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Abstract. Electronic structure of the compounds CeRhIn and CeRhSn have been studied by the X-ray
photoemission spectroscopy (XPS) and ab initio band structure calculations. CeRhSn shows the non-Fermi
liquid characteristics at low temperatures, while CeRhIn exhibits a Fermi-liquid ground state. At ambient
temperature the XPS data reveal an intermediate valence state of Ce ions in both systems. The Ce core-
level XPS spectra are very similar and indicate the strong coupling of the Ce 4f and the conduction band
states (Δ ≈ 100 meV). The valence band spectra we interpret with the help of ab initio calculations as
well as using the results for the reference compounds LaRhIn and LaRhSn. The comparative analysis of
the theoretical band structures and charge density plots reveal the changes in chemical bonding and the
hybridization between the Ce 4f and the other valence states introduced by the replacement of In by Sn
atoms. The more covalent character of the chemical bonding in the stannides is in line with the smaller
thermal expansion. Finally, for CeRhIn we found a typical temperature dependence of the crystal lattice,
while CeRhSn shows distinct anomaly at about 120 K, presumably related to the change in planar Ce–Rh
bonds.

PACS. 79.60.-i Photoemission and photoelectron spectra – 71.20.LP Intermetallic compounds – 71.27.+a
Strongly correlated electron systems; heavy fermions

1 Introduction

Over the past two decades, much attention has been de-
voted to the ternary compounds CeMX (M = transition
metal and X = p-element) crystallizing within the hexag-
onal ZrNiAl-type structure. The physical picture of the
ground state properties and excitation spectra within this
family of compounds is far from being fully understood
and is still under intense debate [1–21].

The ground state properties of these systems are gov-
erned mainly by the strong antiferromagnetic exchange
coupling Js−f of the Ce 4f moments with conduction
band states. This coupling gives rise to two competing
mechanisms: the on-site Kondo screening of the local-
ized Ce 4f moments by the band states and the long-
range Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-
tions between the local 4f moments mediated by the con-
duction electrons. Besides, the ZrNiAl-type structure in-
duces topological frustration of magnetic interactions due
to the triangular coordination of the Ce ions forming the
quasi-Kagome lattice within the ab-planes. The frustra-
tion, together with the strong exchange coupling Js−f ,
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results in a rich variety of unusual ground states within
this family of isostructural compounds.

CeNiAl [2,3], CeRhIn [4–6] and CeIrSn [7] are non-
magnetic valence-fluctuation systems with very high
Kondo temperatures of 1000 K for CeNiAl and at
least 300 K for CeRhIn. For CePtIn the dominance
of the Kondo effect over the RKKY interactions
leads to a non-magnetic heavy-fermion ground state
with TK ∼ 11 K [8,9]. In contrast, for CePdIn [8,10],
CePdAl [11,12], CePtPb [13] and CeCuAl [3,14] the in-
terplay of the Kondo screening and the long-range mag-
netic interactions with TN ∼ TK results in an antiferro-
magnetic ordering accompanied by an enhanced electron
mass. However, the detailed neutron scattering studies re-
vealed, that the magnetic structure of CePdAl is partially
ordered and one third of Ce atoms remain paramagnetic
below TN = 2.7 K, which can be attributed to frustration
effects [11]. Recent results suggest that at low tempera-
tures the Ce atoms with disordered magnetic moments
are in a heavy fermion state [12]. In turn, CeAuIn orders
magnetically below 6 K and forms a simple antiferromag-
netic structure with a propagation vector k = (0 0 1/2),
in which the Ce magnetic moments of 1.2(1) μB lie in
ab-planes [15].

Among the discussed group of Ce-based intermetallics,
CeRhSn has attracted special interest due to its non-Fermi
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Table 1. Comparison of the crystallographic data for the compounds RERhX (RE = La, Ce; X = In, Sn).

Atoms x y z
RE 3g xRE 0 0.5
Rh1 1b 0 0 0.5
Rh2 2c 1/3 2/3 0
X 3f xX 0 0

Compound Data from a (Å) c (Å) xRE xX

LaRhIn our data 7.6155(5) 4.1305(4) − −
[24] 7.618 4.123 0.585 0.245
[5] 7.610 4.129 − −

CeRhIn our data 7.5512(6) 4.0472(7) − −
[5] 7.547 4.05 − −
[25] 7.552 4.055 − −
[26] 7.555 4.055 − −

LaRhSn [42] 7.4874(5) 4.2216(3) 0.58377(9) 0.24490(9)
[27] 7.478 4.223 − −

CeRhSn our data 7.4483(8) 4.0806(9) − −
[17] 7.443(2) 4.089(2) 0.58567(8) 0.24999(9)
[42] 7.458(1) 4.0862(9) 0.58556(11) 0.24988(10)
[16] 7.4491(2) 4.0814(1) 0.5868(5) 0.2490(3)
[16]* 7.4248(1) 4.0645(1) 0.5853(5) 0.2506(3)
[28] 7.448(2) 4.0800(9) − −

* Data at a temperature T = 1.5 K.

liquid (NFL) behaviour at low temperatures indicated by
electrical resistivity, specific heat and magnetic suscepti-
bility measurements [16,17]. The Griffiths-McCoy model
has been successfully applied for this compound and pro-
vides the description of its NFL properties [18]. Accord-
ing to this theory, the competition between the Kondo ef-
fect and the RKKY interactions in the presence of atomic
disorder leads to small magnetically ordered clusters in
a paramagnetic phase (Griffiths phases [22]), where dy-
namics can dominate the low temeprature thermodynamic
properties due to tunneling between different configura-
tions [23]. Hence, CeRhSn is supposed to be located on
the border between a nonmagnetic and a magnetically
ordered ground state, presumably in the vicinity of the
AFM instability, as indicated by the NMR results [19]. Si-
multaneously, the anomalous volume deviation from the
usual lanthanide contraction, the overall magnetic sus-
ceptibility and resistivity data as well as photoemission
spectra [16,20,21] strongly suggest valence fluctuations in
this compound. Thus, CeRhSn could be a rare example of
a system, where NFL behaviour coexists with a valence
fluctuation state of Ce. In contrast, for the compound
CeRhIn various experimental methods unanimously re-
vealed a non-magnetic Fermi-liquid ground state with a
high Kondo temperature of the order of 300 K and an
intermediate-valence behaviour of Ce [4–6].

To get deeper insight into the interactions responsible
for the change in ground state properties between CeRhIn
and CeRhSn, we performed a detailed study of their elec-
tronic structure based on the X-ray photoemission spec-
troscopy (XPS) experiments at ambient temperature and
ab initio band structure calculations. The main purpose of
our systematic investigation is to clarify the changes in the
character of the Ce 4f states and chemical bonding intro-

duced by the replacement of In by Sn atoms. For a proper
comparison we measured the XPS spectra for the com-
pounds CeRhIn and CeRhSn under the same conditions,
including LaRhIn as a nonmagnetic reference system. We
analyse also the temperature dependence of lattice param-
eters for both CeRhIn and CeRhSn [16] in order to get
information about the changes in the bonding situation
depending on the temperature for these compounds.

2 Methods

2.1 Experimental

Polycrystalline samples of CeRhSn, CeRhIn and LaRhIn
were prepared by arc melting stoichiometric amounts of
the elemental metals (Ce 99.99 wt.%, La 99.99 wt.%, Rh
99,9 wt.%, Sn 99,995 wt.%, In 99,995 wt.%) on a water
cooled cooper hearth in an ultra-high purity Ar atmo-
sphere with an Al getter (heated above the melting point).
Each sample was remelted several times to promote homo-
geneity and annealed at 800 ◦C for 7 days in an evacuated
quartz tube.

The quality of the samples was examined by the pow-
der X-ray diffraction (XRD) analysis. The measurements
were performed on a Siemens D-5000 diffractometer us-
ing Cu Kα radiation. The XRD patterns revealed that all
investigated compounds crystallize in a hexagonal struc-
ture (space group: P62m), which is consistent with pre-
vious reports [5,16,17,24–28]. The ambient temperature
lattice parameters acquired from the diffraction patterns
using the POWDER-CELL program [29] are in agreement
with those previously reported (Tab. 1). The samples were
found to be in good quality. Few additional very weak
Bragg peaks were detected, similar in each XRD spectrum.
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Fig. 1. (Color online) The temperature dependence of the
lattice parameters, their ratio c/a and the unit cell volume for
the compound CeRhIn. The dashed lines represent the linear
fits of the experimental data, with the exception of the c over a
ratio where the straight line was obtained as ratio of the linear
fits of the a(T ) and c(T ) data.

We assign them to a small amount of an unidentified mi-
nority phase (�2%). Its presence is irrelevant for the RE
core-level and valence band XPS measurements, since such
experiments are not sensitive to even several percent of
impurity phase.

For CeRhIn we performed additional XRD experi-
ments in order to determine the temperature dependences
of the lattice parameters. The following Bragg reflections:
002, 311, 400, 212, 302, 410, 321 and 222 were recorded
at different temperatures. The positions of the peaks were
established by a least-squares curve fitting code using a
Lorentzian profile. Lattice parameters were refined using
the Checkcell program [30]. The results are plotted in Fig-
ure 1.

The XPS spectra were obtained with monochroma-
tized Al Kα radiation at ambient temperature using a PHI
5700 ESCA spectrometer. The total energy resolution was
about 0.4 eV. Polycrystalline samples were broken under
a high vacuum of 6×10−10 Torr immediately before mea-
suring the spectra. Binding energies were referenced to
the Fermi level (εF = 0). Calibration of the spectra was
performed according to reference [31].

2.2 Computational

Electronic band structure calculations were carried out
using the full potential linearized augmented plane-wave
(FP-LAPW) method [32] by the WIEN2k computer

code [33]. In this method the unit cell is divided into non-
overlapping muffin-tin spheres centered at the atomic sites
and an interstitial region. The muffin-tin radii were cho-
sen to be of 2.5 a.u. for Ce and La, 2.4 a.u. for Rh and
2.5 a.u. for In and Sn. Inside the atomic spheres, partial
waves were expanded up to lmax = 10, while the num-
ber of plane waves in the interstitial region was limited by
the cutoff at Kmax = 9.0/RMT , where RMT is the small-
est of all atomic sphere radii in each system. The charge
density was Fourier expanded up to Gmax = 15. The fol-
lowing states were considered as valence: RE (4f , 5d, 6s,
6p), Rh (4d, 5s, 5p), X (5s, 5p, 5d). The specified valence
states were treated using the APW+lo scheme while the
standard LAPW basis functions were used for all higher
angular momentum states in the expansion of the wave
function. Local orbitals were added to account for the fol-
lowing semicore states: RE (4d, 5s, 5p), Rh (4s, 4p), X
(4s, 4p, 4d). The core levels were described using a four-
component fully relativistic Dirac solver, while for valence
states relativistic effects were included in a scalar relativis-
tic manner [34]. The Brillouin zone sampling was based
on 198 k-points in the irreducible wedge (2000 points
in the full zone). The Kohn-Sham equations were solved
within the generalized gradient approximation (GGA) in
the form proposed by Perdew, Burke and Ernzerhof [35].
The strong correlation interactions within the Ce 4f shell
were treated also using the GGA+U approach introduced
by Anisimov et al. [36], with an approximate correction for
the self-interaction. The exchange constant J for the Ce
4f states was assumed ∼1eV. The effective Ueff is defined
as Ueff = U − J , where U is the Coulomb correlation pa-
rameter for the specified shell. The U values between 2 eV
and 20 eV have been studied.

Additionally, the full-potential local-orbital minimum
basis code (FPLO) [37] was used. The scalar-relativistic
calculations were carried out within the local spin den-
sity approximation (LSDA) with the parametrization of
Perdew Wang [38]. As basis set, RE(4f5s5p/5d6s6p),
Rh(4s4p/4d5s5p) and Sn(4s4p4d/5s5p:5d) states were em-
ployed as semi-core/valence:polarization states. The re-
sulting total electronic densities of states were basically
identical for the two band structure codes.

Based on the FPLO results we calculated the theo-
retical XPS valence band spectra. The partial l-resolved
densities of states were multiplied by the corresponding
cross sections [39] and convoluted by Lorentzians with a
full width at half maximum of 0.4 eV to account for the
instrumental resolution, thermal broadening and the ef-
fect of the lifetime of the hole states. The results were
convoluted by the Fermi-Dirac function for T = 300 K.

3 Results and discussion

3.1 Electronic band structure calculations

Figure 2 shows the total and partial atom-resolved DOSs
for CeRhIn, CeRhSn as well as for their reference com-
pounds LaRhIn and LaRhSn, calculated within the GGA
approximation. Our GGA results for CeRhSn are in a
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Fig. 2. (Color online) The calculated (LAPW) total and atom resolved densities of states for the compounds LaRhIn (a),
CeRhIn (b, c), LaRhSn (d) and CeRhSn (e, f). The common vertical dash lines indicate the position of the Fermi level.

resonable agreement with previous calculations [40–42].
The spin-polarized band structure calculations with initial
spin polarization converged back to a nonmagnetic ground
state for all investigated compounds. This result is con-
sistent with experimental findings [4,17] and supports the
scenario that for CeRhSn the low-temperature magnetism
observed for some polycrystalline samples only arises from
disorder effects, as suggested previously [16,17].

The valence band for the compounds RERhX consist
of two parts separated by the gap of 1–2 eV. The struc-
ture at binding energies ranging from 5 to 8 eV or from
6.5 eV to 10 eV for the compounds RERhIn or RERhSn,
respectively, originate primarily from the 5s states of the
X-elements. The main part of the valence DOS is domi-
nated by the hybridized Rh 4d and X 5p states. For the
compounds with Sn this part of conduction band reaches
higher binding energies than for the systems with In.
The GGA approximation, however, underestimates the
Coulomb repulsion for the 4f states, which in this ap-
proach form the unrealistic narrow bands close to the
Fermi level. Thus, the calculated DOSs (Figs. 2c, 2f) and
band structures (Figs. 4c, 4f) result in a too strong hy-
bridization between the 4f and the other conduction band
states in the vicinity of the Fermi level for both CeRhIn
and CeRhSn.

In order to investigate the influence of the strong cor-
relation interaction within the 4f shell on the electronic
structure of the compounds CeRhX, we performed ad-
ditional band structure calculations using the so-called

GGA+U approach. This method simulates the Coulomb
repulsion among f electrons in a mean field like (static)
approximation. Inclusion of the Hubbard-type interaction
term to the XC potential for the Ce 4f states leads to a
shift of the occupied Ce 4f bands towards higher bind-
ing energies and of the unoccupied 4f states above the
Fermi level. Consequently, it strongly suppresses the hy-
bridization between the 4f and valence band states. One
should note that this hybridization is crucial for the phys-
ical properties of the strongly correlated f -electron sys-
tems. For CeRhSn, there is also a significant shift of the
other valence band states arising from the changes in the
Ce 4f bands induced by application of the GGA+U ap-
proach (Fig. 2). Our results are in contrast to previous
LDA+U calculations by Matar et al. [41]. There basically
no significant shift of states in the DOS was observed,
whereas our calculations always result in splits of the or-
der of Ueff .

For the U -values larger than ∼3.5 eV the occupied 4f
states form a narrow band below the Fermi level. There is
still, however, some distinct contribution of the 4f states
near the Fermi level due to the hybridization with con-
duction band states for both CeRhIn and CeRhSn. The
traces of such hybridization can be seen in Figures 4b, 4e.
It is worthwhile to note that an increase of the U -value
leads to the distinct suppression of the admixture of the
4f character in bands close to the Fermi level for the
majority spin-channel, while for the minority states this
contribution remains significant even for the calculations



M. Gamża et al.: Electronic structure of CeRhX (X = Sn, In) 487

-4 -2 0 2 4
Energy (eV)

-10

-5

0

5

10

D
O

S
 (

st
at

es
 e

V
-1

 a
to

m
-1

)

LSDA
2 eV
4 eV
6 eV

-4 -2 0 2 4
Energy (eV)

-10

-5

0

5

10
CeRhIn CeRhSn

Fig. 3. (Color online) The partial Ce 4f DOSs for the compounds CeRhIn and CeRhSn calculated within the GGA approx-
imation or using the GGA+U approach with different values of the Ueff parameter equal to 2 eV, 4 eV and 6 eV. Detailed
description as in Figure 2.

Table 2. The comparison of the structural data acquired from the LDA and LSDA+U (Ueff = 6 eV) calculations for the
compounds RERhX (RE = La or Ce; X = In or Sn). The theoratically obtained lattice parameters a, c and internal coordinates
xRE, xX were rounded to 3 significant digits. The table presents also the differences between the experimental and theoretical
unit cell volume ΔV.

Compound: LaRhIn CeRhIn LaRhSn CeRhSn
LDA LDA LSDA+U LDA LDA LSDA+U

a (Å) 7.488 7.388 7.456 7.402 7.350 7.438
c (Å) 4.102 3.990 4.071 4.181 4.032 4.087
xRE 0.589 0.590 0.591 0.585 0.588 0.589
xX 0.247 0.252 0.250 0.247 0.254 0.251
V (Å3) 199.201 188.618 195.965 198.376 188.611 195.825
ΔV (%) ∼4.1 ∼6.0 ∼2.0 ∼3.1 ∼4.0 ∼0.2

with Ueff -values much larger than 6 eV. This indicates the
strong hybridization of the 4f and conduction band states
for both CeRhIn and CeRhSn. Furthermore, for a reason-
able range of Ueff values (3.5–7 eV [43]) the unoccupied
Ce 4f states remain almost unchanged (Fig. 3). To in-
spect the unoccupied states in both CeRhSn and CeRhIn,
bremsstrahlung isochromat spectroscopy (BIS) studies are
strongly suggested.

We are aware of the fact that none of our calculations
(GGA or GGA+U) gives a fully satisfactory description
of the electronic structure for the compounds CeRhIn and
CeRhSn in a region close to the Fermi level, where dy-
namic many body effects play an essential role for the
physical properties. Nevertheless, the band structures de-
rived from the density functional theory calculations un-
equivocally revealed a strong hybridization between the
Ce 4f and conduction band states for both CeRhSn and
CeRhIn. The analysis of partial weights of the band states
(not shown) clearly indicates that in CeRhSn the Ce 4f
states hybridize mainly with the 4d states of Rh2, while
for CeRhIn we find is a significant hybridization of the 4f
states with the states of both Rh1 and Rh2. Furthermore,
the calculated DOSs (Fig. 2) show that replacement of
In by Sn results in a slight shift of the Rh 4d bands to-
wards higher binding energies due to the hybridization
with the Sn 5p states. This points to the stronger co-

valency of bonds between atoms of Rh and Sn in both
LaRhSn and CeRhSn.

Finally, we performed a computational crystal struc-
ture optimization for all the compounds RERhX
(RE= La, Ce; X= In, Sn). The full structures relaxation
was carried out using the FPLO code due to the high nu-
merical efficiency of this computational scheme. The ex-
perimental crystallographic data were taken as a starting
point (see Tab. 1). The unit cell volume, the c/a ratio
and the internal coordinates for each compound were op-
timized successively in at least four full cycles. In case of
the compounds CeRhIn and CeRhSn we applied the LDA
approximation as well as the LSDA+U approach for the
Ce 4f states. The resulting lattice parameters and atomic
positions are listed in Table 2. The FPLO derived internal
coordinates we cross-checked using the WIEN2k computer
code, in which the atomic forces were calculated according
to the method proposed by Yu et al. [44]. For the opti-
mized atomic positions we obtained total forces on each
atom smaller than 5 mRy/a.u. All the theoretical atomic
coordinates are in good agreement with the experimental
results (Tab. 1). It should be stressed that there is a sig-
nificant difference in equilibrium unit cell volume for both
CeRhIn and CeRhSn between the results obtained within
the LDA and LSDA+U approximation (∼4%). This in-
dicate that the Ce 4f electrons contribute essentially to
the chemical bonding in these systems. The LDA lattice



488 The European Physical Journal B

Fig. 4. (Color online) Electronic band structure close to the Fermi level for LaRhIn (a), CeRhIn (b, c), LaRhSn (d) and
CeRhSn (e, f) calculated within the GGA approximation (a, c, d, f) or using the GGA+U approach with Ueff = 6 eV (b, e).
The size of the points denotes the weights of the RE 4f contributions. The high symmetry points are labelled according to the
standard notation.

parameters for both CeRhIn and CeRhSn show stronger
deviation from the experimental data than that for the ref-
erence compounds LaRhIn and LaRhSn due to the over-
estimation of the 4f contribution to the bonds. In con-
trast, the LSDA+U method results in a significantly larger
unit cell volumes due to the overestimated suppression of
the hybridization between the Ce 4f and conduction band
states. Hence, the equilibrium lattice parameters obtained
using this approach do not show the contraction typical
for the LDA approximation. Such a contraction is clearly
visible for the compounds LaRhIn and LaRhSn.

To gain deeper inside into the chemical bonding we
analyse the charge density distribution in the compounds
RERhX (RE= La, Ce; X= In, Sn).

3.2 Charge density analysis

The reordering of electronic charge density accompanying
the bonding formation in solids can be well visualized us-
ing the difference charge density plots. Such maps are cal-
culated by subtracting the superposition of free atom den-

sities from the total crystalline valence charge density. The
results for the compounds RERhX (RE= La, Ce; X= In,
Sn) are presented in Figure 5.

For CeRhIn (Fig. 5a) the difference charge density
maps show that electrons are accumulated mainly between
the pairs of the nearest neighbouring (NN) atoms: Ce–Rh1
(labeled A in Fig. 5) and Ce–Rh2 (labeled C in Fig. 5).
This points to the covalent-like bonds between Ce and Rh
atoms in the ab planes and along the hexagonal axis.

Replacement of the In atoms by Sn, which has one va-
lence electron more, results in an essential redistribution
of the valence charge density. It leads to: (i) the creation
of the charge accumulations between the pairs of the NN
Rh2 and Sn atoms (labeled B in Fig. 5); (ii) the substan-
tial increase in electron density around the Rh1 atoms,
towards the region between the surrounding Sn atoms (la-
beled E in Fig. 5). The first effect can be attributed to
the formation of the strong covalent-like bonds in the ab
plane, between the NN Rh2 and Sn atoms. These bonds
are presumably responsible for the observed shrinking of
the lattice parameter a for both LaRhSn and CeRhSn
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Fig. 5. (Color online) The surface of constant difference charge density equal to 0.0047 (electron/a.u.3) for LaRhIn (a), CeRhIn
(b, c), LaRhSn (d) and CeRhSn (e, f) calculated within the GGA approximation (a, c, d, f) or using the GGA+U (Ueff = 6 eV)
approach. Because of symmetry, only half of the unit cell is considered. Labels (A, B, C, D, E) see text.

with respect to the corresponding indides (Tab. 1). The
second observation indicates the creation of some multi-
center-type bonds between one Rh1 and two NN Sn atoms
situated above and below this Rh1. Thus, the difference
charge density maps point to the more covalent charac-
ter of the investigated stannides than the indides, which
corroborates the analysis of the DOSs presented in Sec-
tion 3.1.

To get insight into the role of Ce 4f electrons in for-
mation of the bonds in both CeRhIn and CeRhSn we
have calculated difference charge density plots based on
the band structure results obtained within the GGA ap-
proximation as well as using the GGA+U approach for the
Ce 4f states with different values of the U -parameter. The
exemplary plots calculated using the GGA and GGA+U
(Ueff = 6 eV) methods are shown in Figure 5. The com-
parative analysis of the density maps revealed that there
is a distinct 4f contribution to the covalent-like bonds
between the Ce and Rh2 atoms, similar in CeRhIn and
CeRhSn, arising from the hybridization between the 4f
and conduction band states in the vicinity of the Fermi
level. One should note that the electron density plots for
the reference compounds LaRhIn and LaRhSn do not
show strengthened charge density between the La and
Rh2 atoms, which corroborates the essential 4f contribu-
tion to the creation of these Ce–Rh2 bonds. Furthermore,
for the indides the charge accumulations between the RE
and Rh1 atoms are more pronounced in CeRhIn than in
LaRhIn and for CeRhIn the number of assembled electrons
in these regions decreases with increase of the U value in

the GGA+U approach. This points to the signficant 4f
contribution in these bonds for the compound CeRhIn. In
contrast, in the stannides there is no distinct difference
in charge density distribution in regions between the RE
and Rh1 atoms for CeRhSn and LaRhSn. Moreover, for
a reasonable range of the Ueff -values (3.5–6 eV) we did
not find an influence of the applied U -value on the elec-
tron density in these regions in CeRhSn. These findings
indicate that for CeRhSn the Ce 4f states participate sub-
stantially in the formation of bonds with Rh2 atoms, as
suggested based on the analysis of the partial weights of
the band states (see discussion in Sect. 3.1).

It should be stressed that for both CeRhIn and
CeRhSn the GGA approximation results in the substan-
tial accumulations in the binding region related to the Ce
and leads to the delocalization of the 4f electron density.
In contrast, the GGA+U approach yields the distinct fea-
tures marked as D in Figure 5, which originate primarily
from the 4f electron density localized on the Ce atoms.
Hence, their form reflects the shape of the occupied 4f
orbitals.

3.3 XPS results

Information about the character of the Ce 4f states in Ce-
based intermetallics at ambient temeprature can be effi-
ciently derived from the Ce core-level XPS spectra owing
to the strong Coulomb interaction between the photoe-
mission core-hole and the electrons near the Fermi level.
This coupling results in a complex structure of the Ce
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core-level XPS spectra. A detailed examination we restrict
to the most intensive peaks related to the photoemission
from Ce 3d and 4d states since the lifetime broadening
of the other levels masks fine structures originating from
screening effects. For a comparison, we present also the
XPS spetra of the reference compound LaRhIn.

Figure 6 shows the RE 3d XPS spectra of CeRhSn,
CeRhIn and LaRhIn. The spin-orbit (SO) splitting of the
final 3d states results in two sets of photoemission lines in
each spectrum with an intensity ratio

I(3d5/2) / I(3d3/2) = 3/2. (1)

The estimated values of the SO splitting (δCe ≈ 18.6 eV,
δLa ≈ 17.3 eV) are in agreement with those obtained
from our band structure calculations (δCe ≈ 18.8 eV,
δLa ≈ 17.2 eV). Each set of photoemission lines consists of
several contributions corresponding to the different occu-
pation of the Ce 4f shell in a final state. The main peaks,
marked as f0 and f1 for La and Ce, respectively, originate
from a screening of the core-hole by conduction electrons.
These peaks are much wider for CeRhSn and CeRhIn
than for LaRhIn due to the multiplet effects, as well as
a special broadening mechanism related to the so-called
virtual-bound-state effects [45]. The satellites located on
the low-energy side of the main photoemission lines ap-
pear when the core-hole becomes screened by an extra
4f electron in an exciton-like level centered on the core-
ionized atom owing to a 4fn → 4fn+1 transition during
the photoemission process. The probability of transferring
an electron to this screening level strongly depends on its
coupling to the other occupied states. Therefore the con-
tributions in the measured RE 3d XPS spectra labelled as
f1 and f2 for La and Ce, respectively, can be considered as
an indicator of the hybridization strength between the 4f
and the conduction band states. In the Ce 3d XPS spec-
tra of CeRhSn and CeRhIn there are also distinct peaks
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Fig. 7. (Color online) The RE 4d XPS spectra for CeRhSn,
CeRhIn and LaRhIn. In the spectra of RERhIn there are also
wide peaks originating from the In 4s states at ∼123 eV.

in a distance of about 11 eV from the main photoemis-
sion lines. These contributions originate from the f0 final
states and point to an intermediate valence behaviour of
Ce in both compounds. In the analysed spectra one can
expect also additional contributions related to the photoe-
mission from the 3s states of In and Sn, located at binding
energies of 828 eV and 885 eV, respectively. These peaks,
however, should be very broad and weak due to the small
photoemission cross section for these states [39] and thus
they could not be clearly resolved.

The quantitative analysis of the RE 3d XPS spectra we
performed based on the Gunnarsson and Schönhammer
(GS) model calculations [46,47]. The separation of the
overlapping peaks in the XPS spectra we made on a basis
of the Doniach-Šunjić theory [48], after subtraction of the
background calculated using the Tougaard algorithm [49].
According to the GS model, one can estimate the occupa-
tion number of the Ce 4f shell in the initial state nXPS

f

using Figure 4 of the reference [46] and the ratio

r = I(f0)/(I(f0) + I(f1) + I(f2)), (2)

where I(fn) is the intensity of the fn peak. For CeRhSn
and CeRhIn we obtained nXPS

f ≈ 0.93. This value indi-
cates that the average valence of Ce ions υXPS ≈ 3.07
for both investigated compounds. In order to get insight
into the strength of the hybridization between the RE 4f
and the conduction band states we estimated the values of
the Δ parameter. This parameter is defined as πV 2ρmax,
where ρmax is the maximum value of the DOS and V is
the hybridization matrix element in the Anderson impu-
rity Hamiltonian. We calculated the ratio

R = I(f2)/(I(f1) + I(f2)) (3)

and used Figures 5 and 6 of reference [46], assuming the
conduction band DOS to be a simple semielliptic with
lower edge B− = − 4 eV and upper edge B+ = 1.57 eV
with respect to the Fermi level. The same procedure ap-
plied for the RE 3d XPS spectra of LaRhIn, CeRhIn and
CeRhSn yielded Δ ≈ 120 meV for La and Δ ≈ 100 meV
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for Ce in both CeRhIn and CeRhSn. One should note
that the large values of hybridization energy Δ ∼ 100
meV are typical for Ce-based intermediate valence com-
pounds [46,50]. For CeRhSn the estimated values of the
parameters Δ and nXPS

f are consistent with those previ-
ously reported [16].

A valence fluctuation state of Ce ions in CeRhSn and
CeRhIn has been also confirmed by the Ce 4d XPS spectra
(Fig. 7). In these spectra one can clearly see the two peaks
in a distance of 11 eV from the main photoemission max-
ima. These contributions can be assigned to the 4d94f0

final states and give evidence for an intermediate-valence
state of Ce. In case of CeRhIn these satellites overlap with
the additional very wide feature at about 124 eV related to
the photoemission from the In 4d states. Analogous slight
contribution can be observed in the spectrum of LaRhIn.
The main structure in the RE 4d XPS spectra at bind-
ing energies ranging from 104 eV to 118 eV consists of
two sets of photoemission lines originating from 4d94fn

and 4d94fn+1 (n = 0 for La, n = 1 for Ce) final states,
whose separation corresponds to the core-hole 4d spin-
orbit interaction δCe ≈ 3.2 eV, δLa ≈ 3.0 eV. For Ce the
detailed analysis of this region is not possible due to the
strong exchange interaction between 4d holes and the un-
filled 4f levels, which gives rise to complicated multiplet
structures [51]. Nevertheless, one can clearly see that the
shape of the main photoemission lines in the Ce 4d XPS
spectra of CeRhSn and CeRhIn is very similar, which is
in line with their indistinguishable values of the Δ and
nXPS

f parameters derived from the Ce 3d XPS spetra.
Furthermore, there are no noticeable differences in shape
and energy position of the main photoemission lines as
well as the satellites in the Ce 3d XPS spectra of CeRhSn
and CeRhIn. This findings point to the very similar char-
acter of the Ce 4f states at ambient temperature in both
compounds.

Further insight into the electronic structure at ambi-
ent temperature can be gained from the XPS valence band
spectra (Fig. 8). The recorded data we interpret with the
help of band structure calculations. Based on the partial
DOSs and photoemission cross-sections given by Yeh and
Lindau [39] we have estimated the photoemission spectra,
according to the description in Section 2.2. We utilized
the DOSs obtained by the FPLO code, since the LAPW
computational scheme demands the presence of electrons
in the interstitial region, which cannot be taken straight-
forwardly into account in a simulation of the theoretical
XPS spectra. The results are presented in Figure 8.

The main peak in valence band spectra, located at
about 2–2.5 eV, originates mainly from the Rh 4d states
hybridized with the 5p states of X-element. The second
peak centered at about 5.6 eV or 7.5 eV for the com-
pounds RERhIn and RERhSn, respectively, is related to
photoemission from the 5s states of In or Sn. In order
to expose the “pure” Ce 4f contributions to the XPS
valence band spectra we plotted also the partial Ce 4f
DOSs as well as the sum of all partial l-resolved DOSs,
multiplied by the corresponding cross-sections. The ex-
emplary results obtained for CeRhIn based on the DOSs
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according to the Tougaard algorithm [49] (line with points),
with the theoretical ones estimated based on the DOSs cal-
culated using the FPLO code within the LDA approximation
(dash line) and using the LSDA+U approach with Ueff ≈ 6 eV
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resulting from the LSDA+U calculations are presented
in Figure 9. It is clearly visible that photoemission from
the 4f states should give only a small contribution to the
measured spectra, as compared to the other valence band
states. Therefore the XPS valence band spectra cannot
give unequivocal information about the localization of the
4f states in valence band for the compounds CeRhX.

The theoretical simulations reproduce well the over-
all shape of the XPS valence band spectra for all investi-
gated compounds. For LaRhIn, the slight distinction be-
tween the calculated and measured intensity in the vicinity
of the Fermi level presumably originates from the inade-
quacy of the atomic-like photoemission cross sections for
the valence band states of intermetallic compounds (see
discussion in Refs. [52,53]). For CeRhIn and CeRhSn, how-
ever, the discrepancy is considerably larger which suggests
that there is an additional contribution to the measured
DOS in the vicinity of the Fermi level. We suppose that
this contribution arises primarily from a peak of the elec-
tronic quasi-particle DOS near the Fermi level due to an
Abrikosov-Suhl resonance. It is worthwhile to stress that
the LSDA+U approach is a static mean-field approxima-
tion. Consequently, this method can not reproduce dy-
namic many-body effects. For CeRhIn the presence of the
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Kondo-peak in the valence band at ambient temperature is
in line with the high Kondo temperature of at least about
300 K [4]. On the other hand, in case of CeRhSn, differ-
ent experimental results evaluated with different models
pointed to a lower Kondo temperature (about 140 K [16],
240 K [17], 40 K [4]). Hence, at ambient temperature the
Kondo resonance should decay.

We observe a slight shift of the peak positions between
the experimental and the calculated XPS valence band
spectra of LaRhIn (Fig. 8). It is well known that the real
(incomplete) screening of a photoemission hole can not be
described in ground state calculations. This effect leads
to a slightly smaller kinetic energy of the emitted pho-
toelectrons and consequently to a tiny shift of the mea-
sured XPS peaks toward higher binding energies. Since
the overall shape of the valence band is very similar for
all investigated compounds, one can expect the analogous
effects in the XPS spectra of CeRhIn and CeRhSn. Fur-
thermore, the detailed analysis of thermal expansion for
the compound CeRhSn suggests that there is a change in
bonding versus temperature in this system at the temper-
ature of 120 K, presumably related to the Ce valence in-
stability. This prevents us from performing any more com-
prehensive comparative analysis of the theoretical and ex-
perimental XPS valence band spectra for the compounds
RERhX. One should note, that for CeRhSn the position
of the main peaks in theoretical XPS valence band de-
pends considerably on the treatment of the Ce 4f states
in band structure calculations due to their hybridization
with the other valence band states. Thus, valence band
photoemission at low temperatures should give additional
information about the hybridization of the 4f and the
conduction band states for this compound.

3.4 Discussion and summary

At ambient temperature the electronic structure of Ce re-
lated states is very similar in CeRhIn and CeRhSn. The Ce
core-level XPS spectra revealed intermediate valence state

of the Ce ions and a strong hybridization of the 4f and the
conduction band states Δ ≈ 100 meV for both investigated
compounds. In contrast, the high-resolution 3d–4f reso-
nance photoemission studies performed at a temperature
of 15 K indicated that the hybridization between the 4f
and the other valence band states is distinctly weaker for
CeRhSn than for CeRhIn [20]. This provides an explana-
tion for the discrepancy in the low-temperature thermody-
namic and transport properties of these compounds [4,16].

The detailed analysis of the ground state electronic
structures based on the ab initio calculations indicates
that there is a substantial hybridization of the 4f and
conduction band states for both CeRhIn and CeRhSn.
However, for CeRhSn the Ce 4f states hybridize mainly
with the states of Rh2, while in case of CeRhIn there is a
significant hybridization with the states of both Rh1 and
Rh2. This outcome is supported by the difference charge
density plots, which revealed that for CeRhSn the Ce 4f
states participate mainly in the formation of bonds with
Rh2 atoms. In turn, in case of CeRhIn we found a pro-
nounced contribution of the 4f states to the formation of
bonds with both Rh1 and Rh2.

The presented results indicate that there should be
some change in the character of the Ce 4f states in
CeRhSn at temperatures below 300 K. Indeed, for this
compound the thermal expansion of the crystal lattice
shows an anomaly, which is clearly visible in the c/a(T )
plot at about 120 K [16]. The careful analysis of the tem-
perature dependent changes in interatomic distances re-
vealed that the anomaly is related primarily with the
planar Ce–Rh1 bonds [16]. In contrast, for CeRhIn we
found the linear dependence of the lattice parameters ver-
sus temperature in a wide temperature range (Fig. 1). It
should be noted that for the temperature dependence of
the c/a ratio the total error bars cover the deviation of
the experimental points from the straight line.

Finally, the difference charge density plots point to the
formation of pronounced covalent-like bondings betweeen
Sn–Rh1 and Sn–Rh2 atoms in both LaRhSn and CeRhSn.
The stronger covalency of the investigated stannides is also
visible in the calculated DOSs and is presumably responsi-
ble for the markedly smaller thermal lattice-expansion for
CeRhSn than for CeRhIn. Furthermore, replacement of In
by Sn atoms leads to a distinct shrinking of the lattice pa-
rameter a accompanied by the increase in the c parameter
for both LaRhX and CeRhX, which can be assigned to the
characteristic covalent bonding situation. It is worthwhile
to stress, that all the changes in the experimental lattice
parameters for the whole family of compounds RERhX
(RE= La, Ce; X= In, Sn) depending on RE and X are
at least qualitatively reflected also in the equilibrium lat-
tice parameters derived from the theoretical calculations,
which supports the reliability of our band structure re-
sults.

To summarize, we have investigated the electronic
structure of the compounds RERhX (RE= La, Ce;
X=Sn, In) based on the XPS measurements and the DFT
band structure calculations. The XPS spectra revealed an
intermediate valency of the Ce ions in both CeRhSn and
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CeRhIn and the substantial hybridization of the 4f and
the conduction electrons. Both compounds behave similar
at ambient temperature, although CeRhSn exhibits more
covalent character of the chemical bonding. At low tem-
peratures the differences between the two compounds are
more pronounced. Whereas CeRhIn shows typical temper-
ature dependence of the thermodynamical and structural
properties, CeRhSn displays distinct anomalies. For a fur-
ther understanding of these differences, new experiments
like BIS and temperature dependent photoemission would
be desirable.
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