N
N

N

HAL

open science

Resonant photoemission spectroscopy of the
ferromagnetic Kondo system CeAgSb 2

Chien-Wen Chuang, Bodry Tegomo Chiogo, Daniel Malterre, Pei-Yun
Chuang, Cheng-Maw Cheng, Tun-Wen Pi, Fan-Hsiu Chang, Hong-Ji Lin,
Chien-Te Chen, Chia-Nung Kuo, et al.

» To cite this version:

Chien-Wen Chuang, Bodry Tegomo Chiogo, Daniel Malterre, Pei-Yun Chuang, Cheng-Maw Cheng, et
al.. Resonant photoemission spectroscopy of the ferromagnetic Kondo system CeAgSb 2. Electronic

Structure, 2021, 3 (3), pp.034001. 10.1088/2516-1075/ac0c25 . hal-04620647

HAL Id: hal-04620647
https://cnrs.hal.science/hal-04620647

Submitted on 21 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cnrs.hal.science/hal-04620647
https://hal.archives-ouvertes.fr

Electronic Structure

PAPER

Resonant photoemission spectroscopy of the ferromagnetic
Kondo system CeAgSh,

C W Chuang', B Tegomo Chiogo’, D Malterre’, P-Y Chuang', C-M Cheng', T-W Pi’,
F-H Chang', H-J Lin', C-T Chen', C-N Kuo’, C-S Lue’® and A Chainani"~

! National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan, Republic of China

Université de Lorraine, CNRS, Institut Jean Lamour, F-54000 Nancy, France
Department of Physics, National Cheng Kung University, Tainan 70101, Taiwan, Republic of China

2
3
* Author to whom any correspondence should be addressed.

E-mail: chainani.ash@nsrrc.org.tw

Keywords: Kondo material, resonant photoemission spectroscopy, x-ray absorption spectroscopy

Abstract

We study the electronic structure of single crystal CeAgSb,, a low T, ferromagnetic Kondo system,
using synchrotron radiation photoemission spectroscopy (PES) and x-ray absorption spectroscopy
(XAS). We have carried out Ce 5s, Ce 5p, Sb 4d core level PES as well as Ce 4d—4f resonant PES of
the valence band states of CeAgSb,. We also report the resonant PES behavior of Ce 5s and 5p
core-levels and the simultaneous intensity suppression of Sb 4d core-level and Ag 4d valence band
states across the Ce 4d—4f threshold. The Ce 4d—4f resonant valence band spectra show typical f°
and f! features associated with Kondo behavior. The constant initial state spectra of the f* and f*
features show maxima at different incident photon energies, arising from different relative
contributions of surface and bulk character Ce 4f partial density of states. XAS across the Ce 3d—4f
M-edge also shows the corresponding final state f! and f? features. The weak temperature
dependence of the XAS spectra between T = 25 K and 300 K could be simulated using a full
multiplet calculation combined with a simplified single-impurity Anderson model approach. The
calculations confirm the Kondo screening and allows quantification of the bulk Ce 4f electron
count in CeAgSb,. The Ce 5s states show an exchange splitting which reflects the local magnetic
moment of Ce 4f states. The overall results characterize the bulk and surface sensitive Ce 4f states,
and indicate the role of Kondo effect in forming the moderately enhanced heavy-fermion carriers
in CeAgSb,.

1. Introduction

Strongly correlated Ce and Yb based 4f electron systems often exhibit a competition between the Kondo effect
and Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction [1-5]. When the Kondo effect is stronger than
the RKKY interaction, it results in a non-magnetic Kondo singlet ground state. On the other hand, when the
RKKY interaction is stronger, it results in a ferro- or antiferro-magnetically ordered ground state [1-3]. The
competition between the two can be usually identified from temperature dependent electrical transport and
magnetic susceptibility studies which show clear signatures of the Kondo effect and magnetic order, respectively
[2, 3]. Among such systems, the series CeTX, (where T' = Au, Cu, Ni, Pd and Pt; X = p-block element) form
an interesting class of materials, which exhibit magnetic or non-magnetic ground states as well as Fermi or
non-Fermi liquid behavior at low temperatures. For example, CeCuAs, exhibits a non-Fermi liquid behavior
without magnetic order down to the lowest measured temperature of 45 mK [6]. On the other hand, CePtGe,
exhibits an antiferromagnetic ordering below 3.8 K and Fermi-liquid like behavior at lower temperatures [7].
The CeTX, compounds exhibit the primitive tetragonal ZrCuSi, type structure (P4/nmm, No. 129) consisting
of X—CeX-T-CeX-X layers stacked along the c-axis [8]. The character of Ce 4f electrons, the electron con-
figuration of transition metal ion T, and how the Ce 4f electrons hybridize with the nearest neighbor p-block
anions X in the Ce—X layers mainly determines the properties of these systems [9].
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In this study, we investigate the electronic structure of the Kondo material CeAgSb,, which crystallizes in
the ZrCuSi, structure and exhibits lattice parameters a = b = 4.363 A, and ¢ = 10.699 A [8]. Magnetization
measurements of CeAgSb, revealed an unusual magnetic transition at T, ~ 9.8 K [10—13]. The detailed analysis
of magnetization of CeAgSb, showed a magnetic anisotropy below T, with dominantly ferromagnetic behavior
for H || ¢ axis and weakly antiferromagnetic behavior for H L ¢ axis (hereafter, we refer to this transition as
a ferromagnetic transition). The high temperature inverse susceptibility data suggested a Kondo temperature
Tx of ~65K, which is comparable to the value estimated from inelastic neutron scattering [ 10] as well as muon
spin rotation measurements [14]. The field dependence of magnetization showed a magnetic saturation of
0.4 j13/Ce along the ¢ axis due to the ground state wave function with J, = | & 3), which is in agreement with
the calculated saturation moment gj/ip], = 0.43 up/Ce. Further, the total magnetic susceptibility could be fitted
using the first and second excited states at ~60 K and ~145 K, which correspond to the J, = 3 and 3 states,
respectively [13]. This result matches nicely with the results of the crystalline electric field levels determined
by neutron scattering measurements [ 10].

The temperature dependence of the electrical resistivity of CeAgSb, showed a logarithmic increase for
temperatures below 150 K, indicating a Kondo lattice system [13]. On further lowering the temperature the
resistivity showed a maximum at ~15 K followed by a dramatic decrease below T. = 9.8 K, which corresponds
to the ferromagnetic transition temperature. At the lowest temperatures, it was shown that CeAgSb, exhibited
a Fermi-liquid type behavior, but with an additional contribution due to the electron-magnon scattering [13].
Heat capacity measurements showed that CeAgSb, exhibits a Sommerfeld coefficient v = 65 mJ mol™! K?,
which corresponds to a mass enhancement of ~21 compared to iso-structural LaAgSb,, indicative of a
moderately enhanced heavy-fermion behavior [15].

High energy spectroscopies such as PES and XAS have played an important role in characterizing the elec-
tronic structure of Kondo materials [4, 5]. The electronic structures of many Ce and Yb compounds could be
explained based on the single impurity Anderson model (SIAM) calculations developed by Gunnarsson and
Schonhammer [16, 17]. The model takes into account f°, f! and f2 basis states hybridizing with a conduction
band. The hybridization between the strongly correlated atomic f orbital basis states gives rise to a Kondo res-
onance just about the Fermi level Er. This Kondo resonance leads to a renormalization of carriers, which is
responsible for the electronic transport and the non-magnetic Kondo singlet formation [4, 5].

An early ultra-violet angle resolved photoemission spectroscopy (ARPES) showed highly dispersive Sb
bands near Er [18]. This study also identified a hole-like Fermi surface at the Brillouin zone center in agree-
ment with a band calculation of LaAgSb,, which is the non-f isostructural analogue of CeAgSb,. In a soft
x-ray spectroscopy study, Saitoh et al [19] reported on magnetic circular dichroism and ARPES results, and
concluded that CeAgSb, exhibits local magnetism and hybridization effects between Ce 4f level and conduc-
tion electrons. From Ce 3d—4f on resonance measurements, the study also showed that Ce 4f states occurred
at the Fermi level. In a very recent study, using linearly polarized hard x-ray photoemission spectroscopy
(HAXPES) study of Ce 3d core levels, Fujiwara et al could successfully show that ground state symmetry of
Ce 4f states in CeAgSb, exhibits I's symmetry with |, = | + %), consistent with the magnetic susceptibility and
neutron scattering results [20]. However, a quantification of the small expected mixed valency of f-electron
states has not been carried out to date.

In this work, we report low energy (hv = 108—132 eV) synchrotron radiation PES and Ce 3d—4f XAS of
CeAgSb,. We measured the photon energy dependent valence band as well as the Ce 5s, Ce 5p, Ag 4p, and Sb
4d core levels of CeAgSb; across the Ce 4d—4f threshold. Constant initial state (CIS) spectra identify a clear
Fano-resonance behavior in the f° and ! features in the valence band spectra. The results also show systematic
changes in the spectral weight of the Ag 4d valence band states as well as the core level spectra. The near Eg
spectral intensity shows the Ce 4]’71/2 feature at ~0.3 eV and the 4]’51/2 feature at Ep associated with the tail of the
Kondo resonance above Ep. A full multiplet calculation combined with a simplified SIAM approach confirms
the role of Kondo screening in explaining all the spectral features of the Ce 3d—4f XAS spectra and provides a
quantification of the bulk Ce 4f electron count and small finite mixed valency in CeAgSb,. The results indicate
the role of Kondo screening in forming the moderately enhanced heavy fermion carriers in CeAgSbs.

2. Experimental methods

Single crystals of CeAgSb, were synthesized using stoichiometric amounts of the constituent elements
(>99.9% purity), as described in earlier work [10—13]. The crystal structure and lattice constants were con-
firmed to be in good agreement with reported results [8, 10]. Core-level and valence band PES (hv = 108 to
132 eV) measurements were carried out at beamline BL8A of the Taiwan Light Source, Hsinchu, Taiwan. The
total energy resolution for photoemission spectroscopy was 0.4 eV at hv = 132 eV as estimated from a fit to the
Fermi-edge of gold at T = 80 K, which was also used to calibrate the binding energy (BE) scale. The samples
were cleaved inside the UHV preparation chamber at a pressure of 5 X 10~ mbar and immediately transferred
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Figure 1. The Ce 5p core-level photoemission spectrum of CeAgSb, measured at T = 80 K using photon energy hv = 115 eV.
The least squares fitting results is also shown together with experimental spectrum. The fitting results are listed in table 1.

Table 1. The least squares fit parameters for the Ce 5p core-level

spectrum.

Spin—orbit BE FWHM Asymmetry
component (eV) (eV) parameter
Ce5p,, 17.73 1.83 0.28
Ce5py), 20.64 2.36 0.35

to the main chamber at 8 x 107!% mbar for PES measurements. XAS experiments across the Ce 3d—4f M-edge
were performed using circularly polarized x-rays at the Dragon beamline BL11 of Taiwan Light Source and the
samples were cleaved in situ in the main chamber. The sample was cooled using a liquid N, flow-type cryostat
down to 80 K for photoemission measurements, while a liquid He flow-type cryostat was used to go down to
25 K for the XAS experiments. All measurements were carried out within 8 h of cleaving and confirmed to
be reproducible from two different cleaves for both, PES and XAS experiments. The oxygen 2s shallow core
level energy range was measured and it showed negligible intensity (<1%) compared to the Ce 5p PES spectra.
Similarly, the oxygen K-edge XAS signal was measured to be negligible (<1%) compared to the Ce M-edge
XAS spectra.

3. Results and discussions

Figure 1 shows the Ce 5p core-level photoemission spectrum of CeAgSb, measured using a photon energy
hv =115 eV at a temperature of T = 80 K. The Ce 5p spectrum shows two clear peaks which are the 5p;
and 5p, , spin—orbit split features. The BE of the spin—orbit split features were accurately determined by a
least-squares fitting with a Shirley background and asymmetric Doniach—Sunjic type Voigt profiles. The fit-
ting results of Ce 5p; , and 5p, ), are also plotted along with the experimental spectrum. The least-squares fit
parameters are shown in table 1. From the results, we obtain the BE positions of Ce 5p; , and the Ce 5p, ), to
be 17.73 eV and 20.64 eV, respectively. The energy separation between Ce 5p;, and 5p, ), is 2.91 eV and the
measured intensity ratio of Ce 5p; , and 5p, ), states is 2.01. This is very close to the expected value of 2 as it is
simply proportional to their multiplicities.

Next, we used the same photon energy of h = 115 eV to measure the Sb 4d and Ce 5s core-level spectra
of CeAgSb, at T' = 80 K, as shown in figure 2. The Sb 4ds/, and 4ds, spin—orbit split features occur between
BEs of 30 to 34 eV, and a weak broad feature originating in the Ce 5s states are observed at a higher BE of
about 36 eV. In order to understand the spectral shapes and obtain accurate BE positions of the Sb 4d and
Ce 5s features, we used the same fitting method as for the Ce 5p spectrum to fit the Sb 4d and Ce 5s core-
level spectra of CeAgSb,. The fitting results are also shown in figure 2 along with the experimental data. The
parameters of the fitting are listed in table 2. From the fitting results, the Sb 4ds/, and 4dj, are positioned at
BEs of 31.37 and 32.62 eV, respectively. The spin—orbit splitting of Sb 4d states is 1.25 eV and their measured
intensity ratio is 1.49, consistent with the expected ratio of their multiplicities of 6:4. It is known that some
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Figure2. The Sb 4d and Ce 5p core-level spectrum of CeAgSb, measured at T'= 80 K using photon energy hv = 115 eV.
The least-squares fit is also shown along with experimental spectrum. The fitting parameters are listed in table 2.

Table 2. The least squares fit parameters for the Sb 4d and Ce 5s
core-level spectra.

Spin—orbit BE FWHM Asymmetry
component (eV) (eV) parameter
Sb 4d5/2 31.37 1.00 0.30
Sb 4d3/2 32.62 0.95 0.30
Ce 558°F 35.55 1.66 0.30
Ce5s'F 36.79 1.51 0.20

Ce based materials like y-Ce and CeAl exhibit a surface core-level shift (SCLS) in Ce 5p spectra with a surface
component at 0.6 and 0.5 eV higher BE compared to the bulk component [21], while in CeSe, the Se 3d core
levels exhibit SCLS with a surface component at 0.4 eV higher BE compared to the bulk component [22]. In the
case of CeAgSb,, the fitting of the Ce 5p and Sb 4d spectra using single peaks for the spin—orbit split doublet
features, with the known spin—orbit splitting and with the expected intensity ratio indicates that the shallow
core level spectra do not exhibit SCLS.

Interestingly, the Ce 5s spectrum also consists of a doublet as seen from the fitting results shown in figure 2.
The absence of SCLS in the Ce 5p and Sb 4d spectra suggests that the splitting in Ce 5s is unlikely to be due
to SCLS. It is well-known that the s-character core-level can show a splitting due to the exchange interaction
between the core and valence electrons for a material with local magnetic moments at the same site. Since
CeAgSb, shows a ground state ferromagnetic order below T, = 9.8 K, we attribute the Ce 5s splitting to the
exchange interaction between for Ce 5s and the local magnetic moment of Ce 4f states. The energy separation
between the doublets is AE5; = 1.24 eV, and is a measure of the Ce 55—4f exchange interaction. For the atomic
Ce>* case, the Ce 55 up- and down-spin s = 1/2 coupling with the spin S = 1/2 in the Ce 4f shell will result in
the total spin S’ = S+ s states, which are the °F and 'F doublet states. The *F is positioned at lower BE and the
intensity ratio is expected to be proportional to the multiplicities of °F and 'F states i.e. 3:1. From the fitting
results, we obtain a slightly smaller value for the intensity ratio of 2.72. It is known that the multiplet averaged
exchange splitting AE; = (25, + 1) ]fff,, where S, is the valence magnetic moment of the photo-emitting site
and ]ffif is the s—f exchange integral. Thus, although the effective magnetic moment of Ce shows anisotropic
behavior as discussed in the introduction, the small value of the experimental AEs; = 1.24 eV is consistent
with earlier experimental results on Ce systems [23, 24].

With the aim of identifying the character of the electronic states in the valence band, we have measured the
valence band photoemission spectra of CeAgSb, by varying the incident photon energy hv from 108 to 132 eV
across the Ce 4d—4f threshold at T'= 80 K as shown in figures 3(a) and (b). As can be seen from the spectra,
the spectral intensities of electronic states between Ep and 4 eV BE systematically increases on increasing the
incident photon energy hv = 108 to 123 eV (figure 3(a)). On further increasing the incident photon energies
above 123 eV, figure 3(b) shows that the spectral intensities of electronic states between Er and 4 eV BE get
systematically reduced.
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Figure 3. The valence band spectra of CeAgSb, measured at T'= 80 K by systematically changing incident photon energies: (a)
from 108 to 123 eV, and (b) from 123 to 132 eV.

In order to understand these spectral intensity changes, we have plotted the CIS spectra in figure 4, for
features labeled A, B and C in figures 3(a) and (b). It is clear from the CIS spectra that the states between
Er to 4 eV BE exhibit a resonant behavior, which follows the Fano line shape overlaid on the CIS spectra
for features A and B (figure 4). As is well known, the Ce 4d—4f resonance occurs at a photon energy of about
120-122 eV as reported in various Ce compounds [22, 25-31]. In the present case, feature A has a maximum at
121 eV, confirming that feature A originates from Ce 4f states. On the other hand, the feature B has a maximum
intensity at 123 eV. This feature also originates from Ce 4f states. The features A and B have been observed in
several Ce systems earlier and they originate in the f° and f' features associated with direct photoemission
channel of the Ce>* and the tail of the Kondo resonance feature just above Eg. The difference in resonance
energy maximum for feature A and B is due to the dominant contribution of the bulk and surface character f°
and f! states, namely, feature A has dominant bulk character while feature B has dominantly surface character
[29, 30]. Itis noted that in figure 4, there is a small bump feature in the CIS spectra for features A and B between
photon energies of 110 to 113 eV. This bump originates in weak Ce 4f multiplets, as was shown by early x-ray
absorption spectroscopy studies on - and y-Ce metal [32].

Having identified the Ce 4f states, we next discuss the states between 5 to 8 eV BE (feature labeled C in
figure 3(a)). These states correspond to the Ag 4d states in the valence band, as Ag 4d states have much higher
cross-sections at these low photon energies compared to Sb 5s and 5p states. As seen in figure 4, the CIS spec-
trum for the spectral feature labeled C shows a small dip for photon energies between 110 to 113 eV, followed
by a stronger reduction on increasing the incident photon energy from hv = 114 to 121 eV. On further increas-
ing the photon energy above 121 eV, the states between 5 to 8 eV BE show a flattening between 121 to 125 eV,
followed by a dip at higher photon energies. The overall behavior of the spectral intensity changes for states
between 5 to 8 eV BE suggests an anti-resonance compared to the Ce 4f states coupled with the Cooper mini-
mum of Ag 4d states [33]. As reported by Molodtsov ef al [34] Ag metal exhibits at least two Cooper minima,
which was analyzed to be arising from interference effects between d — fand d — p initial to final state dipole
transition channels, and this results in a shift of the atomic (free atom) Ag Cooper minimum from 120 eV
down to 60—80 eV and the creation of a secondary interference minimum at a higher energy of 150—-160 eV.
Thus, in CeAgSb,, the Ag 4d states do not behave as in Ag metal, because the Ag atoms are further apart from
each other in CeAgSb, than in Ag metal. Instead, they show a typical Cooper minimum energy dependence as
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Figure 5. The photon energy dependent valence band along with the Ce 5p shallow core-level spectra measured at T = 80 K,
showing the resonance enhancement of the Ce 5p core level spectra across the Ce 4d—4f resonance.

reported in atomic photoionization cross-section tables [33]. In addition, while we see a very weak intensity
feature at about 10 eV BE in figure 3(a), it is more clearly seen in figure 5 which shows data measured up to
much higher BEs including the Ce 5p shallow core-levels. Further, a weak but clear feature at about 1.7 eV BE
labeled D is seen in figure 3(a) and also in figure 5 for incident photon energies of 115 to 118 eV. The 10 eV
BE feature is due to the Sb 5s states and the 1.7 eV feature is due to Sb 5p states, as was observed in HAXPES
of CeAgSb, [35].

In figure 5, we plot the photon energy dependent valence band along with the Ce 5p shallow core-level,
which occurs between BEs of 16 to 24 eV. The spectral intensity of Ce 5p core-level show a systematic increase
on increasing the photon energy from 115 to 122 eV. This matches with the resonant enhancement of Ce 4f
valence states, as seen from the spectral intensity variation of Ce 5p states plotted along with the Ce 4f CIS
spectra in figure 4. While we have not measured for higher photon energies beyond the maximum with small
energy steps, the spectrum measured at a higher photon energy hv = 132 eV shows a clear reduction in spectral
Intensity.
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Figure 6. The Ce 55 and the Sb 4d core-level spectra measured as a function of photon energy for hv = 115to 132 eV at T = 80 K.

Similarly, the Ce 5s and the Sb 4d core-level spectra were measured as a function of photon energy
hv =115to 132 eV as shown in figure 6. The Ce 5s states at BE between 34 to 40 eV also show a clear intensity
increase matching the changes seen in Ce 5p and 4f states. A similar enhancement of the Ce 5s and 5p shallow
core-levels which matched the resonant enhancement of Ce 4f states was reported by Lenth et al [25] for Ce**
pentaphosphates. The authors could demonstrate that the so called giant resonance maximum of the Ce 4f, 5p
and 5s states across the 4d threshold can be understood by taking into account appropriate intermediate states
associated with the Ce 5s and 5p states which lie at BEs between the Ce 4d and 4f states. Thus starting with the
4d"4f'555p° initial state, the 4d—4f XAS process corresponds to 4d’4f>5525p° excitation. The resonances in
Ce 4f, 5p and 5s then corresponds to the usual autoionization of the excited state 4d°4f*5s5p° via the states
4d"4f05525p + e, 4d'4f'5525p° + e and 4d'°4f'55'5p° + e configurations, respectively. The present results
of resonances in the Ce 5p and 5s shallow core levels of CeAgSb, are similarly attributed to autoionization of
the excited 4d’4f? via intermediate 5s'5p° and 5s25p° states.

Interestingly, the Sb 4d core-level spectra as a function of photon energy shows opposite behavior to the
Ce derived states, that is, they show a systematic reduction in spectral intensity when the Ce states show a
systematic increase in spectral intensities. However, the reduction in the spectral intensity of Sb derived anionic
shallow core-level states also follows the decrease expected from atomic photoionization cross-sections [33].

In figure 7, we show the photon energy dependence (hv = 115 to 122 eV) of weak spectral features over the
BE range from 43 to 65 eV, which correspond to the Ce NNV Auger features. The Ce NNV features overlap the
Ag 4p states which occur at 58.13 and 60.73 eV BE, and the plasmon feature of Sb 4d states at about 47 eV BE.
The plasmon feature occurs at ~15.7 eV higher BE from Sb 4d core levels, as observed using core-level HAXPES
[35]. The wider BE range spectrum showing the Sb 4d and Ce 5s states are shown in the inset for incident
photon energies of 115 and 122 eV. The systematic shift of the broad feature (double-headed arrow in figure 7)
is attributed to the shift of the Ce NNV Auger features, which track the change in the incident photon energy.
This was confirmed by carrying out fits to the spectra obtained with hv = 119 to 121 eV as shown in figure 8.
The fitted spectra show that the Ce NNV states shift systematically (dashed lines in figure 8), while the Ag 4p
features occur at 58.13 and 60.73 eV, and a broad Sb 4d plasmon feature occurs at about 47.1 eV BE. For lower
(hv = 115 to 118 eV) and higher (hv = 122 eV) photon energies, it was not possible to obtain reliable fits,
because the Auger spectra overlapped the Sb 4d plasmon or the Ag 4p states. Thus, we could account for all the
spectral changes occurring in Ce, Ag and Sb derived states for photon energies scanned across the Ce 4d—4f
threshold.

We then carried out XAS across the Ce 3d—4f M, s-edges at T = 25 K and 300 K as shown in figure 9.
The spectra consist of the spin—orbit split M5 and M4-edges with main peaks positioned at photon energies
hv =881 eV and 898.2 eV, respectively. The spectra also show weak hump structures (asterisk marks in figure 9)
positioned at about 887 eV and 904 eV at photon energies above the M5 and M, main peaks, respectively. It is
well-known that the main peaks of the M5 and M, edges correspond to the f! — f2 excitations while the weak
hump feature is associated with the f® — f! excitation, indicative of Kondo screening in the XAS spectra. The
spectra are normalized at the M,-edge peak as the temperature dependent changes are larger in the f° — f!
excitation of the M,-edge. This makes it easier to compare the temperature dependent changes in the f° — f*
excitation with the calculated spectra also shown in figure 9.
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The M, 5 absorption spectra of intermediate valent Ce compounds can be simulated in the framework
of the SIAM [38], but this approach neglects the multiplet effects. As these effects determine the shape of
the M, 5 absorption spectra, we have calculated the XAS spectra using a full multiplet configuration inter-
action code (Quanty [36, 37]). Such an approach can be considered as a full multiplet calculation com-
bined with a simplified SIAM approach where the band states are represented by a single ligand state. The
hybridization between 4f states leads to a ground state which is a mixture of the different configurations
|Was) = Colf°) + Cilf'L) + C,|f*L*) where L denotes a ligand hole. Moreover, we introduce the experimen-
tally known crystal-field spectrum with a T's ground state corresponding to J, = | £ %) separated from two
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Figure 9. The M-edge XAS of CeAgSb, measured at T = 25 K and 300 K compared with simplified STAM calculations at

T =25 K and 300 K. The main M5 and M, peaks correspond to the f' — f2 excitations while the asterisks mark the weak feature
associated with the f” — f! excitation. The spectra are normalized at the M,-edge peak as the temperature dependent changes are
larger in the f° — f excitation.

excited I'; excited states corresponding to J, = |+ 3) and J, = | £ 3) by ~5 meV and ~12 meV, respec-
tively [10, 14]. The hybridization between 4f and ligand state lead to the formation of a singlet ground state
and a triplet excited state both originating from the I' crystal field level. Such a full multiplet configuration
interaction does not give a realistic value for the Kondo energy (difference between the singlet and triplet
states) [39]. Therefore to simulate the finite temperature spectra, we introduce the experimental Kondo tem-
perature estimated to be Tx = 65 K from magnetic measurements [10, 13]. The finite temperature spectra
(T = 25 K and 300 K) are then simulated from the spectra associated with the different initial states, the
singlet, triplet and excited crystal field states weighted by the Boltzmann factor. As shown in figure 9, the
best match with experimental spectra were obtained for the following electronic parameters: the 4f energy
er = E(f'L) — E(f°) = —2.4 eV, the average Coulomb energy Uy = 8.5 eV, the 3d—4f Coulomb interaction
U = 12.45 eV, the multipolar Slater parameters are atomic parameters scaled by factor of 0.8, and the
hybridization between the 4f level and the ligand state, V' = 0.2 eV. The calculation indicates a small finite
mixed valency with an f-electron count of 7y = 0.97. While the f® — f* spectral feature for the T = 25 K spec-
trum is reproduced fairly well in the calculations, the T'= 300 K spectrum essentially looks like a pure trivalent
Ce’* configuration with negligible spectral weight in the f© — f! spectral feature. The modification of the
shape of the M, edge with temperature is due to the thermal population of the crystal field I'; excited levels.
Finally, we have tried to address the role of Kondo screening in the Ce 4f states in the valence band spec-
tra, which leads to the so-called f! feature near Ey associated with the tail of the Kondo resonance occurring
above Ep. As can be seen in figure 3(a), the spectrum obtained with photon energy hv = 119 eV showed the
maximum increase of feature A compared to feature B. We have first obtained the f-electron density of states
as the difference spectrum of this resonantly enhanced spectrum by subtracting the off-resonance spectrum
obtained with photon energy of hv = 108 eV (figure 10). In order to see changes very near and just above Ep,
the difference spectrum was divided by the Fermi—Dirac (FD) function convoluted with the Gaussian function
corresponding to the experimental resolution, following earlier work [40—42]. The obtained spectrum shows
a weak structure at ~0.3 eV BE and a small peak feature just above Eg, as seen in figure 10. Similarly, we also
analyzed the f-electron contribution for the spectrum obtained with photon energy hv = 123 eV, and there
too, we observe a weak structure at ~0.3 eV BE and a small peak feature just above Er as shown in figure 11.
The ~0.3 eV feature is due to the Ce 4]‘71/2 states while the feature just above Ey is due to the 4]’51/2 character tail
of the Kondo resonance above Er. This indicates that states at Er are renormalized by Kondo screening, leading
to the moderate enhancement of the carriers in CeAgSb,. It is noted that the nearly comparable intensity of
the f° feature to the f! feature is attributed to the surface enhanced contribution to the f° feature at incident
photon energies across the Ce 4d—4f threshold. This is consistent with known results on other Ce-based sys-
tems with low Tk, such as y-Ce (T ~ 100 K) and CeAl (Tx ~ 20 K) [21], as well as CeB¢ (Tx ~ 10 K) [43].
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Figure 10. The difference spectrum divided by the FD function convoluted with the experimental Gaussian function showing the
Kondo resonance f* feature near the Fermi level associated with the tail of the Kondo resonance occurring above the Fermi level.
The spectrum obtained with photon energy h = 119 eV shows the maximum increase of feature f' compared to feature f°.
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Figure 11. The difference spectrum divided by the FD function convoluted with the experimental Gaussian function showing the
Kondo resonance f! feature near the Fermi level, associated with the tail of the Kondo resonance occurring above the Fermi level.
The spectrum obtained with photon energy h = 123 eV shows a weaker increase of feature f! compared to feature f°.

These systems show a qualitatively similar 4d—4f on-resonance behavior with comparable intensities for the f°
and f" features and a value of n7 in the range of 0.97-0.99, consistent with our analysis of CeAgSb,.

4. Conclusions

In conclusion, we have investigated the electronic structure of CeAgSb, using Ce 4d—4fresonant photoemission
spectroscopy of the valence band states of CeAgSb,. The constant initial state spectra show different maxima
for bulk and surface dominated Ce 4f° and 4f! states. The measured Ce 3d—4f M-edge XAS spectrum could
be simulated with a simplified SIAM calculation with full atomic multiplets, and the bulk Ce 4f electron count
could be determined in CeAgSb,. We also investigated the resonant photoemission behavior of Ce 5s and 5p
core-levels, and the simultaneous suppression of Sb 4d core-level and Ag 4d valence band states across the Ce
4d—4f threshold. The Ce 5s states show an exchange splitting which confirm the local magnetic moment of
Ce 4f states. The results characterize the Ce 4f states and indicate the role of Kondo screening in forming the
moderately enhanced heavy-fermion carriers in CeAgSb,.
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