to the superposition of atomic
densities, on the lateral faces of the unit cell, between the NN
M atoms. This suggests that there are essential interactions
between the NN M atoms, which might result in changes in
M d bands within the CeMlIns series of compounds (see the
discussion in section 4.3).

5. Concluding remarks

The electronic structure of the Ce,M,,Iny,, 13, compounds was
investigated by the XPS measurements and ab initio band
structure calculations. The most interesting part of our studies
involved the nature of the Ce 4f states in these materials. Based
on the Ce 3d XPS spectra we have found that the hybridization
energy A between 4f and conduction electron states is rather
strong for CeMIns and Ce,MIng compounds (A ~ 90 meV).
The hybridization is slightly stronger for systems with Co and
Ir than for their AF counterparts with Rh, which points to the
more delocalized character of Ce 4f states in the non-magnetic
compounds. The XPS valence band spectra do not give unique
information about the character of 4f states in these materials.
However, in the case of Celn; we have identified the Ce 4f
contribution to the XPS valence band spectrum at the binding
energy of 2.1 eV. This outcome is supported by the magnetic
moment analysis performed theoretically, suggesting that the
character of the f states in Celns is rather localized, whereas
for other AF compounds, CeRhIns and Ce;RhIng, a good
agreement between the theoretical and experimental magnetic
moments was found, also assuming that the Ce 4f states are
on the border of localization. In this respect the computational
results agree with the Ce 3d XPS spectrum analysis, which has
shown significantly higher A-values for the CeMIns and the
Ce,MIng compounds than for the parent Celns.

The study of the valence charge density distribution
performed for all investigated compounds gives the following
explanation of the properties discussed above. For all CeMIns
and Ce,MIng compounds, the increase in hybridization energy
A, relative to that in Celns, results from the rebuilding of
the electronic charge density. Inclusion of M atoms leads to
(i) formation of covalent-like bondings between Ce and M
atoms, influenced by the NN In atoms, and (ii) strengthening
of covalent-like bondings within the Celnz complexes.

The variation in hybridization strength A within the
CeMIns subfamily can be related to the changes in valence
charge density in interatomic regions between the NN Ce,
M and In2 atoms, where the noticeable Ce 4f charge density
occurs due to the hybridization with M d and In2 p states.
However, the observed effect is small.

Within the Ce,MIng subfamily we have found changes in
charge accumulations between the neighbouring Ce, M and
In2 atoms similar to that observed for the CeMIns compounds.
This similarity between the two subfamilies is reflected also
in the similar changes in the complex of pd bands formed by
the hybridized p and d states of neighbouring M and In atoms.
This effect is proved by both the XPS measurements and band
structure calculations. It follows that the main mechanism
responsible for the changes in valence band states within the
Ce,MlIng series should be the same as within the CeMlIns
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series. However, for the Ce;MIng compounds there is also an
essential redistribution of the valence charge density within the
(Celn3), bicomplexes relative to that in both the parent Celns
compound and the CeMlIns systems, which influences the Ce
4f states. Our results indicate that the variation in hybridization
strength A within the Ce,MIng subfamily results mainly from
the changes in valence charge density near the lateral faces of
the unit cell, since there is noticeable Ce 4f electron density in
these regions due to the hybridization between Ce 4f, M d, Inl
p and In2 p states.

The presented results support the common picture that
in the HF f electron systems the transition to the HF
liquid state or the appearance of SC state is connected with
delocalization of the f states due to the hybridization, as
suggested previously [64]. The precise understanding of the
mechanism leading to the changes in hybridization strength
(A) and the ground state properties within the Ce,M,,Inz, 43,
family of compounds needs, however, further theoretical and
experimental investigation.
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