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We have measured the 3d and 4d core-level X-ray photoelectron spectra of rare
earths in RERuSn; (RE=La, Ce, Pr, Nd and Sm) and related rare-earth compounds.
The Ce 3d spectra of CeRuSn, (x=2.85, 3.0 and 3.15) show the common features ob-
served in other cerium compounds. In the spectra, f° structures cannot be apparently
distinguished from other prominent structures f' and f2 peaks, and broad structures
are observed at the high binding energy side of the f' peak. For SmRuSn;, both Sm
3d and 4d spectra show strong Sm>* components and the Sm valency is estimated to

be 2.95+0.02.
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Introduction

§1.

Rare-earth compounds have been investi-
gated by various transport and spectroscopic
methods because of their unusual physical
properties.!® * Spectroscopic properties of
these materials have directly given the infor-
mation about the 4 f electronic states. In par-
ticular, the valency of rare earths has been
estimated in detail. The difference in valency
between the spectroscopic and transport in-
vestigations has been pointed out.!>*9

RERuSn; (RE=La, Ce, Pr, Nd and Sm)
samples are interesting materials;” CeRuSn;
is known as a heavy fermion system, and
SmRuSn; is thought to be a mixed valence sys-
tem. In this paper, we will report about the oc-
cupancy of 4f electrons in the heavy fermion
system and the other reference rare-earth com-
pounds by the core-level photoemission spec-
troscopy. The X-ray photoelectron spectrum
(XPS) of a core level of a rare earth has several
peaks at the different energy positions due to
the different final states of photoexcitation.
The intensities of these peaks can provide the
information about the number of 4 f electrons
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and the hybridization between the 4 f electrons
and the conduction electrons in a rare-earth
compound. The study by the core-level photo-
emission spectroscopy is more useful for es-
timating the valency of a rare earth than that
by the valence band photoemission spec-
troscopy.

In this experiment, the Sm valency of
SmRuSn; was investigated to decide directly
whether this compound is a mixed valence sys-
tem. For a metallic samarium compound,
however, the 4 f electronic state in the surface
layer has been considered to be largely differ-
ent from that in the bulk.®!V It is necessary to
consider the contribution of the surface state
to the core-level spectrum. We measured the
Sm 3d and 4d XPS spectra of SmRuSn; and
some materials with trivalent samarium ions;
the Sm 4d XPS spectrum is more sensitive to
the 4 f electronic state in the bulk than the Sm
3d XPS spectrum. The intensities of Sm?*"
components in- the core-level spectra of
SmRuSn; were compared with those of triva-
lent samarium compounds.
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§2. Experimental

The polycrystalline RERuSn;, CeRuSn,,
Sngh4Sn13, SmSn3, SmAlz, SmGaz and
SmPd; samples were prepared by arc-melting
appropriate amounts of pure elements. The
powder of SmBs and the chunk of SmSb were
melted in crucibles. Sm,CuQ, sample was ob-
tained by sintering the mixture of Sm,0; and
CuO powders. The XPS spectra were meas-
ured using Al Ko (hv=1486.6 eV) and Mg K«
radiations (Av=1253.6 eV). The kinetic ener-
gies of photoelectrons ejected at 45° with
respect to the sample surface were analyzed.
The overall instrumental resolution was ~ 1.1
eV. The pressure was ~3 X 107" Torr during
the measurement. The clean surfaces of the
samples were prepared by scraping with a dia-
mond file. The cleanness of the surface was
checked by the signal from the O 1s level. No
O 1s signal could be detected except for
Sm,CuO,. The XPS spectra of CeRuSn, were
measured at 100 K and those of the other sam-
ples were done at room temperature.

§3. Results and Discussion

3.1 Rare-earth 3d spectra of RERuSn;
Figure 1 shows the rare-earth 3d XPS spec-
tra of RERuSn; aligned with the nominal 4 f
counts. All these spectra exhibit features simi-
lar to those in the rare-earth compounds with
non-integral number of 4f electrons.? In
general, the Ce 3d spectrum shows the three
structures f9, f! and f? peaks corresponding
to the final state configurations 3d°4f°,
3d°4f "' and 3d°4f?, respectively; the f° peak is
too weak to detect apparently.>>® In this
study, the f° peak is also indistinguishable
from other structures as can be seen in Fig. 1:
the f° peak should appear at the high binding
energy side of the /! peak in the Ce 3ds/, peak.
According to the analyses of Gunnarsson and
Schénhammer® and Fuggle ef al.,? the weight
of the f° peak is related to the number of 4f
electrons in the ground state. For CeRuSn;,
the weak f° structure indicates that the num-
ber of 4 f electrons is nearly equal to one in the
ground state. On the other hand, the f"*!
shoulder structure is sensitive to the strength
of the hybridization between the 4f electrons
and the conduction electrons. To obtain the in-
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Fig. 1. XPS spectra of the RE 3d core levels of
RERuSn; (RE=La, Ce, Pr, Nd and Sm). The zero of
the binding energy is taken at the RE 3ds,, peak posi-
tions. The intensities are normalized to the heights of
the RE 3ds,, peaks. The structures excited by Al Ka; 4
satellite were removed from the raw spectra using
the intensity ratio of Koy, to Ko, , radiations. The
dashed lines and the solid lines at the relative binding
energies —4~ —10eV indicate the inelastic back-
grounds and the calculated tails of the f” peaks, re-
spectively.

formation about the hybridization, we esti-
mated the area ratios of the ! shoulders to
the f” peaks from these rare-earth 3d spectra
by assuming that the f” peaks are fitted by a
convolution of a Lorentzian and a Gaussian.
The ratios are dependent on the element of
rare earth in RERuSn;. The ratios decrease in
proportion to the nominal 4f counts; 0.12,
0.08, 0.06 and 0.06 with an experimental ac-
curacy of 0.02 for RE=La, Ce, Pr and Nd, re-
spectively. Except for LaRuSn;, these ratios
are almost equal to each other. In the ground
state, the 4 f count is zero in a La-compound.
Accordingly, the final state configurations can
be considered to be two states 3d°4/° and
3d°4f!. It is considered that the contribution
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of the ligand site to the f! peak is large com-
pared with that for the other rare-earth com-
pounds, CeRuSn;, PrRuSn; and NdRuSn;.

For SmRuSn;, the structure corresponding
to the final state 3d°4f""! (n=35) appears
strongly. Many samarium compounds have
been investigated spectroscopically.*** Y Con-
sidering these results, this peak is attributed to
the presence of the divalent state in the ground
state. In the latter section, the divalent state
will be discussed in detail.

3.2 Dependence of the Ce 3d spectra of
CeRuSn, on Sn content

The transport and magnetic properties of
CeRuSn, have showed the dependence on Sn
content x.” In the temperature dependence of
the resistivity and the magnetic susceptibility,
the abrupt change took place in the narrow
range of composition deviated from the
stoichiometric ratio (x=3.0). The changes of
the properties with x may be dependent on the
density of states at the Fermi level. It is in-
teresting to investigate spectroscopically the
transient behaviors of CeRuSn,.

The Ce 3d XPS spectra of CeRuSn, are
shown in Fig. 2. All spectra show features simi-
lar to those of CeRuSn;. The change of the
spectral shape with Sn content x was not de-
tected. In this region of the Sn content, the
electronic states in CeRuSn, can be considered
to be almost the same in the view of the core-
level photoemission spectroscopy.

3.3 Broad structures appeared in the high
binding energy region of the 3ds;, peaks

As can be seen in Fig. 1, the broad struc-
tures appear in the high binding energy region
of the RE 3d;,, peaks. These structures are
complicated owing to the existence of many
decay processes filling the core hole during
photoexcitation. In various interpretations,
the plasmon satellite has been considered to be
reliable. Recently, the detailed experimental
results about these structures were reported
for CeSb and LaSb,'? and the theoretical anal-
ysis was carried out on the basis of their data
by Takeshige et al.'® They have stated that the
p-d screening process contributes to the broad
structures. In this study, similar structures
were observed in the 3d XPS spectra of the

Core-Level XPS of RERuSn; and Related Compounds

INTENSITY ———

813
Ce 3dXPS
hv=1486.6eV
CERUSD3,15 %,
AT v, rd
PN g Vo
7 .‘".-,
. "!-' i SOy i, —]
CeRuSn3 00 i 2__. .
d ~, 7 .
i e 5
\
~
~ \',f
— : '.‘ P raintsorrng
CeRuSn,.e5 SN, E
. e ﬂw '\_._.‘.V_‘J .‘-..
L L"&‘zrg..-,,g.,.;_
920 900 880

BINDING ENERGY(eV)

Fig. 2. Ce 3d XPS spectra of CeRuSn, (x=2.85, 3.0

and 3.15).
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Fig. 3. Ce 3d, Ru 3d and Sn 3d XPS spectra of

CeRuSn; and the Sn 3d XPS spectrum of Sn metal.
The Ce 3d XPS spectrum was measured at Al K« exci-
tation, and the Sn 3d and Ru 3d XPS spectra at Mg
Ka excitation. The zero of the binding energy is
taken at the 3d;,, peak positions.



J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by Uppsala Universitetshibliotek on 05/25/18

814 Hiroyoshi IsHn et al.

constituents Ce, Ru and Sn as shown in Fig. 3.
It seems that the broad structure does not arise
from a single decay channel. In this stage, the
origin of the broad structures was not
confirmed experimentally.

3.4 Sm 3d and 4d spectra and the Sm valency
in samarium compounds
3.4.1 Separation of Sm** components from
Sm 3d and 4d spectra

As can be seen in Fig. 1, the Sm?* peak due
to the final state 3d°4f° was observed at the
low binding energy side of the Sm** peak due
to the final state 3d°4f° for SmRuSns.
Whether the presence of the divalent peak is
due to initial or final state effects for samarium
and its compounds has been continued to dis-
cuss.!®!%19 Wertheim and Crecelius® have
concluded that the presence of the Sm** peak
is due to the initial state effect in the intrinsic
surface state for Sm metal.

We measured also the Sm 3d and 4d XPS
spectra of various samarium compounds; Sm
metal, SmAL, SmGa,,” SmSb, SmPd; and
Sm,CuQO,, which are recognized as trivalent
samarium compounds. The following materi-
als were also investigated: Sm;Rh,Sn;; with
the same crystal structure as SmRuSn;, SmB¢
known as a mixed valence material, and
SmSn; known as a Kondo alloy.

The XPS spectra of the Sm 3d core level are
shown in Fig. 4. The general features of these
spectra have the same trend as published in
literature:"*#1V it can be seen that the binding
energies of the Sm 3d levels consisting of the
Sm** and Sm?* peaks are separated by about
10eV from each other. For SmPd; and
Sm,CuQy,, the prominent peaks which should
appear at the low binding energy side of the
Sm3* peaks disappear and the Sm 3ds/, peaks
show the asymmetric tailing at the low binding
energy side.

As can be seen in Fig. 4, the Sm>* peaks ap-
pear on the tails of the Sm3* peaks. To esti-
mate the contribution of the Sm?* peak to the
Sm 3d spectrum, the Sm** peak was separated
from the tailing part of the Sm3* peak. As
shown in Fig. 5, the inelastic scattered back-
ground indicated by the dashed line was sub-
tracted from the Sm 34 spectrum. Next, it was
assumed that the Sm?* peak consists of two
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Fig. 4. Sm 3d XPS spectra of various samarium com-
pounds. The Sm 3ds;, XPS spectra show the Sm**
peaks due to the final state 3d°4f° at the binding
energy of ~1082 eV and Sm>* peaks due to the final
state 3d°4f°® at ~1073eV. For SmRuSn,,
Sm;Rh,Sn;; and SmSn;, the Sn Auger structures ap-
pear at the binding energies of ~1130 eV and ~ 1060
eV.

components. The Sm** peak was fitted by the
convolution of two Lorentzians with the life
time of 2.2 eV and a Gaussian with the width
of 1.1eV. The calculated tailing background
of the Sm®" peak was shown by the solid line
in the figure. The similar procedures were per-
formed for the other Sm 3d XPS spectra.
The Sm 4d XPS spectrum is more sensitive
to the 4 f electronic state in the bulk than the
Sm 3d XPS spectrum because of the difference
in mean free path of photoelectrons. The Sm
4d XPS spectra of various compounds are
shown in Fig. 6. For SmRuSn;, Sms;Rh,Sn;3
and SmSn;, the Sn 4s level appeared at the
binding energy of about 137 ¢V. The Sm 4d
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procedures were performed. As indicated by
the dashed line in the spectrum of SmRuSn; in
Fig. 6, the inelastic scattered background was
subtracted from the Sm 4d spectrum. The simi-
lar procedures were performed for the other
Sm 4d XPS spectra. The Sm 4d spectrum of
trivalent samarium ions exhibits the compli-
cated multiplet structure due to 4d°4f> con-
figuration. For a divalent samarium com-
pound,*'*'? the Sm 4d spectrum does not
show a complicated multiplet structure com-
pared with the Sm 4d spectra of trivalent com-
pounds. For a mixed valence compound
SmBs, the Sm 4ds;, component of divalent
samarium ions can be separately observed at
the binding energy of about 123 eV. From the

Fig. 6. Sm 4d XPS spectra of various samarium com-
pounds and the Sn 4s spectrum of LaRuSn;. The Sm
4d spectra of SmRuSn;, Sm;Rh,Sn,; and SmSn; were
obtained by subtracting the Sn 4s lines from their
respective observed spectra. The complicated struc-
tures at the binding energies ranging from ~ 125eV
to ~ 145 eV are due to the final state 4d°4f° (Sm>*)
and the peaks at ~123 eV are due to the final state
4d°4f°¢(Sm**). The dashed line indicates the inelastic
background for the Sm 4d spectrum of SmRuSn;.
The structure ( pl.) at the binding energy of ~118 eV
in the spectrum of SmGa, is due to the plasmon loss
peak accompanying with Ga 3p excitation.

experimental results mentioned above, the in-
tensities of the Sm?* peaks were obtained by
taking account of the statistical weight of 2:3
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for the 4ds;, and 4ds;; components. The

weights of the Sm?* components in the Sm 4d

spectra were able to be obtained within an ex-

perimental error of 0.02 for all the com-

pounds.

3.4.2 Contribution of the valency of the sur-
Jface layer to the core-level spectrum

The weights of the Sm?* peaks in the Sm 4d
and Sm 3d peaks obtained by the procedures
described in §3.4.1 are summarized in Fig. 7
for various samarium compounds. For the
trivalent samarium compounds, the intensity
ratios of the Sm?* peaks in the Sm 4d peaks to
those in the Sm 3d peaks are smaller than the
intensity ratios for SmBs and SmRuSn;.

To estimate the contribution of the signal
from the surface layer to the core-level spec-
trum quantitatively, the following analysis
was given. The fractions of the Sm>* compo-
nent in the surface layer of thickness of @ and
that in the bulk are supposed to be «; and oy,
respectively. The weight of the Sm>* compo-
nent in the core-level peak (7*") is given by®

I**=a; {l—exp [—a/(4 cos 0)]}
+ap exp [—a/ (A cos 6)], )

where 6 is the takeoff angle of photoelectrons
ejected from a sample and A is the mean free
path of the photoelectron for inelastic scatter-
ing. For a trivalent samarium compound, the
Sm>" signals are considered to be almost from
the surface layer; os=0 and a;, =0. The contri-
bution of the Sm>* signals from the surface
layer to the Sm 3d and 4d spectra of a trivalent
samarium compound was considered on the
basis of the following equation,

R={1—exp [—a/(Asacos 0)]}
/{1—exp [—a/(Asa cos 0)]}. 2

Here R means the intensity ratio of the Sm?*
component in the Sm 4d peak to that in Sm 3d
peak, and A4; and A3, represent the mean free
paths for Sm 4d and 3d photoelectrons, respec-
tively. The values of R were numerically esti-
mated on the assumption that the thickness of
the surface layer is taken as one atomic layer
of =3 A, and that the mean free paths for
the photoelectrons are given as 1,,=13~18 A
and A;,=5~10 A."” The takeoff angle of 6 is
taken at 45°. The upper and lower limits of
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Fig. 7. Relation between the weights of the Sm**
peaks in the Sm 4d peaks and those in the Sm 3d
peaks for various samarium compounds. The weights
for the Sm 4d XPS spectra are plotted on ordinate
and those for the Sm 3d XPS spectra on abscissa.
The experimental errors of the weights are within
0.02. The experimental errors for SmRuSn; are typi-
cally indicated by the vertical and horizontal bars.
When the Sm valency in the surface layer is the same
as that in the bulk, the intensity ratio of Sm?* peak in
the Sm 4d peak to that in the Sm 3d peak is plotted
on the dash-dotted line.

the ratios calculated in this way are indicated
by two dashed lines in Fig. 7. For a trivalent
samarium compound, it can be considered
that the measured intensity ratio is to be lo-
cated in the shaded area between these two
dashed lines.

3.4.3 Sm valency of SmRuSn; and its related

compounds -

For Sm metal, SmAl,, SmGa, and SmSb,
the intensity ratios of the Sm>" peaks in the
Sm 4d peaks to those in the Sm 3d peaks are
plotted in the shaded area in Fig. 7. This indi-
cates that these observed Sm?* signals are
from divalent samarium ions in the surface lay-
ers. These results are consistent with those for
Sm metal by Wertheim and Crecelius® and
SmALl, by Raaen and Parks.'®

For Sm;Rh4Sni3, we cannot decide within
the experimental error whether Sm ions are
trivalent in the bulk. The magnetic susceptibil-
ity of the sample deviates largely from the
theoretical susceptibility of Van Vleck-Frank
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Sm?* at temperatures below 100 K.

For a Kondo alloy SmSn;, the presence of
divalent samarium ions in the bulk may be
possible.

For SmRuSn;, it is concluded that the Sm?*
peaks observed in both the Sm 3d and Sm 4d
XPS spectra are attributed to the presence of
divalent samarium ions in both the surface
layer and bulk; SmRuSn; is classified under
the category of a mixed valence system. To see
the dependence of the weight of the Sm?*
peak in the core level on the mean free path of
photoelectrons furthermore, the Sm 3d XPS
spectrum was measured using Mg K« radia-
tion. At this excitation, the kinetic energy of
the photoelectrons excited from the Sm 3d
level is about 175 eV and the mean free path is
about 4 A."” The weight of the Sm?* peak in
the Sm 3d peak was estimated to be about
0.18. The Sm valency in SmRuSn; is estimated
to be 2.95+0.02 in the bulk and to be
2.75+0.05 in the surface layer by use of eq.

.
§4. Conclusions

We measured the core-level XPS spectra of
RERuSn; (RE=La, Ce, Pr, Nd and Sm) and
their related compounds. The two conclusions
from these measurements are as follows.

(1) The Ce 3d XPS spectra of CeRuSn,
(x=2.85, 3.0 and 3.15) show the absence of f°
structure and the weak intensity of f2? peak.
These features are similar to those of other
heavy fermion compounds. The change of the
spectral shape with Sn content x could not be
observed within the experimental accuracy.

(2) The core-level XPS spectra of
SmRuSn; show the two-peaked structure con-
sisting of Sm** and Sm?** peaks. The contribu-
tion of the signals from divalent samarium in
the surface layer to the core-level spectra was
considered by the measurement of the Sm 3d
and 4d XPS spectra of trivalent samarium
compounds Sm metal, SmAl, SmGa,, SmSb,
SmPd; and Sm,CuO,. It was found that the in-

Core-Level XPS of RERuSn; and Related Compounds 817

tensity ratio of the Sm>" peak in the Sm 4d
peak to that in the Sm 3d peak for SmRuSn; is
larger than the ratios for these trivalent samari-
um compounds. This indicates that SmRuSn;
is a mixed valence system. The Sm valency in
SmRuSn; was estimated to be 2.95+0.02 in
the bulk and 2.75+0.05 in the surface layer.
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