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X-ray absorption spectrum at the L3 edge of Ce and X-ray emission spectra at the K and Lo 3
edges of Si in the mixed-valence compound Ce2ScSiz with the crystal structure of its own type
have been studied experimentally and within the framework of the density functional theory with
an additional Hubbard-like term (DFT+U). Good agreement between the theory and the experi-
ment was found. Both the trivalent and the quadrivalent Ce ions in Ce2ScSiz are reflected in the
experimentally measured Ce L3 X-ray absorption spectrum, simultaneously. We have found that
the valence of cerium in CesScSiz corresponds to approximately 92% of cerium ions in 37 state
and 8% of them in 4" state. The obtained results suggest existence of the fluctuating transition
“state-of-intermediate-valence (SIV)-Kondo-syste” in the Ce2ScSiz compound.
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I. INTRODUCTION

In rare earth compounds, where 4 f levels are relatively
close to the Fermi energy, various anomalous phenomena
frequently appear. Most of them can be attributed to
the hybridization between the 4f states and conducti-
on bands. A mixed-valence (MV) state is one of these
phenomena. The MV phenomenon has attracted a great
deal of interest during the last several decades in
connection with valence fluctuations [1-5]. In the gas
phase most rare earths are divalent, but in the solid state
most are trivalent, due to the large cohesive energy gai-
ned by promoting a 4 f electron into an extended bonding
state. The rare earth compounds based on Ce, Sm, Eu,
Tm and Yb ions frequently exhibit a mixed-valence state
consisting of divalent and trivalent valences [6-11]. In
mixed-valence compounds, therefore, one must consider
the charge degrees of freedom of the 4f ions in addition
to the spin and orbital degrees of freedom.

It is necessary to distinguish between homogeneously
mixed-valence compounds and inhomogeneously mixed-
valence compounds. In the former, all the rare earth
ions occupy crystallographically equivalent sites and
therefore, this is essentially a single ion property where
the magnetic ion hybridizes with the sea of the conducti-
on electrons, causing an exchange of the inner 4 f electron
with the conduction band at the Fermi level. Such effects
are expected to arise in systems where two electron confi-
gurations corresponding to 4 f occupation numbers n and
n — 1 have nearly degenerate energies. So, the ground
state of a homogeneously mixed valence compound is
a quantum mechanical mixture of both the 4f™ and
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the 4f"~'d configurations on each rare earth ion. Typi-
cal compounds exhibiting homogeneously mixed-valence
phenomena are rare earth materials TmSe, SmS (high
pressure golden phase), SmBg, YbB12, and YbInCuy [12].

In the case of inhomogeneously or static mixed-valence
compounds, rare earth ions with different valence occupy
clearly different sites. However, at high temperatures
they become homogeneously mixed-valence semi-metals
or valence fluctuating insulators. Their 4f electrons are
strongly correlated and close to localization, i.e., havi-
ng low effective kinetic energy. The 4f electrons can
hop between the magnetic ions with different valence
due to thermal activation (a thermal valence fluctuating
state). If the intersite Coulomb repulsion is large enough
it may dominate the kinetic energy and, once the charge-
disorder entropy due to hopping is low enough, lead to
a charge-ordered transition at a critical temperature Tco
below which the valence fluctuation is suppressed. The
resulting inhomogeneously mixed-valence state consists
of two species of ions with the 4f™ and the 4f"~'d
configurations. This transition may be compared to the
Wigner crystallization on a lattice [13], and its earliest
example is the Verwey transition in magnetite Fe30,4
[14], although this picture turned out to be too simplifi-
ed for this compound [15, 16]. There are several charge-
fluctuating in-homogeneous mixed-valence compounds
containing rare earth ions. They are the rare earth pni-
ctides Yb4As3, SmyBisz and EuyAsz with the cubic anti-
Th3Py structure and rare earth chalcogenides SmsXy
(X =S, Se or Te) and EusS, with the Th3P,4 structure.

Compounds with the valence unstable ions R conti-
nue to be in the limelight especially compounds with
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the Kondo lattice. There are reports about the structure
of the valence and conduction bands of the ternary
systems R-M-X, where M is, as a rule, a transition
element of the Fe subgroup. Undoubtedly, the electron
energy spectrum of the ternary compounds in which two
components are rare-earth metals with the preservation
of the trigonal-prismatic coordination for the X atom
attracts considerable interest. The compound CesScSis
is one of the brightest representatives of such class of
intermetallides.

Compounds without a transition element of the Fe
subgroup are also interesting in terms of XPS spectra
interpretation. Because of the equality of the values of
the photoionization cross-sections of the electron shells
of R and Si, the fine structure of their valence band
spectrum is considerably richer, which provides more
reliable information about the electron-energy spectrum.

The most important characteristic of the valence
instability of rare earth ions in intermetallides is the
occupancy of 4f states and its variation as a functi-
on of composition and temperature. On this basis, the
identification of valence states becomes exceptionally
significant. The basic method for the determination
of the valence of rare earths is the X-ray absorpti-
on spectroscopy. The aim of this paper is the experi-
mental and ab initio theoretical study of the electronic
structure and X-ray absorption and emission spectra of
the CeyScSis compound.

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

A. Crystal structure and experimental details

The crystal structure of the ternary CesScSig
compound was investigated by means of X-ray powder
diffraction [17]. The compound is a superstructure of the
type UsSiy, space group P4/mbm, a = 7.61 + 0.01 A,
¢ = 4.402 + 0.003 A. Four cerium atoms occupy the 4h
sites, two scandium atoms occupy 2a sites, and silicon
atoms occupy 4g sites. The unit cell and coordination
polyhedra of the Ce;ScSis atoms are shown in Fig. 1.
The interatomic distances and coordination numbers of
the atoms in CesScSiy are presented in Table 1. The
CesScSi; compound can be considered as a combination
of tetragonal [ScCeg| columns and dual trigonal prisms
[ScCeg|, which are the fragments of the CsCl and AlBq
structural types, respectively.

As starting materials to produce ScooCeyoSigg alloys
we used scandium, cerium and silicium, all with a nomi-
nal purity greater than 99.9 wt%. The samples each of a
total mass of about 1 g were prepared by the arc melting
of pure metals in a high-purity argon atmosphere. The
mass loss after the melting was less than 1 wt%. After
the melting the samples were sealed in evacuated quartz
ampoules and annealed at 600°C for 720 hours. After
annealing the ampoules were quenched in cold water.
The phase analysis of the samples was carried out with
the use of powder X-ray diffraction (XRD) (DRON-4.0M
with FeK « radiation).
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Fig. 1. The projection of the unit cell of Ce2ScSiz on the XY
plane and the coordination polyhedra of Ce, Sc and Si atoms

Atoms|Distance, nm | Coordination numbers
Ce—4 Ce 0.397
Ce 0.381
2 Ce 0.440 17
4 Sc 0.356
2 Si 0.315
4 Si 0.316
Sc-8 Ce 0.356
2 Sc 0.440 14
4 Si 0.307
Si—2 Ce 0.315
4 Ce 0.316 9
2 Sc 0.307
Si 0.243

Table 1. The interatomic distances and coordination numbers
of the atoms in the Ce2ScSiz. Atomic radii: Ce — 0.181 nm,
Sc — 0.164 nm, Si — 0.134 nm

The absorption Ce L3 and emission Si K spectra in
the ternary Ce;ScSis compound were obtained at 300 K
using a tube spectrometer equipped with an RKD-01
coordinate detector of original design as described in
our previous publications [18, 19]. Quartz crystals (1010;
radius of curvature 2.0 m) were used as the crystal
analyzer. The instrumental broadening for the Si K
spectra was equal to 0.2 eV. The Si L3 spectra were
measured with the SARF spectrometer using a mica
crystal (001) as the crystal analyzer. The spectra of the
core levels and the valence band were measured by the
“Kratos” X-ray photoelectron spectrometer (the Insti-
tute for Metal Physics of the N.A.S. of Ukraine). The
Ka-line of Mg with the energy of 1253.6 eV served as a
photon source. The spectrometer resolution was 0.9 eV,
and the precision of positioning the core levels maxima
was 0.1 eV.
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B. Computational details

The ab initio theoretical study was performed usi-
ng the spin-polarized fully relativistic linear-muffin-tin-
orbital (SPR LMTO) method for the experimentally
observed lattice constants [20-22]. The basis consisted
of the Ce s, p, d, and f; Sc s, p, d and f; Si s, p, and d
LMTO’s. The k-space integrations were performed usi-
ng the improved tetrahedron method [23] and the self-
consistent charge density was obtained with 252 irreduci-
ble k-points.

The X-ray absorption and emission spectra were
calculated considering the exchange splitting of core
levels. The finite lifetime of a core hole was accounted
for by folding the spectra with a Lorentzian. The widths
of the core level spectra were taken from literature [24].
The finite resolution of the spectrometer was accounted
for by a Gaussian.

In order to simplify the comparison of the theoretical
X-ray isotropic absorption Ce Ls spectrum of CesScSis
to the experimental one, we take into account the
background intensity, which effects the high energy part
of the spectra and is caused by a different kind of inelastic
scattering of the electron promoted to the conducti-
on band above the Fermi level due to X-ray absorpti-
on (scattering on the potentials of surrounding atoms,
defects, phonons etc.). To calculate the background
spectra, we used the model proposed by Richtmyer et
al. [25]. The absorption coefficient for the background
intensity is

plw) = 7

E.f

dE.;
(Le)? = (hw — Eop)?’

(1)

where E.y = E. — Ey, E. and I'; are the energy and the
lifetimes broadening of the core hole, E; is the energy
of the empty continuum level, E.f, is the energy of the
lowest unoccupied continuum level, and C is a normali-
zation constant which is used as an adjustable parameter
in this paper.

To treat the strong on-site Coulomb interaction of
localized Ce 4f electrons, we used the “relativistic”
generalization of the GGA+U method, which takes into
account the spin-orbit coupling so that the occupation
matrix of localized electrons becomes non-diagonal in
spin indexes [26]. The screened on-site Coulomb U and
exchange J integrals enter the GGA+U energy functi-
onal as external parameters and have to be determi-
ned independently. Our constrained LSDA calculations
produced J = 0.9 eV at the Ce site in CesScSiy, and for
U we used the value U = 6.0 eV, which is typical of Ce
systems.

III. RESULTS AND DISCUSSION
A. Electronic structure

Figure 2 presents partial density of states of CeyScSis
calculated using the GGA+U approach. For the Ce ion

we found a magnetic solution with an occupied 4f spin-
up electron band situated below the Fermi level in the
energy range between —2.8 and —1.0 eV and empty 4f
bands above the Fermi level between 1.0 and 5.8 €V.

ScCe,Si,
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Fig. 2. Partial density of states of Ce2ScSis
[in states/(atom eV)]

The Sc 3d states are situated in the range from —3.8 eV
to 8.3 eV. The Si 3p states occupy mainly the energy
interval from —3.9 to 8.3 €V and hybridize well with Sc 3d
states. The Si 3s states are situated in the range between
—9.0 eV and —8.0 eV and at —6.1 eV.

B. XPS spectrum of the valence band of the
R>ScSi; compound (R = La, Ce). X-ray absorption
and emission spectra

In the XPS spectrum of the valence band of the
ScR5Sis compounds (R = La, Ce) (Fig. 3) two groups
of maxima are observed with binding energies of ~2 eV
and 6-12 eV, respectively.

The maximum near the Fermi level is caused mainly
by a contribution of the 4f electrons of Ce and 3p states
of Si. The matching of the singularity at 7 eV with the
main maximum of the Si Ly 3 band (Fig. 4) explains the
manifestation of the Si 3s states in the XPS spectrum.

At the same time, as can be concluded from the data
(Table 2), the energies of the Ce 3d5,, and Sc 2ps/, levels
increase compared with pure components, suggesting a
preference for the formation of Si—Si bonds.
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Compound |Si 2ps,2, eV |Sc 2ps/2, eV |Ce 3ds,2, eV

CEQSCSiz 98.6
Si, Ce, Sc 99.1

399.2 883.8

399.0 883.6

Table 2. Energies of core levels of components in ternary
silicide

The states of intermediate valence (SIV) in metallic
systems can be seen in the thermal emf as a considerable
positive part with an extremum Tapma, = I' (T is the
width of the p(Er) peak) [27, 28]. A qualitative compari-
son of «a(T) of CezScSiz and its structural analog
ScLasSis implies the presence of such part at Tamax =
100-150 K (Fig. 5). This can correspond to a state of Ce
in the region of the “SIV-Kondo-system” transition, i.e.
to a state with almost integer valence of Ce.

E.
Scla Si,
z —— XPS c
3
5 B
= A
T T T 7
15 10 5 0E, eV
E.
ScCe Si, 2*
= ——XxPs
£
= m\
15 10 5 0E gV
E.
Ce
= ——XPS
3
; /\/\
=
T T T

15 10 5 o E. eV
Fig. 3. XPS spectrum of the valence electrons of Ce in the
Ce2ScSiz and LazScSiz compounds

The L3 absorption spectroscopy enables determinati-
on of the R ions valence with sufficient accuracy. The
L3 absorption spectrum of cerium in CesScSis (Fig. 6)
demonstrates a clearly expressed maximum correspondi-
ng to the 4f15d'6s? electron configuration and another
one of low intensity at 7.5 eV, which reflects the existence
of the Ce4 f°5d%6s2 configuration. The calculation of the
valence of cerium in CezScSip (3.08 & 0.02) shows that
it just insignificantly differs from the integer one in the
ScCeSi compound. The results obtained by the absorpti-
on spectroscopy are in good agreement with the XPS
spectra of the Ce 3d core levels in these compounds

The dependence of the magnetic susceptibility x(7')
of the CesScSiy compound within a wide temperature
range corresponds to the Curie-Weiss law (Fig. 7). The
determined local magnetic moment at Ce site in CeoScSis
is 2.38up, which is smaller compared to the theoretical
value of 2.5up for Ce3* in a regular magnetic state.
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We can conclude that the obtained results suggest exi-
stence of the fluctuating transition of the type “SIV—
Kondo-system” in the Ce;ScSis compound.

IV. CONCLUSIONS

We have studied experimentally and theoretically the
electronic structure, X-ray emission spectra of Si at the
K and L, 3 edges and X-ray absorption spectrum at the
Ce L3 edge in the mixed valent compound CesScSis. The
calculations show good agreement with the experimental
measurements.

It has been found that the structure of the valence
band of the CeyScSi; compound considerably differs
from that of the similar compounds with 3d transition
elements by the absence of high electron density at the
Fermi level. The near Fermi region of the occupied part of
the valence band is formed by the 4f states of Ce and 3d
states of Sc. The middle of the valence band is occupied
by the p states of Si. At the bottom of the valence band,
the 3s states of silicon are dominating.

We have found that the valence of cerium in CesScSis
corresponds to approximately 92% of cerium ions in 3%
state and 8% of them in 4T state. The obtained results
suppose existence of the fluctuating transition “SIV—
Kondo-system” in the CeyScSis compound.
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EJIEKTPOHHA CTPYKTVYPA TA X-IIPOMEHEBI CIIEKTPU CIIOJIYKH Ce;ScSi»

I. [I. Iep6a’', B. M. Anromos?, /1. V3kosua®, JI. B. Bekenos?, I". Hora?,
M. B. Kopansceka', 3. M. IlTmupxa', B. A. Jenuc'
L Tveiscoru HaYLoHasbHUl yHisepcumem iment Ieana Ppanka,
sya. Kupuaa 1 Mepodia, 8, /JIveis, 79005, Yrpaina,
2 Incmumym memanodizury imeni I B. Kypowmosa HAHY,
npocn. Bepnadcvrozo, 36, Kuis, 03142, Yxpaina,

3 Incmumym mexwivnuz nayx CAHM, eya. Knasza Muzainoea, 35/IV, Beazpad, 37711000, Cepbia,
4 Inemumym meznixu, Iledazozivnuil ynisepcumem, eya. Iidzoponowcuz, 2, Kpawis, 30-084, Horvua

IIposeseni excnepuMeHTasIbHI Ta TeopeTuyHi gociimgzxkenns X-npoMenesnx K i Lg 3 cHekTpiB BUIPO-
minoBanus Si ta L3 crmekrpa norsmaanis Ce B cmomyti 3i 3mimmano BasentHicTI0 CeaScSis, mo mae
KPHUCTAMIYHY CTPYKTYPY BIACHOIO THITY. T€OpeTndHi JOCTiIzKeHHs 3aificHeHI B MexKax Teopii (pyHKIioHa-
JIa PYCTUHM 3 JIOJATKOBUM 4IeHOM, 1104i6num 1o rabbapaiscbkoro (DFT+U). YeranosseHo, o reopis i
€KCIIEPUMEHT J00pe y3rOoMKyIThCsA. B eKCrepuMeHTa bHO BUMIpIHOMY X-TTPOMEHEBOMY L3 CIEKTpi mo-
rauaanasg Ce B CeoScSis 0HOYACHO BiA0OPaXKaOTHCA SK TPUBAJIEHTHI, Tak i doTtupuBaseHTHi ionu Ce.
Mu BusBuiIn, 110 HAMJIININE Y3rO/?KEHHS €KCIIEPUMEHTAIbBHOIO CIIEKTPA 3 CYMOIO TEOPETHYHO PO3PaXo-
panux cuexrpis fonis Ce3T 1a Ce*T nocaraerbca sa 92% iionis uepito s crani 37 1a 8% iounis y craui
47 . Ha ocHoBi anaqizy eHepriii ocrosux pinHiB 3pobJeHo BucHOBOK (eneprii pisuis Ce 3dj /2 Ta S¢ 2p3 /o
3POCTAIOTH MOPIBHAHO 3 YUCTUMU KOMIOHEHTAMHU) PO TAXKiHHS 0 YTBOPEHHS 3B s3KiB Si—Si.

Metomom GOTOETEKTPOHHOI CIIEKTPOCKOITIT OEPKAHO €HEPIeTHIHUI CIIEKTP BAJEHTHOI 30HHU Ta IIPO-
BEJICHO CYMIIEHHS 3 eMICIHHUMU CIIeKTPaM¥U KPEMHI0. ¥ CIEeKTpi BAJEHTHOI 30HU CTONYK SCcRoSis (R =
La, Ce) cnocrepiraemo fBi rpynu MakCUMyMiB 3 eHepriamu 38’a3Ky ~2 €B Ta 6-12 eB Bigmosigno. Ma-
KcuMyM mo0sm3y piBasg ®epwmi 3ymosnenuit 3aebinbimioro saeckoM 4f emekrponis Ce Ta 3p cranis Si.
Bignosigicts ocobimusocri 3a 7 eB 3 ocHoBHEM MakcuMmyMoM cmyru Si Lo 3 HOSCHIOE mposiB cTaHiB Si
3s y doroemekrponromy crektpi. Omepkano TemneparypHy 3anexuicts «T) mus cnonyk ScLasSis Ta
CesScSis. Banexnicrs x(T') cnonyku CepScSiy B mmpokoMy miana3oHi Temmeparyp BiANOBigae 3akoHy
Kropi—Baiica. Buznadenwnii mokanpauit maraitauii Mmoment Ce y cmonymi g CeaScSis cranoButh 2.3813,
10 MEHIIe IIOPIBHAHO 3 TeopernunuM 3HadenuaM 2.5up ana Ce3T B marnitnomy crami.

OrpumaHi pe3yabTaT CBi4aTh Npo HagBHICTH y cromymi CesScSis (hiykTyBaIbHOTO MEpexomy “cran
npowmixkuoi BasenTHocTi (CIIB)—cucrema Koumo”.

Kirro4oBi cjioBa: peHTreHIBCHbKI CIIEKTPH, 3MilllaHa BaJeHTHICTh, €JIEKTPOHHA CTPYKTYypa, IHTepMe-
TaJIL TN,
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