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The crystal-field splittings and the spectral properties of the CeM2Si2 compoundssM =Ru, Rh, and Pdd are
studied by means of anab initio many-body combined technique. The hybridization function is obtained using
the local-density approximation and the full-potential linear augmented plane wave method and is used as input
to the Anderson impurity model. The Kondo physics is obtained by solving this model within an extended
noncrossing approximation. The calculated crystal electric-fieldsCEFd splittings are compared with the con-
tradictory experimental data and helped in the correct assignment of their symmetries. In particular, it is shown
that the CeRh2Si2 has the largest CEF splittings and the highest Kondo temperature, in good agreement with
experimental data. The position of the bare energyf level is found to affect slightly the CEF splittings but does
not change their symmetries.
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I. INTRODUCTION

The unusual and interesting physical properties of rare-
earth intermetallic compounds have their origin in the com-
bination of strongly correlated 4f states and the hybridization
with the conduction electron sea, which give rise to their
complex low-temperature Kondo behavior. In particular, Ce
compounds are very sensitive to the crystalline and chemical
environment as compared to other rare-earth systems. The
interaction of the 4f state with the conduction band plays an
important role in the determination of the different magnetic,
structural, and transport properties of these systems.

Strongly correlated Ce compounds require a many-body
formalism to describe the dynamical effects. However, in the
most usual many-body treatments, the details of the chemical
bonding, provided by the band structure, are not usually
taken into account. It has become a challenge for theoreti-
cians to accomplish implementations of realistic models
combining both aspects of the physical properties of these
systems, namely, the electronic structure characteristics and
the many-body correlation effects.1–4

In this respect, the family CeM2Si2 is a good example of
materials for which the detailed knowledge of the electronic
structure of the conduction band is required when studying
their physical properties. Depending on the hybridization
strength of the 4f electrons, this class of materials exhibits a
wide variety of low-temperature behaviors such as long-
range magnetic order, heavy fermion character, paramagnet-
ism, nonmagnetic order with magnetic correlations, and su-
perconductivity, among others.5

In this work, we focus our attention on
CeRu2Si2, CeRh2Si2, and CePd2Si2, where Ru, Rh, or Pd are
adjacent to each other in the Periodic Table. Although the
three compounds crystallize in the same tetragonal ThCr2Si2
structure, the electronic properties are considerably different.
These properties can be briefly summarized as follows. The
CeRu2Si2 compound is a heavy fermion, and its low-

temperature behavior is well described by a paramagnetic
Fermi liquid, in which no long-range magnetic order has
been observed down to 20 mK. The low-energy excitations
are strongly renormalized heavy quasiparticles, as inferred
from the large value of its specific-heat coefficientg.6,7 On
the other hand, CePd2Si2 and CeRh2Si2 show antiferromag-
netic orderingsAFd with Néel temperatures, respectively, of
TN,10 K and 36 K. Both systems show a rather fast de-
crease in the value ofTN with applied pressure, which is the
prelude of pressure-induced superconductivity. In CePd2Si2,
the critical hydrostatic pressure at which AF is suppressed is
PC,2.5 GPa, while for CeRh2Si2 it is much lower, PC
,0.9 GPa.8–10

The large ordering temperature of CeRh2Si2 and an al-
most free-ion magnetic moment on the Ce sitesmord

=1.5mBd sRef. 11d suggest that the4f states are quite local-
ized in this compound. On the other hand, the evolution of
these quantities with applied hydrostatic pressure and the
large value of the Kondo temperaturesTK<TNd, as compared
to other compounds of the CeM2Si2 family, lead to the as-
sumption that the4f states are strongly hybridized and quite
delocalized.12 Another peculiar feature of CeRh2Si2, making
it a singular system in this class of materials, is its highest
value of thec/a ratio of its lattice parameters.

In a previous work, we studied the influence of the4f
hybridization on the structural and electronic properties of
these tetragonal compounds and their evolution with applied
pressure.13 In particular, the calculated evolution of Ce-M
distances and spin magnetic moment with pressure indicates
that the strength of4f-4d hybridization in the CeM2Si2 series
increases with decreasing4d band filling, i.e., the CeRu2Si2
compound is most affected by the4f hybridization and ap-
plied pressure. On the other hand, the evolution of the cal-
culatedc/a ratios with pressure shows considerable differ-
ences among the three systems. In contrast with the behavior
of CeRu2Si2 and CePd2Si2, the c/a ratio of CeRh2Si2 is not
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sensitive to the presence of4f states in the valence band,
indicating the anisotropy of the interactions in this particular
compound. In spite of the localized nature of the4f states in
these systems, these results reveal the need to take into ac-
count the crystalline and chemical environment to under-
stand correctly their electronic properties.

In this work, we employ a scheme that takes into account
the realisticab initio band structure of the material as well as
the underlying strong correlation effects. This method per-
mits the computation of both the hybridization-induced crys-
talline electric field splittingssCEFd and the spectral proper-
ties.

The knowledge of the CEF splittings of the4f states is
essential for the correct analysis and interpretation of ther-
mal, transport, and spectral properties of these systems. Usu-
ally, after solving the crystal-field Hamiltonian of the Ce ion,
these splittings are determined by fitting parameters to the
experimental curves such as neutron scattering, specific heat,
and magnetic susceptibility.14,15 Unfortunately, there are dis-
crepancies among the CEF splittings obtained through ex-
perimental fittings, even within the same experimental tech-
nique. These contradictions, which will be discussed later,
reflect some difficulties in determining the correct ground
state, and our results can help in the proper assignment of the
symmetry of the CEF energy levels.

On the other hand, photoemission spectroscopy is a useful
tool for investigating the4f states and the mechanism of
hybridization with the other bands in the solid. We expect to
complement the study of these systems by calculating their
spectral properties.

Theab initio many-body technique1 consists, first, in cal-
culating the hybridization function using the all-electron full-
potential linearized augmented plane wavesFP-LAPWd
method, and secondly, in using these hybridization functions
as an input for the Anderson impurity model. The Kondo
physics is then studied by solving this model within an ex-
tendednoncrossing approximationsimilar to that performed
by Hanet al.1

II. METHOD OF CALCULATION

As mentioned above, we use the information coming from
electronic band-structure calculations to parametrize a
strongly correlated many-body Hamiltonian. In Ref. 1, this
mixed technique was applied to Ce-based cubic systems cal-
culating the hybridization function using the linearized
muffin-tin orbital sLMTOd method in the atomic sphere ap-
proximation sASAd within the local-density approximation
sLDA d. The hybridization function,Gs«d, was inserted in the
Anderson impurity model, which, in turn, was solved in the
U→` limit using an extendednoncrossingapproximation
sNCAd. We call this technique LDA-NCA from now on.

Within this impurity model, the interaction among differ-
ent Ce sites is neglected and lattice effects such as long-
range magnetic order or superconductivity are not taken into
account.

In this work, we implement the LDA-NCA approach for
the tetragonal compounds, and calculate theGsed functions
from a full-potential linearized augmented plane wave

method sFP-LAPWd.16 Thus, we improve upon Ref. 1 by
avoiding any further approximations concerning the shape
and the form of the potential.

For Ce systems, the Anderson impurity Hamiltonian has
the form

H = o
ks

«kcks
† cks + o

m

« fmfm
† fm + U o

m.m8

nfmnfm8

+ o
ks,m

sVks,mfm
† cks + H.c.d, s1d

whereVks,m is the hopping matrix element between the con-
duction electronsscksd and the4f orbital sfmd , « fm is the
4f-energy level with respect to the Fermi level, andU is the
on-site Coulomb repulsion of the4f electrons. TheG func-
tion is proportional toVks,m

* Vks,m and, as suggested by Gun-
narssonet al.,17 it can be estimated from the projected LDA
4f density of statesrm

LDA at the Ce site in the following way:

Gms«d = − ImH lim
h→0

FSE dz
rm

LDAszd
« − ih − z

DG−1J . s2d

In the case of the CeM2Si2 compounds, the labelm cor-
responds to the different irreducible representations of the4f
states at the tetragonal Ce site. In the tetragonal point group,
the J= 5

2 and J= 7
2 multiplets are split into three and four

doublets, respectively, as shown in Fig. 1.
The U→` limit of the Anderson impurity model is

solved by applying the slave-boson technique. The NCA
equations consist of a couple of integral nonlinear equations
for the pseudobosonsf0d and pseudofermionsf1d self-
energies, each of them containing the hybridization function
Gsed. For a detailed review of the NCA formalism, see Refs.
19,20.

Within this approach, the value of thebare 4f level, « f, is
a quasifree parameter kept close to its atomic limit. We do

FIG. 1. Irreducible representations of the tetragonal point group
symmetry at the Ce site for the CeM2Si2 compounds. The values
used for the different parameters were taken from Ref. 18. They are
a=Î1

6 , b=Î5
6 , c=Î 5

12, d=Î 7
12, e=Î3

4, and f = 1
2.
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calculations for different values of« f in the energy range of
s−1.6 eV,−3.0 eVd. One of course could obtain the value of
the 4f level by means of a constrained LDA method in con-
junction with the so-called supercell technique as done by
Cooper and co-workers for the CeSb and CeTe compounds.2

Unfortunately, such calculations are time-consuming and be-
yond our computational facilities. In addition, it is not clear
whether the position of the4f level obtained this way will be
appropriate for the Anderson model within the NCA, where
the Coulomb interaction is set to infinity. A4f level obtained
this way might be more appropriate for the Gunnarsson and
Schönhammer approach21 or the treatment of the Anderson
model by means of the dynamical mean-field theory
sDMFTd,22 where the Coulomb interaction is finite and could
also be obtained from the same constrained LDA. As for the
spin-orbit sSOd splitting between theJ= 5

2 and J= 7
2 multi-

pletssDSOd, we took its value from the4f-projected DOS as
in Ref. 1. For the systems under study, our calculation shows
DSO=0.31±0.01 meV, which is in agreement with the ob-
served SO peaks in photoemission spectra.23–25

We perform theab initio band-structure calculations for
the CeM2Si2 compounds using the experimental lattice pa-
rameters. We use the LDA exchange and correlation potential
of Perdew and Wang.26 To sample the Brillouin zone and
converge the total energy up to 0.1 meV accuracy, we used a
mesh of 1000k pointss99 irreduciblek pointsd. Themuffin-
tin radii, Rmt, are taken equal to 2.6 a.u. for Ce, 2.2 a.u. for
the 4d transition metals, and 2.0 a.u. for Si. The cutoff pa-
rameter that gives the number of plane waves in the intersti-
tial region was taken asRmtKmax=8, whereKmax is the largest
reciprocal-lattice vector used in the expansion of plane
waves in that region. This cutoff implies 120 plane waves per
atom approximately.

III. RESULTS

Figure 2 shows the hybridization functionGs«d calculated
for the three compounds under study. For simplicity, we only
plot the hybridization for theG7 doublet, which will be
shown later to be the symmetry of the ground state. It can be
seen that the main weight of the hybridization function is
shifted towards higher energies whenM goes from Pd to Ru.
These results can be understood if we take into account that
the main contribution to the hybridization of the4f states in
these compounds originates from the4d band of the transi-
tion metalM. The calculated4d band centers are indicated
with arrows in Fig. 2, and it can be observed that they are
shifted towards higher energies with decreasing4d occupa-
tion numbers. These results explain also the higher sensitiv-
ity of the Ru compound when applying hydrostatic pressure
as compared to the systems with Rh or Pd, as discussed in a
previous work.13

In the following we present the results obtained with the
LDA-NCA technique: in Sec. III A, we present the CEF
splittings, and in Sec. III B, we present the spectral proper-
ties.

A. CEF splittings

The LDA-NCA technique permits the computation of the
CEF splittings and the symmetry of each4f level. The split-

tings are read from the separation of the peaks of the differ-
ent spectral functions,rm’s, which are shifted one with re-
spect to the other due to a different degree of hybridization
of each4f level with the conduction band.

In Table I, the compiled experimental information taken
from the literature for these quantities is shown. We callD12
the energy difference between the lowest energy level and
the first excited one andD23 the corresponding energy differ-
ence between the first and second excited levels of theJ= 5

2
multiplet.

In the case of CeRu2Si2, there is no clear information on
the second excited state. For this particular system, we also
include plausible values for CEF splittings considered in
other theoretical calculations. From Table I, it is evident that
the information found in the literature is contradictory, espe-
cially the one related to the determination of the symmetries.
This makes it difficult to compare these values with our re-
sults.

As mentioned above, within this LDA-NCA technique
the bare4f level « f is a quasifree parameter. We perform
the calculations varying« f within the range s−3 eV,
−1.6 eVd. In Fig. 3, we present the LDA-NCA resultssleftd
together with some experimental informationsrightd. The re-
sults appearing in Fig. 3 were obtained using the value for« f
which better fits the experimental data for each compound.
These values are« f =−1.6 eV for CeRu2Si2 and CeRh2Si2

FIG. 2. Hybridization functionGs«d for CeM2Si2 with M =Ru,
Rh, or Pd for theG7 symmetry. The dotted line indicates the Fermi
level in each system. The arrows correspond to the4d band center
of the transition metalM.
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and« f =−2.4 eV for CePd2Si2. To facilitate the comparison,
not all the data presented in Table I appear in Fig. 3.

Three main points that emerge from the comparison with
experiments can be singled out from the analysis of Fig. 3.
First, it can be seen that both our results and the experiments
indicate that CeRh2Si2 has the greatest total CEF splitting
sD12+D23d among the three systems. Second, there is also
agreement concerning the almost degenerate first and second
excited levels in CePd2Si2. Finally, our results determine that
the symmetries of the lowest, first, and second excited levels
areG7, G82, andG81, respectively.

It is crucial to notice that the calculated symmetries for
each level do not change with« f, along the whole range of
variation of this parameter. The experimental results of Ref.
29 in the case of CeRh2Si2 agree completely with this order-
ing for the symmetry of the levels. Actually, we cannot go

further in the comparison of the symmetries due to the con-
tradictions among the different experimental results.

The first two points mentioned above are related to the
value of the splittings. The fact that CeRh2Si2 has the largest
total splitting reflects the anisotropy of this system, which is
a consequence of its largec/a ratio. Namely,c/a is 2.49 in
the system with Rh while it is 2.33 in the cases of Ru or Pd.13

As shown in Ref. 13, this anisotropy affects the evolution of
the structural properties under pressure and, as we see in the
present work, it also affects the CEF splittings.

Even if the overall agreement with the experimental
trends is already present in our results, there are actually
some differences. For instance, the calculated value ofD12
for CePd2Si2 is greater than any other in the series, while this
is not the case in the experiments. On the other hand, for
CeRh2Si2, bothD12 andD23 are smaller than the experimen-
tal splittings. One of the reasons for these discrepancies is
probably because the NCA neglects the double occupancy of
the 4f state.

While the symmetries of each level do not change when
shifting « f, the values of the splittingsD12 andD23 are sen-
sitive to this parameter. As already mentioned, the results
shown in Fig. 3 were obtained considering« f =−1.6 eV for
the system with Ru or Pd, and« f =−2.4 eV for CePd2Si2.
Even though this choice of parameters gives trends for the
CEF splittings in quite good agreement with the experimen-
tal data, a value of« f close to −2 eV is expected for these
strongly correlated Ce compounds.

Figure 4 presents the calculated CEF splittings consider-
ing « f =−2 eV for the systems with Ru and Rh, and keeping
« f =−2.4 eV for CePd2Si2 sleftd together with the same se-
lected experimental information of Fig. 3srightd. It can be
seen that shifting« f to more negative energies in these two
compounds has the effect of reducing the splittings. In spite
of this, the results discussed above are still valid for this new
set of parameters. The CeRh2Si2 has still the largest total
CEF splittingsD12+D23d, the first and second excited states
in CePd2Si2 are almost degenerate, and the orderings of the
symmetries for the lowest, first, and second excited levels are
G7, G82, and G81, respectively. This new set of parameters

TABLE I. Compilation of literature information about CEF splittingssD12 and D23d, and symmetry of
J= 5

24f levels. In the last column,x refers to magnetic susceptibility measurements. In the case of CeRu2Si2,
the question mark in the first row indicates that the second excited CEF level was not found.s* d In Ref. 15,
the neutron-scattering spectra suggest the existence of CEF excited states in the energy range indicated in the
table.s** d Parameters used for CEF splittings in an NCA calculation to fit photoemission spectrassee Ref.
24d. s*** d CEF splittings suggest in Ref. 31 to perform renormalized band calculation.

Compound D12, D23 symmetry Reference

CePd2Si2 220 K,20 K G82−G7−G81 Neutron scatt.15

260 K,30 K G82−G7−G81 x27

220 K,60 K G7−G81−G82 x28

CeRh2Si2 310 K,370 K G7−G82−G81 x29

370 K,560 K G82−G81−G7 x27

CeRu2Si2 220 K,? - Specific heat30

D12+D23¡ 400 K - s* d
150 K,150 K - s** d
220 K,180 K G7−G81−G82 s*** d

FIG. 3. Crystal-field splittings of the4f statessJ= 5
2

d. To the left:
The results using« f as input parameter equal to −1.6 eV for
CeRu2Si2 and CeRh2Si2, and −2.4 eV for CePd2Si2. To the right:
selected experimental data taken from Table I. The corresponding
symmetry of each level is indicated on the right side. There is no
precise experimental information about the second excited state of
the CeRu2Si2, which is why it appears as a dotted line.
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gives rise to more realistic spectral properties, as will be
shown in the following section. Nevertheless, one should not
rule out that a finite value of the Coulomb interaction will
alter the symmetry of the ground state of these compounds.
A point-charge model, as done by Birgenauet al.32 for ce-
rium monopnictides, will certainly help in the interpretation
of the present results. Unfortunately, no such calculations are
performed for the present experimental CEF of these com-
pounds.

B. Spectral properties

The spectral function given byr fsvd=−s1/pdImfGfsv
+ i0+dg, whereGf is the4f Green function obtained by solv-
ing the NCA equations of the Hamiltonian of Eq.s1d, was
calculated using the same set of parameters as for the CEF’s
of Fig. 4.

In Fig. 5, we show the calculated spectral function for
CeRu2Si2 at four different temperatures. The sensitivity to
temperature is only noticeable at low energiesssee the inset
of Fig. 5d. The fine structure along the whole energy range
comes from the dependence on energy of the hybridization
function. Several features in the spectral function of Fig. 5
are disguised by the band structure. There is a peak centered
around −« f that accounts for the occupied 4f-G7 level, which
we call the« f peak. In order to identify this peak, a Lorent-
zian is superimposedsdashed lined. The antiferromagnetic
screening of this localized level provided by the conduction
band gives rise to the Kondo resonance close to the Fermi
level s0 eVd. Since the probability for the occupation of the
excited levels is small but not null, excitation peaks appear at
negative energiessside bandsd corresponding to two different
energy scales: SO scales−DSO,−0.3 eVd and CEF scale
s−DCEF,−10 meVd. This last set of peaks is depicted in the
inset of Fig. 5, and it can be observed how they are turned on
as temperature goes down. Consequently, if there is a non-
zero probability of occupying excited levels, there is a non-

zero probability for these excited levels to be antiferromag-
netically screened by the conduction band, giving rise then to
Kondo-like peaks at the corresponding positive energies,
which lie aroundDCEF+TK, in the case of the CEF excita-
tions, and aroundDSO+TK for the spin-orbit ones. See Ref.
20 for a detailed interpretation of the different peaks appear-
ing in r f applied to a simpler model which considers a flat
density of states for the conduction band.

In Fig. 6, we plotr fsvd in the range −6 eV,v,0 eV in
order to compare the shape of the« f peak and the relative
intensity to the SO peak in the three compounds. In the case
of CePd2Si2, the spectral functionssolid line in Fig. 6d pre-
sents well defined« f and SO peakssthis last one indicated
with an arrowd. The intensity of the first peak is considerably

FIG. 4. Crystal-field splittings of the4f statessJ= 5
2

d. To the left:
The results using« f equal to −2 eV for CeRu2Si2 and CeRh2Si2 and
−2.4 eV for CePd2Si2. To the right: The same literature information
compiled in Fig. 3. The corresponding symmetry of each level is
indicated on the right side.

FIG. 5. Spectral function calculated for CeRu2Si2 at four differ-
ent temperatures. The ionization4f peak is centered around −« f

over which the electronic band structure is mounted. The dashed
curve is a Lorentzian centered at −« f to facilitate the identification
of this peak. Close to the Fermi levelsEFd, the Kondo peak can be
observedsscreening of the localized electron in theG7 leveld. The
CEF and the SO peaks appear around 20 and 300 meV, respectively,
aboveEF, accompanied by the corresponding side bands at negative
energies. In the inset, we show the low-energy peaks.

FIG. 6. Calculated spectral function for CeM2Si2 sM =Ru, Rh,
or Pdd.
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larger than that of the second one. On the other hand, the« f

peak in CeRh2Si2 sdashed line, same figured is less defined
than in the system with Pd, as it is wider and more influenced
by the band structure. In contrast to what happens in the case
with Pd, the intensity of the« f and SO peaks is of the same
order. Finally, in the case of CeRu2Si2 sdotted lined, the « f
peak in the spectral function is disfigured by the band struc-
ture and it can be assured that the intensity of the SO peak is
higher than any other peak in the spectra. These features are
also noticeable in the experimental curvesssee Ref. 23 for
CeRu2Si2 and CeRh2Si2 and Ref. 25 for CePd2Si2d. That is,
the« f peak is better defined in the system with Pd than in the
other two systems and its intensity is larger than that of the
SO peak. The intensity difference between these two peaks
decreases in the compounds CeRh2Si2 and CeRu2Si2. In par-
ticular, the calculatedr f and the experimental spectrum in
the system with Ru agree in the sense that the SO peak is
higher than the« f peak.

The shape evolution of the« f peak along the three com-
pounds can be understood in terms of the transition-metal4d
band filling. The more occupied the4d band is, the weaker is
the 4f-4d hybridization and the less influenced is the corre-
sponding« f peak by the electronic structure in the spectral
function.

With respect to the low-energy peaks mentioned above, in
the inset of Fig. 5, it can be observed how the Kondo peak
turns on as the temperature goes down, which means that the
singlet state accounting for the antiferromagnetic coupling of
the localized4f electron with the conduction band is being
formed. Although this Kondo state starts to develop in the
three systems under study, it was not possible to achieve low
enough temperatures in order to complete the formation of
this state due to numerical instabilities and, consequently, a
reliable estimation of the Kondo temperatures is lacking.
However, we can infer the trends inTK’s for these com-
pounds. Experimentally, it is known that the Kondo tempera-
tures are around 20 K for CeRu2Si2,

24 35 K for CeRh2Si2,
29

and 10 K for CePd2Si2.
28 In Fig. 7, we plot the calculated4f

spectral functionssolid curved in the range where the CEF’s
are important, for the three systems and at a temperature
sufficiently low so that the Kondo peak can be clearly ob-
served. It can be seen that the Kondo peak in the system with
Rh is more developed than in the system with Ru and sub-
sequently more than in the system with Pd. This result indi-
cates that if the Kondo regime would be completely attained,
CeRh2Si2 would reach it at higher temperatures than
CeRu2Si2, and CeRu2Si2 at a higherTK than CePd2Si2. From
this, we can expect from our results thatTKsCeRh2Si2d
.TKsCeRu2Si2d.TKsCePd2Si2d, in agreement with the ex-
perimental trends for theTK’s.

In Fig. 7, we plot theJ= 5
2 components of the total spec-

tral function r f , r7 sdashed lined, r82 sdotted lined, and r81
sdashed-dotted lined together with the totalr f ssolid lined.
From this decomposition we can trace again the same char-
acteristics of the crystal-field splittings obtained in Sec.
III A. Namely, r82 and r81 are nearly degenerate in
CePd2Si2, CeRh2Si2 presents the greater splitting among the
three systems, and the lowest4f level hasG7 symmetry in all
cases.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we apply a combinedab initio many-body
technique to the CeM2Si2 sM =Ru, Rh, or Pdd materials. This
technique contemplates two important aspects in Ce systems:
The electronic structure which carries the information of the
chemical bonding and crystalline environment of the Ce site
and the many-body effects which give rise to the low-energy
physics such as the Kondo effect.

This technique allowed us to calculate the crystal-field
splittings of the4f states and to establish their symmetry.
Our results indicated that the symmetries of the ground, first,
and second excited states areG7, G82, andG81, respectively,
for the three compoundsssee Fig. 1 for the notationd. These
results are independent of the choice of the position of the
bare f level, « f, which is the only quasifree parameter used
within this technique. It is difficult to make a comparison of
our results with experimental data due to the existing contra-
dictions in the literature, especially in the determination of
the symmetriesssee Table Id.

With respect to the value of the splittings, we can point
out two features which completely agree with the experimen-
tal available information: CeRh2Si2 presents the largest total
splitting among the three compounds, and the first and sec-
ond excited levels in CePd2Si2 are nearly degenerate. We
observe that the absolute value of the splittings depends on
« f. The experimental splittings are better reproduced if we

FIG. 7. Solid curve: total4f spectral function for CeM2Si2 sM
=Ru, Rh, or Pdd in the CEF scale calculated at 7 K. The dashed
curve is theG7 component of the spectral function and the dotted
and dashed-dot curves correspond to theG82 and G81 components,
respectively.
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set « f =−1.6 eV for CeRu2Si2 and CeRh2Si2 and « f =
−2.4 eV for CePd2Si2. However, the value −1.6 eV for the
systems with Rh and Ru is not quite consistent with the
photoemission spectra. We consider, therefore, the results ob-
tained using« f =−2 eV for CeRu2Si2 and CeRh2Si2 to be
more realistic. One of the reasons for the discrepancies be-
tween our calculations and the experiments, with respect to
the value of the splittings, is that this method neglects the
double occupancy of the4f statesU→`d.

We also apply the LDA-NCA technique to study the
spectral properties of these compounds. We obtain that the
shape of the« f peak strongly depends on the dispersion
of the corresponding transition-metal4d bands. On the other
hand, the spectral function in the low-energy scale allows
us to observe the development of the Kondo resonance
and its satellites as the temperature is reduced. However,
this technique predicts that the Kondo temperatures
sTKd are below 1 K, which is incorrect. Even if within this
approach the Kondo resonance is not completely developed,
an extrapolation out of the spectral function leads to
TKsRhd.TKsRud.TKsPdd as in the experiments. However,
one should be cautious even about the trend of the Kondo
temperatures since the method has numerical instabilities at
low temperatures and cannot, therefore, produce accurate
Kondo temperatures at very low temperatures. The infinite
value of the Coulomb interaction might also be a problem
and calculations using finite values ofU, like the DMFT, are
highly desirable.22

It is surprising that the Kondo temperature of CeRh2Si2 is
the highest among the series despite the assumption that the

value ofTK is dictated by the strength of the hybridization at
the Fermi level. This assumption seems not to always hold,
as it was shown to break down for a cubic system of CePd3.

1

This assumption is appropriate for systems in which the con-
duction band is mainly formed by highly delocalizeds and/or
p electrons. But if the main contribution to the conduction
band is of4d character, as is the case in the tetragonal com-
pounds studied here and for CePd3, detailed hybridization
calculations become crucial to describe properly the elec-
tronic properties.

Taking into account that CeRh2Si2 is a peculiar system
presenting anomalous behaviors in several properties as
compared to other members of the CeM2Si2 class of materi-
als, it is not surprising that the crystal-field splittings of the
4f state or the value ofTK in CeRh2Si2 are greater than in
CePd2Si2 and CeRu2Si2. The many-body NCA approach,
used here, can pick up these features just because the hybrid-
ization function is calculated from first principles and there-
after contains detailed information of the electronic structure.
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