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Spectroscopic determination of crystal-field levels in CeRh,Si, and CeRu,Si, and of the 4 f°
contributions in CeM,Si, (M =Cu, Ru, Rh, Pd, and Au)
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We have determined the ground-state wave functions and crystal-field-level schemes of CeRh,Si, and CeRu,Si,
using linear polarized soft x-ray-absorption spectroscopy (XAS) and inelastic neutron scattering. We find large
crystal-field splittings and ground-state wave functions which are made of mainly J, = |£5/2) with some amount
of |:3/2) in both the compounds. The 4 f° contribution to the ground state of several members of the CeM,Si,
family with M = (Cu, Ru, Rh, Pd, and Au) has been determined with XAS, and the comparison reveals a trend
concerning the delocalization of the f electrons. Absolute numbers are extracted from scaling to results from
hard x-ray photoelectron spectroscopy on CeRu,Si, by Yano et al. [Phys. Rev. B 77, 035118 (2008)].
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I. INTRODUCTION

In Kondo lattice materials two effects compete: Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction, which leads to
magnetic order and Kondo screening due to hybridization of
4 f electrons with conduction electrons, which results in a non
magnetic Kondo singlet ground state. Doniach has pointed
out that both depend on the magnetic exchange |J.x| and
electronic density of states at the Fermi energy N(0) and that
RKKY increases quadratically with the magnetic exchange
so that Trgxy |J62X|N (0), whereas Kondo screening sets in
below Tg with Tx o e~/ /alNO 1 Hence for small values of
| Jex| NV (0) magnetic order is established, while with increasing
values of | Jex| N (0) the Néel temperature at first increases and
then drops to zero, where finally the region of nonmagnetic
singlet ground states is reached. The transition at 0 K is often
referred to as the quantum critical point and can be realized in
a given system by modifying parameters like pressure, doping,
or magnetic field (see, e.g., Ref. 2)

The tetragonal cerium 122 compounds CeM,Si;, with
M being a transition metal, cover the entire range of Do-
niach’s phase diagram from weakly to strongly hybridized
4f electrons,” with some of the compounds close to the
quantum critical point.*% CeRu,Si, is the most itinerant
compound of the series without exhibiting magnetic order or
superconductivity down to 3 mK.”® Metamagnetism develops
when a field of Hy; = 7.7 T is applied.” This metamagnetism
in CeRu,Si, has been intensively studied for a long time.*%-!!
A small expansion of the volume by alloying with La, Ge,
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or Rh induces magnetic order, showing the proximity to a
quantum critical point.'>~'# The large linear coefficient of the
temperature-dependent specific heat y ~ 350 mJ/mol K2, a
Tx of the order of 15 to 25 K,'>!5-1° and also techniques like
de Haas-van Alphen” point toward the itinerant nature of the
f electrons in CeRu,Sis,.

The corresponding presence of 4 f° is supported by Ly
x-ray absorption®! and hard x-ray photoelectron spectroscopy
(HAXPES).?? In contrast, CeRh,Si, has an exceptionally
high ordering temperature of Ty = 37 K, followed by a
second magnetic transition at 26 K,>3-?% which points toward
the presence of strong RKKY interactions. Yet, despite the
high ordering temperature, magnetic order breaks down when
applying only 10 kbars of pressure and superconductivity
develops below 400 mK.””-?° For comparison, CePd,Si,
orders antiferromagnetically at Ty = 10 K and requires
a three-times-higher pressure to suppress magnetic order
and establish superconductivity.?®3! The fact that Ty in
both compounds is pressure sensitive places them in the
intermediate coupling (Jex) regime, where the Kondo effect
competes with magnetic ordering, but more so in CeRh,Si,
than CePd,Si,. In the presence of magnetic order it is not
obvious to give a value for the Kondo temperature Tg. For
example the quasielastic linewidth I'/2 in inelastic neutron
scattering can only be measured in the paramagnetic phase.
At 40 K in the paramagnetic phase the quasielastic linewidths
(HWHM) of CeRh,Si, and itinerant CeRu,Si, have about
the same linewidth (I'/2 ~ 30 K at T = 40 K), while the
linewidth of CePd,Si, is half of this value (I'/2 &~ 15 K at
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T = 40K)."7 A recent specific-heat and electrical study of the
dilution series Ce(Rh;_,Pd,)Si, supports the current picture
of an itinerant type of magnetic order in CeRh,Si, in contrast
to the localized antiferromagnetic state as in CePd,Si,.*> Also,
the resistivity of CeRh,Si, exhibits an important contribution
of Kondo scattering®® and Ly;; edge data show the presence of
some 4 f°.2! De Haas-van Alphen experiments on CeRh,Si,
infer that the 4 f electrons are localized at ambient pressure.
Above p., however, they do contribute to the Fermi surface
and can be described within an itinerant band model.**

Hence it seems that CeRh,Si2 and CeRu,Si, are on either
side of the quantum critical point in Doniach’s phase diagram,
the former in the regime of dominating RKKY and the latter
in the range of strong coupling where the Kondo prevails.

From dc magnetic susceptibility and isothermal magnetiza-
tion measurements it was suggested®>3° that the ground state
of CeRu,Si; is close to the Ising-type pure J, = |£5/2), later
supported by magnetic form-factor measurements.?’ We recall
that the Hund’s rule ground state of Ce3* with J = 5/2 splits
under the influence of a tetragonal crystal field (point group
Dyy,) into three Kramer’s doublets, which can be represented
in the basis of |J,). The eigenfunctions of the three Kramer’s
doublets can be written as

2) =Te= |£1/2),
|1) = I'? = B|£5/2)+a|F3/2), (1)
0) = '} = a|£5/2)FBIF3/2),

with o? + 2 = 1. Within the Hund’s rule ground state the
mixing parameter « and the transition energies AE; and AE;
between ground and excited crystal-field states fully determine
the crystal-field Stevens parameters BY, B, and Bj in the
crystal-field Hamiltonian Hcr = BY O3 + BYO) + |B}|0}.
Macroscopic and high-resolution photoemission experiments
suggest level splittings of the order of 18 to 33 meV in
CeRu,Si,.""% According to dc magnetic susceptibility data
the ground state of CeRh,Si; should also have a large
J; = |£5/2) contribution (e = 0.9 — 0.98) and a large level
splitting of about 25 to 60 meV.>>* The large energy splittings
in the Ru and Rh compound are supported by theoretical work
where the splittings were calculated by means of an ab initio
many-body combined technique.* However, although the
low-energy excitations of CeRu,Si, were investigated in great
detail,'®!” there are no thermal inelastic neutron-scattering
data available for either of the two compounds to confirm the
ground-state wave functions or level splittings.

Since the near-ground-state properties of heavy fermions
evolve out of the 4f electrons which are hybridized with
the conduction electrons, knowledge of the 4 f wave function
and the low-energy splittings is essential for modeling these
compounds. Here we determine spectroscopically the crystal-
field ground-state wave functions of CeRu,Si, and CeRh;,Si,
and also the energies of the crystal-field splittings. Further,
the degree of delocalization is investigated in order to sort the
members of the CeM,Si, according to their itineracy.

We use the linear dichroism (LD) in soft x-ray-absorption
spectroscopy (XAS) to determine the crystal-field ground
states of CeRu,Si; and CeRh;,Si,. The dipole selection rules
in the absorption process with linear polarized light give
sensitivity to the initial-state symmetry, and it has been applied
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successfully at the cerium M, 5 edges to determine the ground-
state wave functions of crystal-field-split tetragonal cerium
compounds.*' At sufficiently low temperatures only the
ground state is probed. We also present temperature-dependent
XAS measurements because the change of polarization due to
thermal population of higher lying crystal-field states gives
an estimate of the crystal-field splittings.*'™* Finally, the
crystal-field transition energies are determined with thermal
inelastic neutron scattering.

A powerful tool to determine the 4f° contribution is
HAXPES, but so far for the CeM,;Si, family only HAXPES
data of CeRu,Si, are available.””> However, the fingerprint
of the 4 0 contribution in the ground state can also be seen
in the XAS spectra. The spectral weight of the absorption
process, 3d'%4 fo — 3d°4 f I next to the main absorption
due to 3d'04f!' — 3d°4f2, is representative for the 4 f°
contribution to the initial state,*** and in Ref. 22 the 4 f°
spectral weight obtained from HAXPES has been consistently
fitted to nonpolarized XAS data of CeRu,Si,. In the present
study we compare the 4 f° spectral weights in the isotropic
XAS spectra of several members of the CeM,Si, (M = Cu,
Ru, Rh, Pd, and Au) series, and absolute values are obtained
by scaling the XAS 4 0 amount to the CeRu,Si, HAXPES
result by Yano et al.??

II. EXPERIMENTAL

High-quality single crystals of CeCu;,Sip, CeRu;Sip,
CeRh;Si,, CePd;Si,, and CeAu,Si; for the x-ray experiments
were grown with the Czochralski technique and oriented with
Laue diffraction. The polycrystalline samples for the neutron-
scattering experiments were prepared using the standard arc
melting technique on a water cooled copper hearth under the
titanium gettered inert argon atmosphere using the high-purity
elements (Ce,La: 99.9% Ru/Rh: 99.99% Si: 99.999%) in a
stoichiometric ratio. During the melting process the samples
were flipped and remelted several times to achieve homo-
geneity. Further, to improve homogeneity and reduce possible
disorder, the as-cast samples were wrapped in tantalum foil
and annealed for a week at 900°C under a dynamic vacuum.
The crystal structure and phase purity were checked by powder
x-ray diffraction and neutron diffraction.

The XAS data were taken at the synchrotron light sources
Helmbholtz Zentrum Berlin BESSY II in Germany and the
National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. The spectra were recorded with the total electron yield
(TEY) method in a ultra-high-vacuum chamber with a pressure
of several 107! mbars. The TEY signal was normalized to
the incoming flux [y as measured at the refocusing mirror
(BESSY) or on a Au mesh (NSRRC) in front of the sample.
Clean sample surfaces were obtained by cleaving the single
crystals in situ. At BESSY II the UE46 PGM-1 undulator beam
line was used and the energy resolution at the M, s edges
(hv &= 875 — 910 eV) was set to 0.15 eV. The undulator beam
line allows for a change of polarization without changing the
probing spot on the sample surface. The two polarizations were
E 1 cand E | c, c being the long tetragonal axis. At NSRRC
the experiment was performed at the Dragon bending magnet
beam line. Here the energy resolution for the same energy
range was set to 0.4 eV. The crystals were mounted with the ¢
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axis perpendicular to the Poynting vector so that rotating the
crystal around this Poynting vector realized an electric-field
variation from E L ¢ to E || c. For all measurements the sample
was rotated four times by 90° so that for each orientation
E lc and E|c two equivalent positions were measured.
Several crystals were measured and/or recleaved so that the
reproducibility of the data is assured.

The spectra were simulated with the full multiplet cal-
culations based on the XTLS 8.3 program*® as described
elsewhere.*! All atomic parameters are given by Hartree-
Fock values with typical reduction factors of about 40% for
the 4 f-4 f Coulomb interactions and about 20% for the 3d-4 f
interactions. These values reproduce best the isotropic spectra,
Lisowopic = 211 + Ig).

During separate beam times the neutron-scattering func-
tions S(Q,w) of the CeRh;Si, and CeRu,Si, powder samples
were measured with the inelastic time-of-flight high-energy
transfer spectrometer (HET) at the neutron spallation source,
ISIS Facility, UK. CeRu,Si, was measured with incoming
energies of E, = 20 and 70 meV and CeRh,Si, with E, =
20 and 100 meV. The energy resolutions are 0.6, 1.8, and 2.0
meV at elastic scattering in the 2.5-m detector bank for either
incoming energy. The low-angle detector grouping covers
26 = 9-20° for the 20-meV and 11-18° for the 100 meV Rh
data and 26 = 9-24° and 8-24° for the 20- and 70-meV Ru
data. All high-angle data are grouped from 260 = 125-138°.
We therefore refer to S(260,w) from now on. LaRu,Si, has
been measured as an isostructural, nonmagnetic reference
compound. The powder samples were mounted in a closed
cycle refrigerator (CCR) which reached a base temperature
of 5 K. The powder samples of CeRu,Si, and LaRu,Si;
amounted to about 35 g each, while to limit an absorption
problem only 13 g of the CeRh,Si, sample was used. All data
have been normalized to monitor count rate and vanadium
and have been corrected for absorption and self-shielding.
The phonon scattering has been identified using a high- to
low-angle scaling factor which was determined empirically
from the La measurements, following the method described
by Murani.*’

III. RESULTS

A. Ground-state wave functions with low-temperature
polarized soft XAS

The thick lines at the bottom of either panel in Fig. 1
show the polarized soft XAS data of CeRh,Si, and CeRu,Si,
at low temperatures. The red lines were measured for light
polarized parallel and the blue lines for light perpendicular to
the tetragonal c¢ axis. The M5 edge at 883 eV as well as the
M, edge at 900 eV show a strong polarization effect which
is not consistent with a pure J, state for either sample (see
the simulations of pure J, states in Refs. 41 and 42). Though
similar, some differences show when comparing the Ru and
Rh data in detail: At the M5 edge the intensity ratios of the
high- and low-energy peaks in the E||c data (red lines) are
different, as are the intensity ratios of the higher-energy peak
of the E||c (red lines) and the low-energy shoulder in the the
E_Lc (blue lines) data. The comparison with XAS simulations
for a®> = 0 to 1 (see Fig. 2 in Ref. 41) shows that the data
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FIG. 1. (Color online) Low-temperature linear polarized XAS
spectra of CeRu,Si, and CeRh,Si, at the M, s absorption edge. The
thick lines are experimental data, and the thin lines are simulations
as described in the text. The orbitals represent the spatial distribution
of the 4 f wave function for either ground state.

are consistent with mixed |F3/2) and |+5/2) states, with a
slightly larger J,=|45/2) contribution in the Ru sample. We
have now simulated the XAS data with the above-mentioned
full multiplet routine, and good data descriptions are obtained
for the wave functions given in Eq. (2) within delta Ao =
£0.02 (see the thin lines in Fig. 1). The respective angular
distributions of the 4 f electrons are shown as insets:

CeRu,Sip:  |0) = I} = 0.80|5/2)F0.60|F3/2),

@

CeRh,Siy:  [0) = '} = 0.73]45/2)F0.68|F3/2).

The absorption edges were also measured at elevated temper-
atures (see the legend in the left column of Fig. 2) in order
to verify that the 18- and 20-K data reflect the ground state.
When excited states get populated the measured polarization
is given by a weighted superposition of the polarization from
either state. At 100 K an excited state at 10 meV would have
a population of about 25%; i.e., it should contribute to the
polarization, but there is clearly no change in polarization
between 20 and 100 K. We therefore conclude that the
polarization in the XAS data at 18 and 20 K reflects the
ground-state wave function and that there are no excited
crystal-field levels below 10 meV.
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FIG. 2. (Color online) Temperature dependence of the My and
M; absorption edges of CeRh,Si, and of CeRu,Si, for light polarized
parallel and perpendicular to the long ¢ axis.

B. Crystal-field transition energies with INS and
temperature-dependent polarized soft XAS

Figure 3 shows the low-angle neutron data with 20-meV
incident energy for CeRu,Si, at 5 K and for CeRh,Si, at 5
and 50 K (blue dots). The respective LaRu,Si, measurements
are also shown (open green squares). The black lines indicate
the elastic scattering. There is some extra scattering in the La
data at about 2 meV which is not accounted for by the elastic
line, most likely due to secondary scattering from the CCR
walls. It is sample dependent and appears in all the 20-meV
data. Nevertheless there is clearly additional scattering in the
cerium data which is not present in the La spectra and can
therefore be attributed to magnetic scattering. The magnetic
scattering in the ruthenium data is well described with a
1.2-meV-wide (HWHM) quasielastic Lorentzian, in accor-
dance with previous publications.'®!”*% The magnetic scat-
tering of paramagnetic CeRh,Si, at 50 K looks very similar
and can be described with a quasielastic Lorentzian with
I'/2 A~ 3 meV, also in agreement with previous work.'” At
5 K, however, CeRh;Si, exhibits inelastic scattering around
8.5 meV instead of quasielastic scattering. It is assigned to
magnon scattering because at 5 K CeRh,Si, is magnetically
ordered, and we expect spin waves below Ty. These 20-meV
data show, in agreement with the lack of any temperature
dependence in the XAS data up to 100 K, that there are no
low-lying crystal-field transitions (below 15 meV). The full
blue dots in Fig. 4 show the scattering functions of CeRu,Si,
and CeRh,Si, with 70- and 100-meV incident energy for
low angles and low temperatures. Note that the resolution
is different due to the different incident energies. The total
scattering is broadly distributed up to 60 meV, and it is not
evident at first sight how to separate magnetic and phonon
scattering. CeRh,Si, was also measured in the paramagnetic
phase at 50 K, but no change in the inelastic broad scattering
intensity above 20 meV was observed. We therefore analyze
the low-temperature data based on the crystal-field model,
without taking into account the spin-wave contribution.

The two top panels of Fig. 5 show the phonon scattering in
the high-angle detectors of the two cerium samples (blue dots)
and of the respective LaRu,Si, runs (open green squares). The
high- to low-angle scattering works out rather well, although
the phonon scattering of all three samples is not identical, in

PHYSICAL REVIEW B 85, 035117 (2012)

28

CeRu,Si; E =20me CeRh;Si, E =20meV

}}{ e CeRu,Si, 5K
o LaRu,Si, 5K]
3 —fitelastic line |

% ® CeRh,Si, 5K
® CeRh,Si, 50K 120
§ o0 LaRuSi; 5K

H —fit elastic line {16

S

N
o
n

-
[«2)
L

S(20,w0) (relative units)
o

K
%2 i”
.

=t i |
2 0 2 4 6 8 101214
Energy Transfer (meV)

[ 7 g
R =4
Okl \ s i

4 -2 0 2 4 6 8 1012 14 4
Energy Transfer (meV)

FIG. 3. (Color online) Inelastic neutron data of CeRh,Si, and of
CeRu,Si, with 20-meV incident energy; full blue dots are 5-K data
and half-filled blue dots are 50-K data. The open green squares are
scattering from LaRu,Si,. The solid red lines in the CeRu,Si; at 5 K
and CeRh, Si, data at 50 K are quasielastic Lorentzians to describe the
magnetic scattering, and the dashed red line is an inelastic line for the
magnon scattering in CeRh,Si, at 5 K. The scattering near 2 meV in
the La and Ce data is due to secondary scattering from the CCR walls.

intensity because of the different scattering lengths of Ce and
La, Rh and Ru, and in energy because of the different lattice
constants and atomic distances in the Ru and Rh compound.
For 70- and 100-meV incident energy the high-angle La data
are scaled to low angles with empirically determined scaling
factors of 0.245 for E, = 70 meV and of 0.166 for E, =
100 meV. Above 10-meV energy transfer the scaled high-angle
scattering (open green squares) compares well with the low-
angle scattering (full green squares). However, it should be
noted that especially for 70-meV incident energy this scaling
underestimates the phonon scattering in the low-angle spectra
below 10 meV.

Applying this type of scaling to the cerium data gives
the open blue dots in Fig. 4, and they represent the phonon
contribution to the total scattering in the low-angle detectors.
The difference of total and scaled phonon intensity should be
purely magnetic. The Rh data show some inelastic scattering
just below 10 meV, and it can be attributed to magnon
scattering as mentioned previously. In contrast, the supplement
intensity below 10 meV in the Ru data cannot be accounted
for by the quasielastic scattering, but, as has been shown by
means of the La data, the phonon correction from scaling
underestimates the phonon scattering at energy transfers
smaller than 10 meV. But as shown above the temperature
dependent XAS and 20-meV neutron data already rule out
any crystal-field excitations in this energy window. At 30 and
possibly just above 50 meV is also some extra scattering, and
this is due to crystal-field excitations. The inelastic magnetic
scattering is now fitted to a crystal-field model by taking
into account the ground-state wave function as determined
with XAS. The wave functions determine the ratio of the
crystal-field transition intensities and therefore minimize the
number of free fit parameters. The crystal-field excitations (see
the red lines in Fig. 4) were obtained by keeping the intensity
ratios and phonon scaling factor fixed and restricting the fitting
region to energy transfers larger than 10 meV. CeRu,Si, is best
described with a quasiquartet at 32 meV, similar to CeCu, Si,,*
and CeRh,Si, is best fitted with the strong F%—to—F% transition
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FIG. 4. (Color online) Inelastic neutron data at 5 K of CeRh,Si,
with 100-meV and of CeRu,Si, with 70-meV incident energy (full
blue dots). The open blue dots reflect the phonon scattering and
originate from scaling the high to low angles. The magnetic intensity
is the difference of total and scaled phonon scattering (see text). The
red lines are the results of a crystal-field fit. The black lines are the
sum of the scaled phonon data and crystal-field intensity. Note that
the scattering below 10 meV in CeRh,Si, is due to spin waves.
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FIG. 5. (Color online) Top: Comparison of high-angle cerium
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low-angle lanthanum data for 70- and 100-meV incident energy.
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TABLE I. Linewidths of the crystal-field excitations and tran-
sition energies from fitting a crystal-field model to the magnetic
scattering in the 70- and 100-meV neutron data. 1. refers to the
calculated transition intensities when adopting the ground-state wave
function as determined from XAS. B} are the Steven’s crystal-field
parameters.

T=5K CChasiz CeRuZSiz
i 5.1 meV 8.5 meV
AE,; 30 meV 33 meV
I<r§|r;> 1.78 b 1.53b
AE, 52 meV 32 meV
I<r6|r71> 0.83b 0.64 b
B —1.83 meV —1.07 meV
B 0.08 meV 0.015 meV
B} +0.56 meV +0.59 meV

at 30 meV and the weaker I'}-to-T's transition at 52 meV.
The corresponding fit parameters are listed in Table I. In both
compounds the crystal-field excitations are broader than the
resolution due to the Kondo effect.*® The CeRu,Si, data could
also be described with the weak transition above 50 meV and
only one doublet at about 30 meV; however, here we present
the best possible fit.

The temperature dependence of the polarized XAS data
in Fig. 2 supports the above crystal-field level schemes. The
non-negligible LD at room temperature shows that the excited
crystal-field states are only partially populated, i.e., that the
level splitting must be large. The room temperature LD is
actually in agreement with the superimposed polarizations of
the ground state and partially populated I' and I'q states. Here
the crystal-field energy splittings enter into the calculation via
the thermal occupation.

C. 4f° contribution from isotropic XAS

Figure 6 shows isotropic XAS data of several members
of the CeM,Si, family with M = Cu, Ru, Rh, Pd, and
Au. The arrows at 888 and 906 eV point out the spectral
weights due to the 4 f° contribution in the ground state. The
humps are most pronounced for CeRu,Si, and practically
nonexistent for CeAu,Si,, and their spectral weight decreases
with temperature. In order to compare the 4 f° spectral weights
more quantitatively, the isotropic XAS have been normalized
such that the main edges match and then a linear background
has been subtracted (see the black lines in Fig. 6). The results
of this background subtraction are shown in Fig. 7 for the
M, and Ms edges, and the spectral weights are determined
by integration from 887 to 890 eV and 905 to 908 eV,
respectively (see Table II). CeRu,Si, has clearly the strongest
40 component, followed by CeCu,Si,, CeRh,Si,, and finally
CePd,Si,. In CeAu,Si, the 4 £° contribution is so small that it
cannot be identified. Absolute numbers are obtained by scaling
the 4 f° contribution in the CeRu,Si, XAS data at 20 K to
6%. This value was determined with HAXPES at the same
temperature by Yano et al.>> We note that for each compound
the Ms and M, integrals consistently produce the same 4 f°
number.
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FIG. 6. (Color online) Isotropic XAS data at the M, and Ms edges
of several compounds of the CeM,Si, series. The arrows point out
the 4 f° spectral weights.

IV. DISCUSSION

The ground-state wave functions of CeRu,Si, and
CeRh;Si; have been determined with XAS, and the resulting
wave functions were found to have a larger J,=|%5/2)
than J.=|F3/2) contribution in contrast to CePd,Si,*'~" but
considerably less |[+5/2) than predicted from the anisotropies
of the high-temperature static susceptibility.>*3-3° The smaller
than expected J, = |£5/2) contributions give rise to smaller
anisotropies in the static susceptibility, but when analyzing
static susceptibility measurements it should be considered
that molecular and/or exchange fields, which are possibly
anisotropic, influence the high-temperature anisotropy and
may disguise the true wave function. An anisotropic Kondo
interaction will have the same effect. In contrast, the LD
in XAS does not change when going through the magnetic
ordering transition in CeRh,Si, (see Fig. 2), which implies
that the LD reflects the wave function, being independent
of magnetic interactions. Also, in CeRu,Si, the LD for
temperatures close to the Kondo temperature is the same as,
e.g., at 100 or 150 K (see Fig. 2), which suggests that also the
Kondo effect does not influence the crystal-field result.

Ru20K
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i 4f° M, edge 4

——Pd50K

0
4f~M, edge
2] ——Au40K low T low T
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0
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FIG. 7. (Color online) 4 f° intensities at the My and Ms edges
after subtraction of a linear background for low and high temperatures.
The exact low temperature is specified in the top left figure.
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TABLE II. Integrated intensities of 4 f* humps at the M, and Ms
edges in relative intensity units times eV for low and high temper-
atures. The percent values result from scaling the low-temperature
XAS £° contribution of CeRu,Si, to the 6% 4 f° contribution which
was determined for the same temperature in a HAXPES experiment
by Yano et al.?

Ms My
T integral integral
(K) 887-890eV 410 905-908 eV 4f°

CeRu,Si, 20 2.5 6% 4.0 6%
CeCu,Si, 50 1.3 3% 2.2 3%
CeRh,Si, 20 0.94 2.3% 1.6 2.4%
CePd,Si, 50 0.5 1.2% 0.9 1.4%
CCAleSiz 40 - - - -
CeRu,Si, 295 2.0 4.8% 34 5.1%
CeCu,Si; 250 1.0 2.4% 1.8 2.7%
CeRh,Si, 295 0.8 1.9% 14 2.1%
CePd,Si, 295 0.2) (0.5)% 0.6 0.9%

For CeRh,Si, the crystal-field ground-state wave function

given above corresponds to magnetlc moments O Mxas =

0.53 and of /"g(ifs = 0.93 wup. Note that these values have
been calculated taking into account an infinitesimally small
magnetic field. An exchange field could yield larger moments,
because when sufficiently large it stabilizes the larger J, in the
bottom Zeeman level of the ground state, i.e., J, =|£5/2)
over |F3/2). An exchange field of 300 T would give a
moment of about ul® = 1.05 and ul*’ = 1.00 wup. The
highest possible moment for a I'; ground state amounts to
wl =2.14 up for a pure J, = |£5/2) ground state. CeRh,Si,
orders antiferromagnetically along ¢, and reported values for
the ordered moments are 0.3 pg from NMR measurements!
and 1.7 to 2.4 up from neutron diffraction.’*?® The large
differences were attributed to the different time scales of the
two techniques, thereby suggesting a dynamic nature of the f
electron moments.?® It should also be noted that the magnetic
structure has not been conclusively determined. For CeRu,Si,
the ground-state wave function from XAS yields M!chs A u!(‘jfs
~ 09 ug.

Previous neutron data which gave a value for the quasielas-
tic linewidths of CeRh,Si, above the ordering transition were
measured with cold neutrons in up-scattering, which can be
ambiguous when the linewidths are broad with respect to the
thermal energy kzT.!” Here we determine the quasielastic
linewidth at 40 K with a neutron energy-loss experiment and
find consistent results. Further measurements of CeRu;Si;
with 20-meV incident energy at elevated temperatures (not
shown) confirm that at 40 K the quasielastic linewidths of
both compounds are comparable, implying that also the Kondo
scales (kpTk) are of the same order. However, it should be
noted that at 5 K the inelastic linewidths in CeRu,Si, are
considerably larger than in CeRh,Si, (see Table I).

In Table II the 4f° spectral weights for each CeM-Si,
compound are given as determined from the isotropic XAS
spectra. According to Bickers et al.>? the temperature variation
of ny can be large, so that a comparison for different
compounds should be done for similar effective T/Tg values
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or for temperatures where one is either in the low- (T/Tx <K
1) or high-temperature regime (T/Tx>> 1). The XAS data of
CeRu,Si; and CeRh,Si, were both taken at 20 K, and their
Kondo temperatures as discussed above are comparable and of
the order of 30 K. Hence the f° numbers given in Table II refer
to the same low-temperature regime. CePd,Si, and CeCu,Si,
were both measured at 50 K, and according to Refs. 17
and 49 the Kondo temperatures are of the order of 10 and
1020 K. So here f° values are given for the high-temperature
regime. The two sets of data, Ru/Rh versus Pd/Cu, referring
to different T/Tx regimes, give a trend for the f° occupation
which is confirmed by the high-temperature regime of all four
compounds (see the bottom in Fig. 7 and Table II); i.e., also
at high temperatures the f° contribution is largest for the Ru
compound, followed by Cu and Rh, and finally smallest for Pd.

The 4f° spectral weights in XAS show agreement with
previous investigations that CeRu,Si,, which exhibits neither
magnetism nor superconductivity, is the most delocalized
compound within the CeM,Si, series, followed by CeCu,Si,,
which is at the border of itinerant magnetic order and
superconductivity depending on stoichiometry.’®> CeRh,Si,
shows an important amount of 4 f°, which is comparable
to CeCu,Si,. Actually, the pressure sensitivity of the Néel
temperatures of CeRh,Siy, CePd;Si;, and CeAu,Si, follow
the 4 f° occupancy; i.e., the more 4f° the more pressure
sensitive is Tx. For CeAu,Si, the magnetic order is pressure
resistant.”’>* The comparable 4 f° contributions of CeRh,Si,
and CeCu,Siy, but the much higher ordering temperature of the
former, confirm that CeRh,Si, must be close to the maximum
in Doniach’s phase diagram, not far from the quantum critical
point, and that CeCu,Si; is even closer to the zero point where
the magnetic order occurs in the Kondo screened regime with

PHYSICAL REVIEW B 85, 035117 (2012)

a large Fermi surface. CePd,Si, and CeAu,Si, are clearly
in the regime of smaller |J|N(0) values, where RKKY
interaction and Kondo screening are weaker. These findings
are in agreement with previous studies (see, e.g., Ref. 55 and
references therein), but here we show in a direct spectroscopic
comparison how the CeM;Si, can be sorted according to their
degree of f electron delocalization.

V. SUMMARY

The ground-state wave functions of CeRh,Si, and
CeRu,Si; which have been determined with linear polarized
XAS have more J, = |£5/2) than J, = |F3/2) character. The
crystal-field splittings are large in both compounds. The best fit
to the CeRu,Si; neutron data was obtained for a quasiquartet
at about 32 to 33 meV and for CeRh,Si, for the I'}-to-I"Z
transition at 30 meV and the I'}-to-T'g transition at 52 meV.
The 4 f 0 contributions of the CeM,Si, (M = Ru, Rh, Pd, Cu,
and Au) have been determined from the isotropic XAS data.
We find that the f electrons become increasingly delocalized
from M = Au, to Pd, Rh, and Cu, and are maximum itinerant
for M = Ru.
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