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X-Ray-pure samples of the solid solutions (Ce;_,La,)RuSn were obtained up to x =0.5. Powder
diffraction data show the CeRuSn-type superstructure up to x ~ 0.3 and the CeCoAl-type subcell
for higher lanthanum contents. The structure of a single crystal with x=0.5 was refined on the ba-
sis of single-crystal X-ray diffractometer data: CeCoAl type, C2/m, a=1160.8(2), b=477.6(1),
¢=511.6(1) pm, f = 102.97(2)°, wR=0.0510, 444 F2 values, 20 variables. Magnetic investiga-
tions were performed for all samples up to a lanthanum content of x = 0.4. No cooperative phenom-
ena could be observed, and all samples show Curie-Weiss behavior above a certain temperature. The
cerium valence is about 3.32(2) for all samples of the solid solution. Hence, La** has to replace
Ce3tas well as Ce*T in a particular quantity. The electrical resistivity measurements confirm the
suppression of the magnetic ordering and the structural transition upon replacement of cerium by
lanthanum. ''°Sn Méssbauer spectra of samples with x=0.2 and 0.5 are indicative of single tin sites
with isomer shifts of § = 1.86(1)mms~! for x=0.2 and § = 1.88(1)mms ! for x=0.5. Both sig-
nals are subject to significant quadrupole splitting, a consequence of the low site symmetry. Results
of XANES measurements are perfectly in line with the cerium valences determined by susceptibility

measurements and yield a constant value of 3.16(1) for all investigated compounds.

Key words: Cerium, Stannide, Intermediate Valence

Introduction

The equiatomic intermetallic compounds CeT7TX
(T = electron-rich transition metal; X = element of the
3, 4% or 5™ main group) show a broad variety of dif-
ferent magnetic ground states depending on the crystal
structure and the valence electron count. Most CeTX
compounds show antiferromagnetic ordering at low
temperature but also a few ferromagnets have been
observed. Very detailed studies were performed for
the valence fluctuating compounds, e. g. CeRhGa [1],
CeNiln [2], CeRhlIn [3], CeRhSn [4], or CeRhSD [5].
These intermetallics have only one crystallographic
cerium site, leading to non-integer cerium valences
over the whole temperature range.

The  recently reported ternary  stannide
CeRuSn [6-13] shows more complicated valence

behavior. At room temperature CeRuSn crystallizes
with a superstructure of the monoclinic CeCoAl type
with an ordering of trivalent and intermediate-valent
cerium on distinct Wyckoff positions. The structure
becomes incommensurate at low temperature. These
structural changes have a strong influence on the
magnetic and transport properties [8 — 13].

Besides investigations of changes in the structural
and physical properties induced by temperature, we
also started systematic studies of property changes in
CeRuSn by substitution. Our first experiments con-
centrated on the solid solution Ce(Ru;_,Rh,)Sn [14].
Upon small degrees of Ru/Rh substitution, the struc-
ture readily switches to the hexagonal ZrNiAl type
of CeRhSn. Thus, ruthenium is inevitable for sta-
bilization of the monoclinic structure. Herein we
report on structural and property studies of the
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Compound a (pm) b (pm) ¢ (pm) B (deg) V (nm3)  Reference Table 1. Lattice parame-
CeRuSn 1156.1(4)  475.9(2) 1023.3(4)  102.89(3) 0.5488 (6] ters of different samples
CeRuSn 11553(1)  475.1(1)  10223(1)  10296(1) 05468  thiswork ©f the solid solution
(CegosLagos)RuSn  1156.4(1)  476.0(1)  1020.0(1)  103.01(1)  0.5470  thiswork  (Ce1—xLayRuSn.
(CepgLag, ) )RuSn 1156.5(1)  4762(1)  1019.9(1)  103.11(1)  0.5470 this work

(CepgsLapis)RuSn  1156.8(1)  476.4(1)  1019.5(1)  103.06(1) 05473  this work

(Cep sLag2)RuSn 11575(1)  476.6(1)  10193(1)  103.11(1)  0.5477 this work

(CepysLagas)RuSn  1158.0(1)  4767(1)  1019.1¢1)  103.05(1) 05480 this work

(Cep7Lag3)RuSn 11582(1)  476.8(1)  1019.5(1)  103.08(1)  0.5484 this work

(CepesLagss)RuSn  1158.6(1)  477.0(1)  5104(1)  103.05(2) 02748  this work

(Cep 6Lag.4)RuSn 1159.1(1)  4772(1)  5107(1)  103.02(1) 02752 this work

(Cep sLags)RuSn 11608(1)  477.6(1)  511.6(1)  103.01(1) 02763 this work

(CepsLags)RuSn®  1160.8(2)  477.6(1)  511.6(1)  102.97(1) 02764 this work

(CepasLagss)RuSn  1161.1(1)  477.3(1)  512.1(1)  102.92(1) 02766 this work

(Cep 4Lag¢)RuSn 16271y 4772(1)  513.1(1)  102.90(1) 02775  this work

(Cep 3Lag7)RuSn 1163.8(2)  476.9(1)  5154(1)  10291(1) 02788 this work

4 Single crystal data.

solid solution (Cej_yLa;)RuSn, where lanthanum par-
tially substitutes cerium in the CeRuSn-type struc-
ture.

Experimental
Synthesis

Starting materials for the syntheses of the
(Cej_,La,)RuSn samples were sublimed lanthanum
and cerium pieces (Sigma-Aldrich or smart elements,
> 99.9%), ruthenium powder (Allgemeine Pforzheim,
> 99.99%), and tin granules (Merck, > 99.95%). Small
pieces of lanthanum and cerium were first cut under dried
(sodium wire) paraffin oil, washed with dried (sodium wire)
n-hexane, and kept under argon in Schlenk tubes prior to
the reactions. In a first step, lanthanum and cerium pieces
were weighed in the desired atomic ratio (Table 1) and first
arc-melted [15] under an argon atmosphere of ca. 700 mbar.
The argon was purified over titanium sponge (900 K), silica
gel, and molecular sieves. The Ce;_,La, buttons were then
mixed with appropriate amounts of ruthenium (cold-pressed
as a pellet) and pieces of the tin granules. The elements were
then arc-melted three times to ensure homogeneity. The
resulting samples are stable in air over months. Small single
crystals of these samples have metallic luster while ground
polycrystalline powders are dark grey.

X-Ray diffraction

The polycrystalline (Ce;_,La,)RuSn samples were char-
acterized by Guinier patterns (imaging plate detector,
Fujifilm BAS-1800) with CuK,; radiation and «-quartz
(a=491.30 and ¢ = 540.45 pm) as an internal standard. The
monoclinic lattice parameters reported in Table 1 were ob-
tained from standard least-squares fits. For the x =0.5 sam-

ple we observed good agreement between the powder and
single-crystal data.

Small single crystals were selected from the crushed
(Cep s5Lag 5)RuSn sample. The crystals were glued to thin
quartz fibers and first investigated by Laue photographs in
a Buerger camera (white molybdenum radiation; imaging
plate technique, Fujifilm, BAS-1800). Intensity data of a suit-
able crystal were collected at room temperature using a Stoe
IPDS-II imaging plate diffractometer in oscillation mode
(graphite-monochromatized MoKy, radiation). A numerical
absorption correction was applied to the data set. Details
about the data collection and the crystallographic parameters
are summarized in Table 2.

Table 2. Crystal data and structure refinement for the com-
pound (Ceg 5Lagp s)RuSn.

Empirical formula (Cegp.sLags)RuSn
Formula weight, g mol~! 359.29

Unit cell dimensions, pm Table 1

Space group; Z C12/ml; 4
Pearson code mS12

Calculated density, gcm ™3 8.63

Crystal size, um? 10 x 20 x 20
Absorption correction numerical
Absorption coefficient, mm~! 29.7

F(000), e 606

6 range for data collection, deg 3.6-30

Range in hkl +16, +6, £7
Total no. of reflections 1415
Independent reflections / Rin 444 /0.0493
Reflections with I >3 6 (I) / Rs 275 / 0.0608
Data / parameters 444 /20
Goodness-of-fit on F2 1.04

R1 /wR2forl>20o(l) 0.0244 / 0.0442
R1 / wR2 for all data 0.0591 / 0.0510
Extinction coefficient 12(5)

Largest diff. peak / hole, e A—3 2.62 / —3.00
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Table 3. Atomic coordinates and anisotropic displacement parameters (pmz) for the compound (CegsLag s)RuSn. Uy =
Uz3 =0. Uegq is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom Wyckoff x y z Urp Ua Uiz Uz Ueq
position

Ce/La 4 0.13090(8) 0 032182(17) 155(3) 1133)  82(@)  4303) 114(3)

Ru 4i 0.18965(12) 0 0.8460(4) 135(7) 745 85(14)  121(8)  350(6)

Sn 4i 0.41425(9) 0 0.19261(19)  146(6)  74(4) 140(6)  45(4) 118(3)

Ce/La: 1  Ru 2614 Ruw 1  Ce/La 2614 Sm: 2 Ru 266.3 Table 4. Interatomic  dis-
1 Ru 267.1 2 Sn 266.3 1 Ru 280.5 tances (pm), for the com-
2 Ru 3403 1 Ce/La 267.1 1 Sn 310.0 pound  (CepsLags)RuSn
2 Sn 342.3 1 Sn 280.5 1 Sn 3323 calculated with the powder
1 Sn 349.7 2  Ru 302.6 2 Ce/la 3423 lattice parameters. Stan-
2 Sn 350.5 2 Ce/La 3403 1 Ce/La 3497 dard deviations are equal
2 Sn 356.8 1 Ce/La 362.6 2 Ce/La 3505 or smaller than 0.2pm.
1 Ru 362.6 2 Ce/La  356.8 All distances of the first
2 Ce/La  379.6 coordination spheres are
1 Ce/La 3879 listed.

1 Ce/La 3948

Structure refinement

Careful examination of the data set showed only the small
C-centered monoclinic subcell and no further systematic ex-
tinctions. As an example we present the 43/ layer (Fig. 1)
which was calculated from the data set integrated for the 2¢
superstructure. The diffraction data clearly show the break-
down of the superstructure. The atomic positions of Ce-
CoAl [16], space group C2/m, were then taken as starting
values, and the structure was refined using the JANA2006
package [17, 18] with anisotropic atomic displacement pa-

o o
- - - . . . .
-532 -332
o o o o o
- - . - .
530 -330
o o o
. - - - D .
o -] *

Fig. 1 (color online). The reciprocal layer 43/ calculated from
the diffractometer data set (integrated for the 2¢ superstruc-
ture cell). The unit cells of the subcell (red) and the super-
structure (green) are given. Blue circles denote positions of
(not detected) superstructure reflections.

rameters (ADPs) for all atoms. In a separate refinement of the
occupancy parameters no deviation from the ideal composi-
tion was observed. The 4i Ce/La site was refined with a fixed
Ce : La ratio of 50 : 50. A final difference Fourier synthesis
showed no significant residual peaks. The refined atomic po-
sitions, the ADPs, and the interatomic distances are given in
Tables 3 and 4.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http:/
www.fiz-karlsruhe.de/request_for_deposited_data.html) on
quoting the deposition number CSD-426673.

Magnetic susceptibility and electrical resistivity
measurements

The magnetic susceptibility measurements were carried
out on a Quantum Design Physical Property Measure-
ment System (PPMS) using the VSM (Vibrating Sample
Magnetometer) option. For the measurement approximately
20 mg pieces of single-phase samples were packed in kap-
ton foil and attached to the sample holder rod. Magnetic
investigations were performed in the temperature range of
2.5 to 305K with magnetic flux densities up to 80 kOe
(1kOe=7.96 x 10* Am™1).

The measurement of the electrical resistivity was carried
out above 4.2 K on a bar of 0.5 x 0.5 x 3 mm? using a stan-
dard dc four probe method with silver paint contacts and
an intensity current of 10 mA. Due to the presence of many
pores and micro cracks in the samples, the absolute value of
p(T) could not be determined accurately; for this reason, the
reduced resistivity p(7)/p (270 K) is reported here.


mailto:crysdata@fiz-karlsruhe.de,
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19§y Méssbauer spectroscopy

A Cal!"mS§n0O; source was available for the ''°Sn in-
vestigations, and a palladium foil of 0.05 mm thickness
was used to reduce the tin K X-rays concurrently emitted
by this source. The measurements of the (Ceg sLag 5)RuSn
and (Cep gLag.2)RuSn samples were performed in the usual
transmission geometry at room temperature. The samples
were placed within a thin-walled PMMA container at a thick-
ness corresponding to about 10 mg Sn cm 2. Spectra were
fitted with the NORMOS-90 program system [19].

XANES — X-ray absorption near edge structure

X-Ray absorption spectra at the CeLy edge were col-
lected at BM0O1-B (Swiss Norwegian Beamlines, SNBL)
at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. The electron energy in the storage ring
was 6 GeV with a maximum current of 200 mA. The mea-
surements were performed in transmission mode using a Si
(111) double crystal monochromator. The second crystal of
the monochromator was detuned by 60% in order to sup-
press higher harmonic radiation. The intensities of the inci-
dent and transmitted X-rays were monitored with nitrogen-
and helium-filled ionization chambers. All spectra were ac-
quired in a continuous scanning mode from 5680 to 5874 eV,
with energy steps of 0.3 eV for 15 min each scan.

The samples, after being grounded in an agate mortar us-
ing cyclohexane to avoid oxidation, were homogeneously
mixed with cellulose powder (Sigma-Aldrich) in order to op-
timize the edge jump and pressed into pellets. Measurements
were performed at ambient conditions. Data were recorded
with Ce;(CO3)3 or CeO; as trivalent and tetravalent cerium
reference compounds, respectively. The ATHENA software
was used for processing and fitting of the data.

Results and Discussion
Crystal chemistry and course of the solid solutions

The ternary stannide CeRuSn crystallizes with its
own peculiar crystal structure, space group C2/m [6].
At room temperature the structure can be considered
as a superstructure of the monoclinic CeCoAl type, re-
sulting from an isomorphic symmetry reduction of in-
dex 2, paralleled by a doubling of the c lattice parame-
ter. For a detailed crystal-chemical discussion we refer
to our previous studies [6 — 9]. Herein we focus only on
the differences in the cerium coordination in the super-
structure and the solid solution (Ce;_,La,)RuSn. The
corresponding near-neighbor co-ordinations are pre-
sented in Fig. 2.

Cel (m)
CeRuSn type

Ce2 (m)
CeRuSn type

Ceq.sLag 5RuSn (m)
CeCoAl type (subcell)

Fig.2. Coordination of the cerium atoms in the CeRuSn
structure  (top) and the CeCoAl-type subcell for
(CepsLag 5)RuSn (bottom). Cerium, ruthenium and tin
atoms are drawn as medium grey, black filled and open cir-
cles, respectively. The mixed-occupied Ce/La site is shaded.
Relevant interatomic distances (pm) and site symmetries (in
parentheses) are given.

The ordering of trivalent and intermediate-valent
(almost tetravalent) cerium in CeRuSn causes se-
vere differences in the interatomic distances. The Ce2
atoms are trivalent with Ce2—Ru distances of 288 and
291 pm, in close agreement with the sum of the co-
valent radii of 289 pm [20]. This is different for the
Cel atoms. The smaller effective size of almost tetrava-
lent Cel leads to drastically shortened Cel-Ru dis-
tances of 233 and 246 pm, also observed in many in-
termetallics based on Ce and Ru [21, 22]. These are
a consequence of strong covalent Cel-Ru bonding [7],
the strongest bonding interactions in the CeRuSn struc-
ture. Also the Ce—Ce distances are affected by the dif-
fering Ce—Ru bonding: Ce1-Cel = 364 and 400 pm vs.
Ce2—Ce2 =394 and 376 pm (Fig. 2).

The important question for the solid solutions
(Cej_xLa,)RuSn concerns the cerium site occupan-
cies. Since cerium and lanthanum differ only by one
electron, even high-quality single-crystal X-ray data
will not help to answer this question undoubtedly. Thus
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Fig. 3. Course of the unit cell volume in the solid solution
(Ce;_,La,)RuSn. The solid lines serve as a guide to the eye.

our discussion relies on the course of the lattice param-
eters and single-crystal data of the (CegsLags)RuSn
compound with a fixed ratio of Ce : La. Substitution
of cerium by lanthanum leads to a small increase of
the cell volume up to x ~ 0.3 (Fig. 3). This is under-
standable in view of the slightly larger size of the lan-
thanum atoms. Careful inspection of the Guinier pow-
der patterns for the samples up to x ~ 0.3 still showed
weak superstructure reflections. Samples from x = 0.3
up to x=0.7 show only the subcell, and the increase
of the cell volume is much more pronounced (Fig. 3
and Table 1). One might speculate that the La atoms
preferably substitute on the trivalent Ce2 site and from
x ~ 0.3 La also substitutes the Cel sites which leads to
longer La™-Ru distances (as compared to Ce™~V—Ru).
Taking the magnetization measurements into account,

0.12

1000
0.09

=
= E
<] 2
E S
S 0.06 E
E =
A 500
= ks

0.03

0.00 0
0 50 100 150 200 250 300

T(K

Fig. 4. Temperature dependence of the magnetic susceptibil-
ity (x and x’l data) for the compound (Ceg gLag ;) RuSn.

no preferred substitution can be predicted which will
be discussed later. The subcell structure is only stable
up to x ~ (0.7. Higher lanthanum content leads to other
phases. Our phase-analytical studies gave no hint for
a pure equiatomic sample with composition LaRuSn.
Although the single-crystal data do not allow for
Ce/La distinction, we can examine the influence on
the average Ce/La—Ru distances. As is evident from
Fig. 2, we observe Ce/La-Ru distances of 261 and
267 pm, more or less in between the data for Cel and
Ce2 in the superstructure (Table 4). The same holds
true for the Ce—Ce distances. A strong hint for still
existing short Ce—Ru distances (at least in small do-
mains) is the strongly enhanced Uszz parameter for the
Ru atoms. This is exactly the direction in which the
ruthenium atoms show the highest shifts in the atomic
parameters upon formation of the superstructure.

Magnetic susceptibility data

Magnetic investigations were performed for all sam-
ples up to a lanthanum content of x=0.4. Figs. 4
and 5 display the temperature dependence of the mag-
netic susceptibility and its reciprocal (y and y ' data)
of (Cep.9Lap.1)RuSn and (Ceg gLag.4)RuSn compounds
measured with a magnetic field of 10kOe. To com-
pare the magnetic behavior the reciprocal susceptibil-
ity of all samples is shown in Fig. 6. No cooperative
phenomena could be observed for any compound. Sus-
ceptibility measurements of (CeggsLag os)RuSn (not
shown here) have proven that five percent of lan-
thanum is already enough to suppress the hysteresis
that occurs for pure CeRuSn [6]. (CegoLag )RuSn

0.015

2000

0.010[2

¥ (emu/mol)
%=1 (molfemu)

g

0.005

-
0 50 100 150 200 250 300
T(K)

Fig. 5. Temperature dependence of the magnetic susceptibil-
ity (x and x’l data) for the compound (Ce( gLag 4)RuSn.
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Table 5. Data of the magnetic measurements of different compounds of the solid solution (Ce;_,La,)RuSn. C: Curie constant;
0: paramagnetic Curie temperature; Uexp: €xperimental magnetic moment.

Compound C(emuKperf.u) C(emuK perCeatom) O (K) Uexp per Ce atom  Reference
CeRuSn 0.38(2) 0.38 - 1.74 [6]

(Cep.95Lag gs)RuSn 0.379(1) 0.399 -30 1.78 this work
(Cep.9Lag | )RuSn 0.340(1) 0.378 -5 1.74 this work
(Cep.gsLag.15)RuSn 0.331(1) 0.389 —115 1.77 this work
(Cep.gLag)RuSn 0.305(1) 0.381 —139 1.75 this work
(Ceg.75Lag »5)RuSn 0.273(1) 0.364 —44 1.71 this work
(Cep.7Lag 3)RuSn 0.260(1) 0.371 —196 1.72 this work
(Ceg.65Lag 35)RuSn 0.254(1) 0.391 —110 1.77 this work
(Cep¢Lag4)RuSn 0.219(1) 0.362 —134 1.71 this work

shows Curie-Weiss behavior over the whole temper-
ature range (Fig.4). However, the reciprocal mag-
netic susceptibility of (Ceg gLag4)RuSn exhibits a lin-
ear temperature dependence only above 100 K (Fig. 5).
Deviations from the Curie-Weiss law can be observed
for all compounds with a higher lanthanum content
than x=0.1 (Fig. 6) and are, most likely, related to
crystal field effects (CEF). In a hexagonal symmetry,
for example, the Ce *Fj /2 state is split into three dou-
blets [23 —25]. No relationship between the lanthanum
content and the magnetic field splitting could be ob-
served. Due to this fact no fitting of the different mag-
netic states has been performed.

Table 5 presents the fitting results for all investigated
compounds with the Curie-Weiss law. These results, as
well as Fig. 6, clearly indicate an increase of the re-
ciprocal magnetic susceptibility with higher lanthanum
contents. Calculations of the Curie constants as a func-
tion of the cerium content prove intermediate valence

2000 | x=04
—- x=035
E)

= 1500 x=02
2 -

E x=0.15
=71000 x=01
=

500

o 1 1
0 50 100

150 200
T(K)
Fig.6 (color online). Temperature dependence of the

reciprocal magnetic susceptibilities (') for various
(Ce;_,La,)RuSn compounds.

250 300 350

behavior, however, without pronounced changes. Be-
cause of the two different cerium sites in the CeRuSn-
type structure, it is not easy to calculate the magnetic
moment or the accurate cerium valences.

(CeggLap.4)RuSn crystallizes in the CeCoAl-type
structure and exhibits only one cerium site. Ac-
cordingly, the cerium valence can definitely be cal-
culated by comparison of the determined effective
magnetic moment with the theoretical one. Fitting
the susceptibility measurement of (Ceg¢Lag4)RuSn
with a Curie-Weiss law yields a Curie constant
of C,=0.36emu x K/mol and an effective mag-
netic moment pegr = 1.71 pg mol ™! (Uegr = (8Cm)1/2).
In comparison with the theoretical effective mag-
netic moment of 2.54 ug mol~! for a free Ce*>* ion
a cerium valence of about 3.33(2) can be assumed for
(Ceo_ﬁLaOA)RuSn.

The results of the magnetic measurements suggest
that no cerium site is substituted preferably by lan-
thanum atoms because of the overall constant cerium
valence. If the trivalent Ce2 site would be substituted
at first, a higher amount of Ce*t should be observed.
The continuous substitution of lanthanum on the Cel
site causes weaker Cel-Ru interactions, which lead to
the breakdown of the CeRuSn superstructure.

Electrical resistivity

The temperature dependence of the reduced electri-
cal resistivity p(T)/p (270 K) of the (Ce;_,La,)RuSn
compounds with x=0.25 and 0.40 reveals several
characteristics (Fig. 7): (i) between 270 and 25K,
p(T)/p(270K) decreases but reveals a downward
curvature; such behavior is expected for Kondo-
type interactions in the presence of crystal field ef-
fects as observed for many compounds based on
cerium [26]; (ii) below 25 K, p(T')/p (270 K) increases
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Fig. 7 (color online). Temperature dependence of the reduced
electrical resistivity for various (Ce;_,La,)RuSn compounds
with x =0.25 and 0.40.

slowly for (Ceg75Lag25)RuSn but tends to saturate
for (Ceg.gLag.4)RuSn. The latter behaviors suggest that
the Kondo effect is more influential for the compound
(Cep.75sLag 25)RuSn containing more cerium.

It is interesting to note that the value of
p(T) = p(270K) determined at 4.2 K is smaller for
(Cep gLag4)RuSn than for (Ceg 75Lag 25)RuSn indicat-
ing an increase of the metallic behavior in the solid so-
lution following an increase of the lanthanum content.
Finally, these curves reveal no anomaly as observed
for CeRuSn [8] confirming the absence of magnetic
ordering and of structural transition when lanthanum
replaces cerium in CeRuSn. This agrees with the mag-
netization measurements.

19§n Méssbauer spectroscopy

Fig. 8 shows the room-temperature ''°Sn Moss-
bauer spectra of (Ce;_,La,)RuSn samples with x =
0.2 and 0.5. Both spectra could be well reproduced
with single tin sites with isomer shifts of 6 =
1.86(1)mms~! for x = 0.2 and § = 1.88(1)mms~!
for x = 0.5. Both signals are subject to significant
quadrupole splitting of AEq = 1.41(1)mms~! for x =
0.2 and AEq = 1.37(1)mms~! for x = 0.5. The exper-
imental line width parameters are I’ = 0.93(1) mms~!

relative transmission (%)

velocity (mm 5'1)

Fig.8 (color online). Experimental and simulated
1198y Mossbauer spectra of (CegsLags)RuSn and
(Cep.gLag2)RuSn at room temperature.

for x=0.2 and " = 0.99(1) mms~! for x=0.5. Thus,
also the '°Sn spectra point to the subcell structure.
In contrast, the spectra of pure CeRuSn [11] show
a superposition of two sub-spectra of the two crystal-
lographically independent tin sites. The experimental
line widths of the x=0.2 and 0.5 samples are only
slightly enhanced. This might be a consequence of do-
mains with slightly differing compositions, since we
deal with samples from solid solution with statistical
Ce/La occupancy.

XANES — X-ray absorption near edge structure

As already proven for the solid solution
Ce(Rh;_sRu,)Sn, X-ray absorption spectroscopy
(XAS) at the CeLyy edge is to be considered a pow-
erful tool for studying the valence state in cerium
compounds [14]. XANES gives a relevant represen-
tation of the electronic configuration yielding the
4f occupation number. In the ground state of the
mixed-valence compounds, the energies of Ce 4f°
and 4! configurations are located close to each other
and mixed by the hybridization between the 4f and
conduction band states. In the final state of the CeLy
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» Cepglag 1RuSn
« Cep y5Lag 25RuSn
» Cepglag4RuSn

Cep(CO3)3

MNormalized absorption
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Energy (eV)

5750 5760

Fig.9 (color online). Normalized Ly; XANES spectra of
(Cej—,xLa,)RuSn (x=0.1, 0.25 and 0.4) plotted together
with Ce,(CO3)3 and CeO, as reference compounds.

XAS spectrum, the energies of the two configurations
are assumed to be separated by a strong core-hole
potential (~ 10eV) on the 4f state. The spectrum
exhibits a characteristic double-peak profile that is
considered as an evidence of the mixed valence state.
Assuming that the Lyj; absorption is a single-particle
process and neglecting final state effects, the intensity
ratio of the two peaks can be used for an estimation of
the averaged valence number.

The normalized Ce Lpr-edge XANES spectra for
the (Cej_,La,)RuSn solid solutions are presented
in Fig. 9. The spectra of the references CeO, and
Cey(COs3)3 have been plotted for comparison. The
XANES spectra were similar for all samples, exhibit-
ing the characteristic double-bump feature for mixed
valency. The main ‘white line’ at the energy of 5724 eV
can be attributed to the final state configuration of
Ce’*, and the shoulder observed at the energy of
10-10.1 eV above the main white line can be ascribed
to the Ce** electronic configuration.

Table 6. Energy difference (AE) between the Ce3t and
Ce*t peak and the estimated average cerium valence for
(Cej—xLa,)RuSn (x=0.1, 0.25 and 0.4) determined by fit-
ting of the XANES spectra.

Compound AE Average Ce
V) valence
(CeggLag.1)RuSn 10.0 3.15(2)
(Ceo_75La0,25)RuSn 10.1 316(2)
(Ceg.6Lag.4)RuSn 10.1 3.16(2)

The XANES spectra were fitted by a least-squares
procedure using a simplified model that contains two
arctangent functions to describe the transitions into the
continuum states and two Lorentzian functions to take
into account the 4f states. Because there is a high
overlap of these functions, the fittings were performed
by carefully varying the parameters that define the
Lorentzians and arctangent functions.

The values of the average valence are listed in Ta-
ble 6. Within the standard deviation the cerium valence
is constant for all investigated compounds, which is
perfectly in line with the results of the susceptibility
measurements (vide supra). Consequently, no influ-
ence of the lanthanum content on the cerium valence
can be observed. Considering that the cerium valence
in CeO; determined by XANES is only about 3.5 [27],
the absolute value of 3.16(2) agrees very well with the
value of 3.33(2) obtained by susceptibility measure-
ments for (Ceg ¢Lag 4)RuSn. Since both methods prove
a constant cerium valence, a value of 3.32(2) results
for all compounds by magnetic susceptibility measure-
ments.
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