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Spectral properties and crystal-field splittings in CeM,Si, (M =Ru, Rh, or Pd) compounds
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The crystal-field splittings and the spectral properties of thel1£3%, compound§M=Ru, Rh, and Pdare
studied by means of aab 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-fiEEPF 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 CeR}Bi, has the largest CEF splittings and the highest Kondo temperature, in good agreement with
experimental data. The position of the bare endrigvel is found to affect slightly the CEF splittings but does
not change their symmetries.
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I. INTRODUCTION temperature behavior is well described by a paramagnetic

The unusual and interesting physical properties of rareF€Mi liquid, in which no long-range magnetic order has
earth intermetallic compounds have their origin in the com€en observed down to 20 mK. The low-energy excitations
bination of strongly correlatedf4tates and the hybridization are strongly renormalized heavy quasiparticles, as inferred
with the conduction electron sea, which give rise to theirfrom the large value of its specific-heat coefficient” On
complex low-temperature Kondo behavior. In particular, Cethe other hand, CeB8i, and CeRBSi, show antiferromag-
compounds are very sensitive to the crystalline and chemicdletic ordering(AF) with Neel temperatures, respectively, of
environment as compared to other rare-earth systems. THey~10 K and 36 K. Both systems show a rather fast de-
interaction of the 4 state with the conduction band plays an crease in the value dfy with applied pressure, which is the
important role in the determination of the different magnetic,prelude of pressure-induced superconductivity. In G8Bd
structural, and transport properties of these systems. the critical hydrostatic pressure at which AF is suppressed is

Strongly correlated Ce compounds require a many-body’c~2.5 GPa, while for CeRiSi, it is much lower, P¢
formalism to describe the dynamical effects. However, in the~ 0.9 GP&1°
most usual many-body treatments, the details of the chemical The large ordering temperature of CeBh and an al-
bonding, provided by the band structure, are not usuallynost free-ion magnetic moment on the Ce sit@yq
taken into account. It has become a challenge for theoret=1.5ug) (Ref. 11) suggest that thdf states are quite local-
cians to accomplish implementations of realistic modelszed in this compound. On the other hand, the evolution of
combining both aspects of the physical properties of thesthese quantities with applied hydrostatic pressure and the
systems, namely, the electronic structure characteristics andrge value of the Kondo temperatuig = Ty), as compared
the many-body correlation effects? to other compounds of the @gSi, family, lead to the as-

In this respect, the family @@,Si, is a good example of sumption that thelf states are strongly hybridized and quite
materials for which the detailed knowledge of the electronicdelocalized'? Another peculiar feature of CeR®i,, making
structure of the conduction band is required when studyingt a singular system in this class of materials, is its highest
their physical properties. Depending on the hybridizationvalue of thec/a ratio of its lattice parameters.
strength of the flelectrons, this class of materials exhibits a In a previous work, we studied the influence of #hée
wide variety of low-temperature behaviors such as longhybridization on the structural and electronic properties of
range magnetic order, heavy fermion character, paramagnetese tetragonal compounds and their evolution with applied
ism, nonmagnetic order with magnetic correlations, and supressuré? In particular, the calculated evolution of G&-
perconductivity, among othefs. distances and spin magnetic moment with pressure indicates

In this work, we focus our attention on thatthe strength o4f-4d hybridization in the CkI,Si, series
CeRySi,, CeRBSi,, and CePgSi,, where Ru, Rh, or Pd are increases with decreasirdgl band filling, i.e., the CeRii,
adjacent to each other in the Periodic Table. Although theeompound is most affected by tld hybridization and ap-
three compounds crystallize in the same tetragonal J3iCr  plied pressure. On the other hand, the evolution of the cal-
structure, the electronic properties are considerably differentulatedc/a ratios with pressure shows considerable differ-
These properties can be briefly summarized as follows. Thences among the three systems. In contrast with the behavior
CeRySi, compound is a heavy fermion, and its low- of CeRySi, and CePgSi,, thec/a ratio of CeRRSi, is not
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sensitive to the presence df states in the valence band, Spin-Orbit :;tffgg:d
indicating the anisotropy of the interactions in this particular aisolated couplig
compound. In spite of the localized nature of #estates in Artevel =12 Fg;
these systems, these results reveal the need to take into ac 25 _____113
count the crystalline and chemical environment to under- <L <300meV ¢ doubless 76
stand correctly their electronic properties. 1=3> RN A - Fs.
In this work, we employ a scheme that takes into account 6 PP G——hd [
the realisticab initio band structure of the material as well as 3 doublets 7
the underlying strong correlation effects. This method per-
mits the computation of both the hybridization-induced crys- J= % J= %
talline electric field splitting§CEF and the spectral proper-

s PIENGSCER and (he Spectial IOPE o, a[g23) —b[3i#3) | To = e[ i) + g 8)
The knowledge of the CEF splittings of thd states is 5.45 5.3 —o|7.48\ _ £|7.23
essential for the correct analysis and interpretation of ther- Fea = b|2’i2> +a’2’:‘:2> 7= e|2’i2> f\2’$2>
mal, transport, and spectral properties of these systems. Usu Ts1 = %;i%> Igy = dl%; :t%> - cl%;q:%>
ally, after solving the crystal-field Hamiltonian of the Ce ion, 7 .5 7 3
these splittings are determined by fitting parameters to the Ts1 = f |§§i§> +e”2‘5:F§>

experimental curves such as neutron scattering, specific heat,
and magnetic susceptibili§:'> Unfortunately, there are dis- FIG. 1. Irreducible representations of the tetragonal point group
crepancies among the CEF splittings obtained through ex8ymmetry at the Ce site for the MgSi, compounds. The values

perimental fittings, even within the same experimental techused for thesdlfferent parameters were takenlfrom Ref. 18. They are

5 o=JB g=/Z o=\ =1
Vg» €=V 133, d=\13, e=\3, andf=3

nigue. These contradictions, which will be discussed laterd= V5. b=
reflect some difficulties in determining the correct ground

state, and our results can help in the proper assignment of threethod (FP-LAPW).1® Thus, we improve upon Ref. 1 by
symmetry of the CEF energy levels. avoiding any further approximations concerning the shape

On the other hand, photoemission spectroscopy is a usefaind the form of the potential.
tool for investigating the4f states and the mechanism of  For Ce systems, the Anderson impurity Hamiltonian has
hybridization with the other bands in the solid. We expect tothe form
complement the study of these systems by calculating their
spectral properties.

The ab initio many-body techniqueconsists, first, in cal-
culating the hybridization function using the all-electron full-
potential linearized augmented plane waeP-LAPW)
method, and secondly, in using these hybridization functions
as an input for the Anderson impurity model. The Kondoherev,, . is the hopping matrix element between the con-
physics is then studied by solving this model within an ex-qyction electrondc,,) and the4f orbital (f,), e is the
tendednoncrossing approximatiosimilar to that performed  4tenergy level with respect to the Fermi level, dids the

— T T
H= 2 £k Cho + 2 Sfmfmfm+ u 2 NtmDiy

ko m m>m'’

+ E (Vkrr,mf:nck(r-i- H'C-)v

ko,m

1)

IIl. METHOD OF CALCULATION

by Hanet al on-site Coulomb repulsion of théf electrons. Thd" func-
tion is proportional td\/’;mmvk,,,m and, as suggested by Gun-
4f density of stateg;"* at the Ce site in the following way:
As mentioned above, we use the information coming from
ol @ |7
strongly correlated many-body Hamiltonian. In Ref. 1, this Fm(e)==1m “Lno e—in-z - ()
mixed technique was applied to Ce-based cubic systems cal- 7
culating the hybridization function using the linearized In the case of the 0@,Si, compounds, the labeh cor-
proximation (ASA) within the local-density approximation states at the tetragonal Ce site. In the tetragonal point group,
(LDA). The hybridization functionl'(s), was inserted in the the J=2 and J=1 multiplets are split into three and four
Anderson impurity model, which, in turn, was solved in the doublets, respectively, as shown in Fig. 1.
(NCA). We call this technique LDA-NCA from now on. solved by applying the slave-boson technique. The NCA
Within this impurity model, the interaction among differ- equations consist of a couple of integral nonlinear equations
ent Ce sites is neglected and lattice effects such as londor the pseudobosor(f®) and pseudofermion(f!) self-
account. I'(e). For a detailed review of the NCA formalism, see Refs.
In this work, we implement the LDA-NCA approach for 19,20.
the tetragonal compounds, and calculate Iiie) functions Within this approach, the value of thware 4flevel, g;, is

narssoret al,'’ it can be estimated from the projected LDA
electronic band-structure calculations to parametrize a dz
muffin-tin orbital (LMTO) method in the atomic sphere ap- responds to the different irreducible representations o#ithe
U—o limit using an extendechoncrossingapproximation The U—< limit of the Anderson impurity model is
range magnetic order or superconductivity are not taken intenergies, each of them containing the hybridization function
from a full-potential linearized augmented plane wavea quasifree parameter kept close to its atomic limit. We do
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calculations for different values ef; in the energy range of ' I 84;=-3.35|eV ' ! '
(-1.6 eV,-3.0 eV. One of course could obtain the value of - CePd2Si2 T
the 4f level by means of a constrained LDA method in con- 02 i -
junction with the so-called supercell technique as done by
Cooper and co-workers for the CeSb and CeTe compotinds.
Unfortunately, such calculations are time-consuming and be-
yond our computational facilities. In addition, it is not clear -
whether the position of théf level obtained this way will be 0 |
appropriate for the Anderson model within the NCA, where -6 -4 2 0 2
the Coulomb interaction is set to infinity. 4f level obtained ' T ' T T T '
this way might be more appropriate for the Gunnarsson and - CeRh2Si2 Cag=-3:19eV
Schénhammer approaghor the treatment of the Anderson o2 l _
model by means of the dynamical mean-field theory i
(DMFT),22 where the Coulomb interaction is finite and could
also be obtained from the same constrained LDA. As for the 0.1 v
spin-orbit (SO) splitting between theJ=2 and J=1 multi- i
plets(Ago), we took its value from thdf-projected DOS as
in Ref. 1. For the systems under study, our calculation shows 6 4 2 0 2
Agp=0.31+£0.01 meV, which is in agreement with the ob- - T
served SO peaks in photoemission spetir® L
We perform theab initio band-structure calculations for
the CeM,Si, compounds using the experimental lattice pa-
rameters. We use the LDA exchange and correlation potential
of Perdew and Wan&f. To sample the Brillouin zone and 0.1
converge the total energy up to 0.1 meV accuracy, we used a L
mesh of 100k points (99 irreduciblek points. The muffin- Jf
tin radii, R, are taken equal to 2.6 a.u. for Ce, 2.2 a.u. for -6 -4 2
the 4d transition metals, and 2.0 a.u. for Si. The cutoff pa- Energy [eV]
rameter that gives the number of plane waves in the intersti-

tial region was taken d§thmaX:S, whereKp,,is the largest Rh, or Pd for thd’; symmetry. The dotted line indicates the Fermi

rempropal-lattlce . vector. used In the expansion of planeievel in each system. The arrows correspond toditidand center
waves in that region. This cutoff implies 120 plane waves per,

. of the transition metaM.
atom approximately.

I'e)[eV]

0.1 —

T'(e) [eV]

021

() [eV]

FIG. 2. Hybridization function'(¢) for CeM,Si, with M=Ru,

tings are read from the separation of the peaks of the differ-
lll. RESULTS ent spectral functionsy,,'s, which are shifted one with re-

Figure 2 shows the hybridization functidiic) calculated spect to the other due to a different degree of hybridization
for the three compounds under study. For simplicity, we onlyof each4f level with the conduction band.
plot the hybridization for thel’; doublet, which will be In Table I, the compiled experimental information taken
shown later to be the symmetry of the ground state. It can b&om the literature for these quantities is shown. We aall
seen that the main weight of the hybridization function isthe energy difference between the lowest energy level and
shifted towards higher energies whighgoes from Pd to Ru. the first excited one andl,; the corresponding energy differ-
These results can be understood if we take into account thence between the first and second excited levels ofthg
the main contribution to the hybridization of tdd states in ~ multiplet.
these compounds originates from the band of the transi- In the case of CeR&i,, there is no clear information on
tion metalM. The calculatedtd band centers are indicated the second excited state. For this particular system, we also
with arrows in Fig. 2, and it can be observed that they ardnclude plausible values for CEF splittings considered in
shifted towards higher energies with decreashugoccupa-  other theoretical calculations. From Table |, it is evident that
tion numbers. These results explain also the higher sensitihe information found in the literature is contradictory, espe-
ity of the Ru compound when applying hydrostatic pressureially the one related to the determination of the symmetries.
as compared to the systems with Rh or Pd, as discussed inTdis makes it difficult to compare these values with our re-
previous workt3 sults.

In the following we present the results obtained with the ~As mentioned above, within this LDA-NCA technique
LDA-NCA technique: in Sec. Ill A, we present the CEF the bare4f level ¢; is a quasifree parameter. We perform
splittings, and in Sec. Il B, we present the spectral properthe calculations varyinge; within the range (-3 eV,
ties. -1.6 eV). In Fig. 3, we present the LDA-NCA resul{eft)

- together with some experimental informati@ight). The re-
A. CEF splittings sults appearing in Fig. 3 were obtained using the value for

The LDA-NCA technique permits the computation of the which better fits the experimental data for each compound.

CEF splittings and the symmetry of eadhlevel. The split- These values are;=-1.6 eV for CeRySi, and CeRbkSi,
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TABLE |. Compilation of literature information about CEF splitting&,, and A,3), and symmetry of
J=§4f levels. In the last columny refers to magnetic susceptibility measurements. In the case of SgRu
the question mark in the first row indicates that the second excited CEF level was not foulmdRef. 15,
the neutron-scattering spectra suggest the existence of CEF excited states in the energy range indicated in the
table. (** ) Parameters used for CEF splittings in an NCA calculation to fit photoemission speetr&ref.
24). (*** ) CEF splittings suggest in Ref. 31 to perform renormalized band calculation.

Compound Aqs, Ans symmetry Reference
CePgSi, 220 K,20 K Fgo—-T7-Tg; Neutron scatt®

260 K,30 K Igo—T7-Tgy X’

220 K,60 K I';-Tg Ty, X2
CeRhlSi, 310 K,370 K I';-Tg-Tg X2°

370 K,560 K Igo—T'g1—T5 X’
CeRySi, 220 K,? - Specific hedl

Ago+Ags, 400 K - *)
150 K,150 K - (**)
220 K,180 K I';-Tg Ty, (***)

not all the data presented in Table | appear in Fig. 3.
Three main points that emerge from the comparison with The first two points mentioned above are related to the
experiments can be singled out from the analysis of Fig. 3value of the splittings. The fact that Cef8i, has the largest
First, it can be seen that both our results and the experimentgtal splitting reflects the anisotropy of this system, which is
indicate that CeR}Si, has the greatest total CEF splitting @ consequence of its largéa ratio. Namely,c/a is 2.49 in
(A,+A,9) among the three systems. Second, there is alsi1€ system with Rh while it is 2.33 in the cases of Ru of-Pd.

agreement concerning the almost degenerate first and seco
excited levels in CeR&i,. Finally, our results determine that
the symmetries of the lowest, first, and second excited level

arel’;, I'gy, andT'g,, respectively.

It is crucial to notice that the calculated symmetries for
each level do not change with, along the whole range of
variation of this parameter. The experimental results of Ref

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

shown in Ref. 13, this anisotropy affects the evolution of
the structural properties under pressure and, as we see in the
gresent 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 valua ef
for CePdSi, is greater than any other in the series, while this
is not the case in the experiments. On the other hand, for

29 in the case of CeRBBi, agree completely with this order- CeRhSi,, bothA;, andA,s are smaller than the experimen-
ing for the symmetry of the levels. Actually, we cannot go g splittings. One of the reasons for these discrepancies is

probably because the NCA neglects the double occupancy of

Mgf . EXP. cersn the 4f state. _
CeRhZSiZ While the symmetries of each level do not change when
——F shifting ¢, the values of the splitting4,, and A,5 are sen-
o e rdey o 370K sitive to thi_s parameter. A_s already_me_ntioned, the results
‘CeRiizsn 8K p=ate shown in Fig. 3 were obtained considering=-1.6 eV for
——T, SEREon @i the system with Ru or Pd, angt=-2.4 eV for CePgSi,.
1B 10K, Ty ok CePd2Si2 Even thpqgh tr_ns ch0|ce of parameters gives trends for the
. T - —a—5 G, CEF splittings in quite good agreement with the experimen-
' o [~ - 4 60K tal data, a value of; close to -2 eV is expected for these
82 82 —a—I; ——
sk ¢ F = ki strongly correlated Ce compounds.
310K Figure 4 presents the calculated CEF splittings consider-
b MK 20K 20K ing e;=-2 eV for the systems with Ru and Rh, and keeping
....... er=-2.4 eV for CePgSi, (left) together with the same se-
—o— L —e—T —e—h —o—i—e—L; —e—F lected experimental information of Fig. @ight). It can be

seen that shifting:;; to more negative energies in these two
compounds has the effect of reducing the splittings. In spite

FIG. 3. Crystal-field splittings of théf states(.]zg). To the left: _ 3 - ; .
The results usinge; as input parameter equal to -1.6 eV for Of this, the results discussed above are still valid for this new

CeRySi, and CeRBSi,, and —2.4 eV for CePi,. To the right; St of parameters. The Cef8, has still the largest total
selected experimental data taken from Table I. The correspondingEF splitting (A;,+A53), the first and second excited states
symmetry of each level is indicated on the right side. There is ndn CePdSi, are almost degenerate, and the orderings of the
precise experimental information about the second excited state (fymmetries for the lowest, first, and second excited levels are
the CeRySi,, which is why it appears as a dotted line. I';, T'gy, and I'gy, respectively. This new set of parameters
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LDA+NCA] EXP. ——T < ' ' B
CeRh2Si2 | 4 |
Kondo peak _ ¥i ;g(i(K
€f=—2.0eV 25131 / -=- T=7K n
CeRh2Si2
= 370K
§=20eV =246V CeRu2Si2
CeRu2512 81 cepdasiz
21K 10 st CePd2Si2
——T é: ~180K —a—T,
I Ty Igy
wk Y 60K
—E Ty —a— L i-—
S I &
310K
195K 234K 20K 220K
—e—I,—e—[, —o—T —e—ih)i—e—TI, —e—T
FIG. 4. Crystal-field splittings of thaf statedJ=3). To the left: FIG. 5. Spectral function calculated for CefSip at four differ-

The results using; equal to -2 eV for CeRybi, and CeRBSi; and  ent temperatures. The ionizatig peak is centered arounder
—2.4 eV for CePgSi,. To the right: The same literature information over which the electronic band structure is mounted. The dashed
compiled in Fig. 3. The corresponding symmetry of each level iscurve is a Lorentzian centered agqto facilitate the identification
indicated on the right side. of this peak. Close to the Fermi levir), the Kondo peak can be
observed(screening of the localized electron in the level). The
gives rise to more realistic spectral properties, as will beCEF and the SO peaks appear around 20 and 300 meV, respectively,
shown in the following section. Nevertheless, one should nofP0veEr, accompanied by the corresponding side bands at negative
rule out that a finite value of the Coulomb interaction will €nergies. In the inset, we show the low-energy peaks.
alter the symmetry of the ground state of these compounds.
A point-charge model, as done by Birgenaual32 for ce-  zero probability for these excited levels to be antiferromag-
rium monopnictides, will certainly help in the interpretation netically screened by the conduction band, giving rise then to
of the present results. Unfortunately, no such calculations aréondo-like peaks at the corresponding positive energies,
performed for the present experimental CEF of these comwhich lie aroundAcge+ T, in the case of the CEF excita-
pounds. tions, and around\ g+ Tk for the spin-orbit ones. See Ref.
20 for a detailed interpretation of the different peaks appear-
ing in p; applied to a simpler model which considers a flat
density of states for the conduction band.

The spectral function given by(w)==(1/m)Im[G(w In Fig. 6, we plotp;(w) in the range -6 e w<<0 eV in
+i0%)], whereG; is the4f Green function obtained by solv- order to compare the shape of thgpeak and the relative
ing the NCA equations of the Hamiltonian of E(l), was intensity to the SO peak in the three compounds. In the case
calculated using the same set of parameters as for the CEF$ CePdSi,, the spectral functiorisolid line in Fig. 6 pre-
of Fig. 4. sents well defined; and SO peaksthis last one indicated

In Fig. 5, we show the calculated spectral function forwith an arrow. The intensity of the first peak is considerably
CeRuySi, at four different temperatures. The sensitivity to
temperature is only noticeable at low energisse the inset T ' 1 ' T '

B. Spectral properties

of Fig. 5. The fine structure along the whole energy range — CePd2si2
comes from the dependence on energy of the hybridizatio > ol | I

function. Several features in the spectral function of Fig. 5
are disguised by the band structure. There is a peak centerwpv(m) o
around =, that accounts for the occupied-¥, level, which s
we call theg; peak. In order to identify this peak, a Lorent-  *[°
zian is superimpose@dashed ling The antiferromagnetic
screening of this localized level provided by the conduction
band gives rise to the Kondo resonance close to the Fern
level (0 eV). Since the probability for the occupation of the
excited levels is small but not null, excitation peaks appear & St il
negative energieside bandscorresponding to two different I X TR
energy scales: SO scaleAgo~-0.3 eV) and CEF scale e
(=Acee~—10 meV. This last set of peaks is depicted in the 0% 4 - 2 0
inset of Fig. 5, and it can be observed how they are turned on

as temperature goes down. Consequently, if there is a non- FIG. 6. Calculated spectral function for gSi, (M=Ru, Rh,
zero probability of occupying excited levels, there is a non-or Pd.

1+
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larger than that of the second one. On the other handgthe S LA I W LA AL B B L B
peak in CeR}Si, (dashed line, same figurés less defined [ cepdzsiz

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 p,,
with Pd, the intensity of the; and SO peaks is of the same i 1
order. Finally, in the case of CeR%i, (dotted ling, the &; 1+ —
peak in the spectral function is disfigured by the band struc-
ture and it can be assured that the intensity of the SO peakis %7568 0.06 0.04 002 0 00> 0.04 006 008 0.
higher than any other peak in the spectra. These features are  , -
also noticeable in the experimental cur(sse Ref. 23 for i 4
CeRuySi, and CeRbSi, and Ref. 25 for CeR&iy). That is, 3| CeRh2si2
the e peak is better defined in the system with Pd than in the
other two systems and its intensity is larger than that of the Pr2
SO peak. The intensity difference between these two peaks
decreases in the compounds CeBisand CeRySi,. In par-

el S .

ticular, the calculategs and the experimental spectrum in PN e il T RN T -t e
the system with Ru agree in the sense that the SO peak is  -0.1 -0.08 -0.06 -004 002 0 002 0.04 006 008 0.1
higher than thes; peak. S LI L LI B B L L BN B B

The shape evolution of the; peak along the three com-

: . 3. CeRu2Si2 _
pounds can be understood in terms of the transition-rdetal [ |
band filling. The more occupied tlk band is, the weaker is pea | a
the 4f-4d hybridization and the less influenced is the corre- i i
spondinge; peak by the electronic structure in the spectral 1= ) -
function. I SN

With respect to the low-energy peaks mentioned above, in g ——lorlalo YR ';(L;; ;;z'(;?;"(’)';";"(;g’”dl
the inset of Fig. 5, it can be observed how the Kondo peak o T o T '
turns on as the temperature goes down, which means that the (V)
singlet state accounting for the antiferromagnetic coupling of £ 7. solid curve: tota#tf spectral function for O,Si, (M
the localized4f electron with the conduction band is being =Ry Rh, or Pylin the CEF scale calculated at 7 K. The dashed
formed. Although this Kondo state starts to develop in thegyrve is thel’; component of the spectral function and the dotted

three systems under study, it was not possible to achieve lowhd dashed-dot curves correspond to lge and I'g; components,
enough temperatures in order to complete the formation ofespectively.

this state due to numerical instabilities and, consequently, a
reliable estimation of the Kondo temperatures is lacking. IV. DISCUSSION AND CONCLUSIONS

However, we can infer the trends ifi’s for these com- In this paper, we apply a combined initio many-body
pounds. Experimentally, it is known that the Kondo temperatechnique to the Qé,Si, (M=Ru, Rh, or Piimaterials. This
tures are around 20 K for CeRi,,* 35 K for CeRBSL,,*°  technique contemplates two important aspects in Ce systems:
and 10 K for CePg5i,.*% In Fig. 7, we plot the calculatedf  The electronic structure which carries the information of the
spectral functior(solid curve in the range where the CEF's chemical bonding and crystalline environment of the Ce site
are important, for the three systems and at a temperaturgnd the many-body effects which give rise to the low-energy
sufficiently low so that the Kondo peak can be clearly ob-physics such as the Kondo effect.
served. It can be seen that the Kondo peak in the system with Thjs technique allowed us to calculate the crystal-field
Rh is more developed than in the system with Ru and subspiittings of the4f states and to establish their symmetry.
sequently more than in the system with Pd. This result indiQur results indicated that the symmetries of the ground, first,
cates that if the Kondo regime would be completely attainedgnd second excited states atg Ty, andl'g,, respectively,
CeRRhSi, would reach it at higher temperatures thanfor the three compoundsee Fig. 1 for the notationThese
CeRySiy, and CeRSi, at a highefTy than CePgSi,. From  results are independent of the choice of the position of the
this, we can expect from our results th&k(CeRBSi)  paref level, &1, which is the only quasifree parameter used
>Tk(CeRySiy) >Ty(CePdSiy), in agreement with the ex- within this technique. It is difficult to make a comparison of
perimental trends for th&’s. our results with experimental data due to the existing contra-
In Fig. 7, we plot the]zg components of the total spec- dictions in the literature, especially in the determination of
tral function ps, p; (dashed ling pg, (dotted ling, andpg;  the symmetriegsee Table)l
(dashed-dotted linetogether with the totap; (solid line). With respect to the value of the splittings, we can point
From this decomposition we can trace again the same chaout two features which completely agree with the experimen-
acteristics of the crystal-field splittings obtained in Sec.tal available information: CeRBi, presents the largest total
[lNA. Namely, pg, and pg; are nearly degenerate in splitting among the three compounds, and the first and sec-
CePdSi,, CeRRBSI, presents the greater splitting among theond excited levels in CeB8i, are nearly degenerate. We
three systems, and the lowesdtlevel hasl’; symmetry in all  observe that the absolute value of the splittings depends on
cases. g;. The experimental splittings are better reproduced if we
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set g;=-1.6 eV for CeRuSi, and CeRBESi, and g;= value of Ty is dictated by the strength of the hybridization at
-2.4 eV for CePgSi,. However, the value —1.6 eV for the the Fermi level. This assumption seems not to always hold,
systems with Rh and Ru is not quite consistent with theas it was shown to break down for a cubic system of GéPd
photoemission spectra. We consider, therefore, the results olrhis assumption is appropriate for systems in which the con-
tained usinge;=-2 eV for CeRuySi, and CeRBSi, to be  duction band is mainly formed by highly delocalizednd/or
more realistic. One of the reasons for the discrepancies bey electrons. But if the main contribution to the conduction
tween our calculations and the experiments, with respect tgand is of4d character, as is the case in the tetragonal com-
the value of the splittings, is that this method neglects thepounds studied here and for CePdetailed hybridization

double occupancy of théf state(U —c). calculations become crucial to describe properly the elec-
We also apply the LDA-NCA technique to study the .qnic properties.

spectral properties of these compounds. We obta.in thay the Taking into account that CeR8i, is a peculiar system
shape of thes; peak strongly depends on the dISperSIonpresenting anomalous behaviors in several properties as

of the corresponding transition-metd bands. On the other compared to other members of theMLsSi, class of materi-

hand, the spectral function in the low-energy scale allows Is, it is not surprising that the crystal-field splittings of the
us to observe the development of the Kondo resonancg,”’ P g thal yst piiting .
f state or the value of in CeRRSIi, are greater than in

and its satellites as the temperature is reduced. Howeve . .
this technique predicts that the Kondo temperature$€P3Sk and CeRyS,. The many-body NCA approach,

(T are below 1 K, which is incorrect. Even if within this used here, can pick up these features just because the hybrid-

approach the Kondo resonance is not completely developehzation fungtion is g:aICl_JIated fr(_)m first principles_and there-

an extrapolation out of the spectral function leads toa’fter contains detailed information of the electronic structure.

Tk(Rh) >T(Ru) >Tk(Pd as in the experiments. However,

one should be cautious even about the trend of the Kondo

temperatures since the method has numerical instabilities at AKNOWLEDGMENTS

low temperatures and cannot, therefore, produce accurate

Kondo temperatures at very low temperatures. The infinite We would like to acknowledge helpful discussion with

value of the Coulomb interaction might also be a problemJong Han regarding the implementation of the NCA method.

and calculations using finite values df like the DMFT, are  This work was partially funded by UBACyT-X115 and the

highly desirable’? French-Argentinian collaboration program ECOS-SETCIP
It is surprising that the Kondo temperature of Ce&his  AOOE04. A.M.L. belongs taConsejo Nacional de Investiga-

the highest among the series despite the assumption that th@nes Cientificas y Técnica&rgentina(CONICET).

1J. E. Han, M. Alouani, and D. L. Cox, Phys. Rev. Lefi8, 939 13y Vildosola, A. M. Llois, and J. G. Sereni, Phys. Rev. @,

(1997). 125116(2004).
2N. Kioussis, B. R. Cooper, and J. M. Wills, Phys. Rev.4, 14T, Takeuchiet al, Phys. Rev. B67, 064403(2003.
10 003(199)). 15A. Severing, E. Holland-Moritz, B. D. Rainford, S. R. Culver-
3J. M. Wills and B. R. Cooper, Phys. Rev. 86, 3809(1987. house, and B. Frick, Phys. Rev. 89, 2557(1989.
4R. Monnier, L. Degiorgi, and D. D. Koelling, Phys. Rev. Lefs,  6P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and J. Liitz,
2744(1986. Augmented Plane WawvelLocal Orbitals Program for Calculat-

SF. Steglich, C. Geibel, S. Horn, U. Ahlheim, M. Lang, G. Sparn, ing Crystal Properties(Karlheinz Schwarz, Techn. Universitat
A. Loidl, A. Krimmel, and W. Assmus, J. Magn. Magn. Mater. Wien, Austria, 1999
90-91, 383(1990. 170. Gunnarsson, O. K. Andersen, O. Jepsen, and J. Zaanen, Phys.
6L. C. Gupta, D. E. Mac Laughlin, Cheng Tien, C. Godart, M. A.  Rev. B 39, 1708(1989.
Edwards, and R. D. Parks, Phys. Rev.2B, 3673(1983. 18K. R. Lea, M. J. Leask, and W. P. Wolf, J. Phys. Chem. Sofis
M. J. Besnus, J. P. Kappler, P. Lehmann, and A. Mesher, Solid 1381(1962.
State Commun55, 779 (1985. 19N. E. Bickers, Rev. Mod. Phys59, 845 (1987.
8R. A. Steeman, E. Frikkee, R. B. Helmholdt, A. A. Menovsky, J. 2°N. E. Bickers, D. L. Cox, and J. W. Wilkins, Phys. Rev. 3,
van den Berg, G. J. Nieuwenhuys, and J. A.- Mydosh, Solid 2036(1987.

State Commun66, 103(1988. 210. Gunnarsson and K. Schénhammer, Phys. Rev. 15§it.604
9B. H. Grier, J. M. Lawrence, V. Murgai, and R. D. Parks, Phys.  (1983.

Rev. B 29, 2664(1984). 227 Georges, G. Kotliar, W. Krauth, and M. Rosenberg, Rev. Mod.
103, Quezel, J. Rossat-Mignot, B. Chevalier, P. Lejay, and J. Etor- Phys. 68, 13 (1996.

neau, Solid State Commum9, 685 (1984). 233, Imadaet al, J. Magn. Magn. Mater177-181 387 (1998.
115, Araki, R. Settai, T. C. Kabayashi, H. Harima, and Y. Onuki, 2*M. Tsunekaweet al, Solid State Commun103 659 (1997).

Phys. Rev. B64, 224417(2007). 25R. D. Parks, B. Reihl, N. Martensson, and F. Steglich, Phys. Rev.

12Shuzo Kawarazaki, M. Sato, Y. Miyako, N. Chigusa, K. Wa- B 27, 6052(1983.
tanabe, N. Metoki, Y. Koike, and M. Nishi, Phys. Rev. @&l, 26]. P. Perdew and Y. Wang, Phys. Rev4B, 13 244(1992.
4167(2000. 27TH. Abe, H. Kitasawa, H. Suzuki, G. Kido, and T. Matsumoto, J.

184420-7



VILDOSOLA, LLOIS, AND ALOUANI PHYSICAL REVIEW B 71, 184420(2005

Magn. Magn. Mater.177-181 479(1998. 30M. J. Besnus, J. P. Kappler, P. Lehmann, and A. Mesher, Solid
28N. H. van Dijk, B. F&k, T. Charvolin, P. Lejay, and J. M. Mignot, State Commun55, 779 (1985.
Phys. Rev. B61, 8922(2000. 31G. Zwicknagl, Adv. Phys41, 203(1992.

#R. Settai, A. Misawa, S. Araki, M. Kosaki, K. Sugiyama, T. 32R. J. Birgeneau, E. Bucher, J. P. Maitaand L. Passell, and K. C.
Takeuchi, K. Kindo, Y. Haga, E. Yamamoto, and Y. Onuki, J.  Turberfield, Phys. Rev. B, 5345(1973.
Phys. Soc. Jpn66, 2260(1997.

184420-8



