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a b s t r a c t

Two series of intermetallic alloys, RT2Si and RTSi2, have been synthesized from stoichiometric

compositions. The crystal structures of EuPt1 + xSi2�x (CeNiSi2-type), CeIr2Si (new structure type),

YbPd2Si and YbPt2Si (both YPd2Si-type) have been elucidated from X-ray single crystal CCD data, which

were confirmed by XPD experiments. The crystal structures of LaRh2Si and LaIr2Si (CeIr2Si-type),

{La,Ce,Pr,Nd}AgSi2 (all TbFeSi2-type), and EuPt2Si (inverse CeNiSi2-type) were characterized by XPD

data. RT2Si/RTSi2 compounds were neither detected in as-cast alloys Sc25Pt50Si25, Eu25Os25Si50 and

Eu25Rh25Si50 nor after annealing at 900 1C. Instead, X-ray single crystal data prompted Eu2Os3Si5

(Sc2Fe3Si5-type) and EuRh2 + xSi2�x (x¼0.04, ThCr2Si2-type) as well as a new structure type for Sc2Pt3Si2

(own type).

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The discovery of heavy fermion superconductivity in com-
pounds with non-centrosymmetric crystal structures particularly
in CePt3Si [1], CeRhSi3 [2] and CeIrSi3 [3] has spurred increased
interest also for the alloy series with stoichiometries RT2Si and
RTSi2. A variety of interesting properties arise from the competi-
tion between the RKKY and Kondo interactions of the localized 4f

electrons with conducting electrons at the Fermi-level. Hitherto
known examples are as follows: CePd2Si [4], CePt2Si [5], a heavy
fermion ground state in CeRh2Si [6], a Kondo-lattice exhibiting
magnetic order below 2.1 K in YbPd2Si [7], heavy-fermion
behavior for CePtSi2 [8], valence fluctuations in CeRhSi2 and
CeIrSi2 [9], heavy-fermion ferromagnetism in CeRuSi2 [10],
nonmagnetic valence fluctuations in CeNiSi2 [11] and a spin-
glass-like magnetic behavior in CePdSi2 [12,13].

For RT2Si and RTSi2 compounds a variety of structure types are
known: orthorhombic CeNiSi2-type (space group Cmcm) [14] and
its derivative TbFeSi2-type (space group Cmcm) [15,16], orthor-
hombic YIrGe2-type (space group Immm) [17], monoclinic
NdRuSi2-type (space group P21/m) [18,19], tetragonal HfCuSi2-
type (space group P4/nmm) [20] and the TiMnSi2-type (space
group Pbam) [21]. When T-atoms and silicon atoms exchange
their sites in CeNiSi2 a site exchange variant is obtained resulting
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in a formula RT2Si. Hitherto known RT2Si compounds crystallize
either in the inverse CeNiSi2-type or in the YPd2Si-type (ordered
Fe3C-type, space group Pnma) [22].

Despite of the large volume of experimental data in the
literature for intermetallics RT2X and RTX2, the role of transitional
metals and of components X in the formation of ground states and
crystal structures is not fully understood. Table 1 summarizes
data on crystal structures and physical properties of the hitherto
known compounds of these series. The present work is a
continuation of our recent investigations of the RT2Si series
(reported in [5,7]) and extends to the search for new RT2Si and
RTSi2 compounds particularly in the alloys Eu25Pt50Si25,
Eu25Pt25Si50, La25Rh50Si25, La25Ir50Si25, Ce25Ir50Si25, La25Ag25Si50,
Ce25Ag25Si50, Pr25Ag25Si50, Nd25Ag25Si50, Yb25Pd50Si25, Yb25

Pt50Si25, Sc25Pt50Si25, Eu25Os25Si50, Eu25Rh25Si50 (at%) with the
aim to elucidate their crystal structures.
2. Experimental techniques

Alloys of 1 g each were synthesized by standard arc-melting
from high-purity elements (499.9 mass%) on a water-cooled
copper crucible in an argon environment starting from nominal
compositions 1:2:1 or 1:1:2. To ensure complete fusion, all alloys
were re-melted three times. Eu- and Yb-containing alloys were
prepared with excess of 1 and 3 mass% of the rare-earth element
to compensate losses in evaporation. The as-cast alloys were
vacuum-sealed in quartz tubes and annealed at temperatures in
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the range 800–1050 1C for 7–20 days before being quenched in
cold water. X-ray powder diffraction (XPD) patterns were
collected employing a Guinier–Huber image plate system with
CuKa1 radiation (l¼0.15406 nm) (81o2yo1001) with Ge as
internal standard (aGe¼0.56579 nm). Lattice parameters were
derived using program STOE-WinXpow [23]. Quantitative X-ray
Rietveld refinements were performed with the FULLPROF pro-
gram [24,25], employing internal tables for X-ray atomic form
factors. For several intermetallics (CeIr2Si, EuPtSi2, YbPt2Si,
YbPd2Si, Eu2Os3Si5, Sc2Pt3Si2 and EuRh2Si2) single crystals were
isolated from mechanically crushed alloys and were pre-selected
on an AXS-GADDS texture goniometer. Unit cell dimensions and
Laue symmetry of the structures were determined prior to X-ray
intensity data collection on a four-circle Nonius Kappa diffract-
ometer equipped with a CCD area detector and employing
graphite monochromated MoKa radiation (Ka1+Ka2, l¼0.071073
nm). Orientation matrix and unit cell parameters were derived
using program DENZO [26]. No absorption corrections were made
fTable 1
Literature data of crystal structures and physical properties for selected compounds RT

Compound Structure type

(space group)

a (nm) b (nm) c (nm) Ref.

CeRh2Si CeNiSi2-inverse (Cmcm) 0.40413 1.7730 0.40675 [32]

CeRh1.88Si1.12 CeNiSi2-inverse (Cmcm) 0.40591 1.7673 0.40736 [33]

CeRh2�xSi1+ x CeIr2Si (I41/amd) 0.40521 3.5556 x¼0 [

0.0rxr0.1[33] 0.40560 3.5472 x¼0.1

YbPd2Si – – – – [43]

YPd2Si (Pnma) 7.1775 6.9335 5.4406 [7]

LaPt2Si CeNiSi2- inverse

(Cmcm)

0.41721 1.7894 0.42378 [5]

CePt2Si CeNiSi2- inverse

(Cmcm)

0.40987 1.8032 0.41677 [5]

LaRhSi2 CeNiSi2 (Cmcm) – – – [44]

CeRhSi2 CeNiSi2 (Cmcm) – – – [44]

0.42661 1.6758 0.41708 [9]

0.4289 1.6805 0.4232 [45]

0.4310 1.674 0.421 [46]

CeRh1�xSi2+ x 0.42629 1.67456 0.41731 x¼0 [

0rxr0.32 0.42582 1.67526 0.41773 x¼0.1

0.42566(4) 1.6768(2) 0.41763(4) xmax¼

[33]

CePtSi2 CeNiSi2 (Cmcm) 0.4288 1.6718 0.4238 [8]

0.4288 1.6862 0.4248 [47]

0.428 1.686 0.424 [46]

CeIrSi2 CeNiSi2 (Cmcm) 0.42580 1.6754 0.41917 [9]

0.4297 1.6754 0.4190 [12]

0.4274 1.6745 0.4182 [47]

LaIrSi2 CeNiSi2 (Cmcm) – – – [44]

4.323 16.841 4.227 [12]

CeAgSi2 Unknown – – – [38]

CW—Curie–Weiss behavior; mef—effective magnetic moment; Yp—paramagnetic Curie

coefficient; SC—superconductivity; Tc—temperature of the superconductivity transitio

fluctuation temperature; AF—antiferromagnetic ordering; TN—Neel temperature; HF—

Table 2.
Unit cell dimensions from XPD data for the compounds with the CeNiSi2-type and rela

Compound Prototype (space group) a (n

LaRh2Si CeIr2Si (I41/amd) 0.41

CeIr2Si CeIr2Si (I41/amd) 0.40

CeIr2�xSi1 + x CeNiSi2-inv. (Cmcm) 0.40

In the sample Ce25Ir48Si27 (at%)

LaIr2Si CeIr2Si (I41/amd) 0.41

EuPt2Si CeNiSi2-inv. (Cmcm) 0.41

EuPt1 + xSi2�x (x¼0) CeNiSi2 (Cmcm) 0.43

LaAgSi2 TbFeSi2 (Cmcm) 0.43

CeAgSi2 TbFeSi2 (Cmcm) 0.42

PrAgSi2 TbFeSi2 (Cmcm) 0.42

NdAgSi2 TbFeSi2 (Cmcm) 0.41
because of the rather regular crystal shape and small dimensions
of the investigated specimens. The structures were solved by
direct methods and refined with the SHELXL-97 program [27].
Atom parameters were standardized using program Structure Tidy

[28].
3. Results and discussion

In the present investigation crystal structures have been
determined for 11 ternary compounds with stoichiometry RT2Si
or RTSi2, namely: EuPt2Si, EuPtSi2, LaRh2Si, LaIr2Si, CeIr2Si,
LaAgSi2, CeAgSi2, PrAgSi2, NdAgSi2, YbPd2Si, YbPt2Si. In the alloys
Sc25Pt50Si25, Eu25Os25Si50, Eu25Rh25Si50 no corresponding RT2Si or
RTSi2 phases were detected. Nevertheless the crystal structures of
novel compounds Sc2Pt3Si2 and Eu2Os3Si5, as well as of EuRh2Si2

(structure known before from powder data [29–31]) were
determined on the basis of single crystal data.
2Si and RTSi2.

Physical property Ref.

CW (meff¼2.46mB, Yp¼�70 K), Tsg~1 K [6]

33]

[33]

Kondo-compound [43]

CW (meff¼4.39mB, Yp¼�19.5 K), Tmagn¼2.1 K [7]

g¼5.5 mJ/mol K2, YD¼225 K [5]

CW (meff¼2.32mB, Yp¼�47 K), Tmagn1¼6.6 K, Tmagn2¼5.6 K [5]

SC, Tc¼3.42 [44]

MV, Tsf¼134 [9,45]

MV [45]

Ce+ 3.07 [46]

33]

5 [33]

0.32

CW (meff¼2.56mB, Yp¼�17 K), HF, g¼1700 mJ/mol K2 at

1.25 K

[8]

g¼395.1 mJ/mol K2 [47]

AF, TN�1.5 K [46]

MV, Tsf¼249 [9]

MV [12]

MV [47]

SC, Tc¼2.03 [44]

temperature; YD—Debye temperature; Tsg—spin-glass transition; g—Sommerfeld

n; Tmagn—temperature of the magnetic transition; MV—mixed valence; Tsf—spin

heavy fermion behavior.

ted derivatives: LaRh2Si, {La,Ce}Ir2Si, EuPt2Si, EuPtSi2, {La,Ce,Pr,Nd}AgSi2.

m) b (nm) c (nm) V (nm)

018(9) 3.552(1) 0.5976(4)

680(4) 3.5399(4) 0.5858(1)

680(4) 1.7648(1) 0.40658(4) 0.29190(5)

284(2) 3.5297(2) 0.60160(6)

580(5) 1.7793(3) 0.41704(6) 0.30854(5)

522(3) 1.69787(11) 0.41513(3) 0.30676(3)

160(7) 1.7533(3) 0.42742(6) 0.3235(1)

528(2) 1.75492(8) 0.42326(2) 0.31589(4)

244(7) 1.7522(4) 0.42164(10) 0.3121(1)

991(4) 1.7498(2) 0.42015(4) 0.30871(5)
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Table 3
X-ray crystallographic data and structure refinement for EuPt1+ xSi2�x (x¼0.075), CeIr2Si and CeAgSi2 standardized with program Structure Tidy [28].

Parameter EuPt1+ xSi2�x CeIr2Si CeAgSi2

Alloy composition (at%) Eu25Pt25Si50 Ce25Ir50Si25 Ce25Ag25Si50

Crystal size (mm) 50�50�50 30�30�30 powder

Space group Cmcm, origin at inv. Centre I41/amd, origin at inv. centre Cmcm, origin at inv. centre

Prototype CeNiSi2 CeIr2Si TbFeSi2

Pearson symbol oC16 tI32 oC16

Lattice parameters (nm)a a¼0.43567(2) a¼0.40698(1) a¼0.42531(4)

b¼1.69899(9) b¼1.7551(2)

c¼0.41517(2) c¼3.54085(10) c¼0.42331(4)

Cell volume (nm3) 0.30731(3) 0.58648(3) 0.31598(7)

Chemical formula EuPt1.075Si1.925 CeIr2Si CeAgSi2

Formula weight, M 415.75 552.61 304.17

Number of formula units in unit cell, Z 4 8 4

Calculated density (g/cm3) 8.986 12.517 6.39

Absorption coefficient, mabs (mm�1) 69.516 105.865

2y range up to (1) 72.48 72.37 8r2Yr100

Reflections in refinement 406Z4s(Fo) of 444 351Z4s(Fo) of 436 124 reflections

Index range �7rhr7 �6rhr6

�27rkr28 �4rkr4

�6r lrr6 �57r lr56

Number of variables 20 16 30

R¼S||F0|� |Fc||/S|F0| 0.028 0.034 RF¼0.047, RB¼0.080

RInt 0.018 0.030 Re¼0.022

wR2 0.061 0.108 RwP¼0.079

Goodness of fit, S¼{S[w(Fo
2–Fc

2)2]/(n–p)}1/2 1.196 1.903 w2
¼13.0

Extinction (Zachariasen) 0.0009(2) 0.0011(1)

Atom parameters

Atom site 1 4 Eu1 in 4c (0,y, 1/4); 8 Ce1 in 8e (0,1/4,z); 4 Ce1 in 4c (0,y,1/4)

y¼0.39435(3) z¼0.19951(2) y¼0.40204(3)

Occupation 1.00 1.00 1.00

Ueq. 0.0049(2) 0.0043(2) Biso¼2.43(3)

Atom site 2 4 Pt1 in 4c (0,y,1/4); 4 Ir1 in 4a (0,3/4,1/8); 4 Ag1 in 4c (0,y,1/4)

y¼0.17969(3) y¼0.74844(4)

Occupation 1.00 1.00 1.00

Ueq. 0.0072(2) 0.0017(2) Biso¼1.95(9)

Atom site 3 4 Si1 in 4c (0,y,1/4); 4 Ir2 in 4b (0,1/4,3/8); 4 Si1 in 4c (0,y,1/4)

y¼0.7481(2) y¼0.0334(2)

Occupation 1.00 1.00 1.00

Ueq. 0.0055(6) 0.0017(2) Biso¼1.11(8)

Atom site 4 4 Si2/Pt in 4c (0,y,1/4); 8 Ir3 in 8e (0,1/4,z); 4 Si2 in 4c (0,y,1/4)

y¼0.0349(2) z¼0.02191(2) y¼0.1621(2)

Occupation 0.925(3) Si+0.075 Pt 1.00 1.00

Ueq. 0.0095(6) 0.0062(2) Biso¼1.82(3)

Atom site 5 8 Si1 in 8e (0,1/4,z);

z¼0.0886(1)

Occupation 1.00

Ueq. 0.0030(7)

Residual density; e/Å3 max; min 5.60 �3.62 7.95 �6.29

Interatomic distances, Eu1- 2 Si1 0.3188 Ce1 - 4 Ir3 0.3051 Ce1 2 Si1 0.3137

nm (edso0.0003 nm) 2 Si2 0.3232 4 Si1 0.3179 4 Si2 0.3205

4 Si2 0.3240 2 Ir3 0.3273 4 Si1 0.3207

4 Pt1 0.3261 2 Ir1 0.3332 2 Ag1 0.3385

2 Si1 0.3305 2 Ir2 0.3332 2 Ag1 0.3434

Pt1- 1 Pt1 0.3647 Ir1- 4 Si1 0.2408 Si2 1 Si1 0.2258

2 Si1 0.2412 4 Ir2 0.2878 2 Ag1 0.2611

1 Si2 0.2460 4 Ce1 0.3332 2 Ag1 0.2635

2 Si1 0.2469 Ir2- 4 Si1 0.2408 4 Ce1 0.3205

Si1- 4 Eu1 0.3261 4 Ir1 0.2878 Si1 1 Si2 0.2258

1 Eu1 0.3647 4 Ce1 0.3332 2 Si1 0.2420

2 Pt1 0.2412 Ir3- 1 Si1 0.2363 2 Ce1 0.3137

2 Pt1 0.2469 2 Ir3 0.2559 4 Ce1 0.3207

4 Si1 0.3010 4 Ce1 0.3051 Ag1 2 Si2 0.2611

Si2- 2 Eu1 0.3188 2 Ce1 0.3273 2 Si2 0.2635

2 Eu1 0.3305 Si1- 1 Ir3 0.2362 4 Ag1 0.3001

A. Gribanov et al. / Journal of Solid State Chemistry 183 (2010) 1278–12891280
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Table 3 (continued )

Parameter EuPt1+ xSi2�x CeIr2Si CeAgSi2

2 Si2 0.2390 2 Ir1 0.2408 2 Ce1 0.3385

1 Pt1 0.2460 2 Ir2 0.2407 2 Ce1 0.3434

4 Ce1 0.3179

For Rietveld refinement of CeAgSi2 (XPD experiment).

RF ¼
X
hkl

jFhklðobsÞ�FhklðcalcÞj=
X
hkl

jFhklðobsÞj

RB ¼
X
hkl

jIhklðobsÞ�IhklðcalcÞj=
X
hkl

jIhklðobsÞj

Re ¼
n�pP

i

wiy
2
i

2
64

3
75

1=2

(n–p) is the number of degrees of freedom, n the number of the points in the refinement, p the number of refined parameters w2 ¼
Pn

i ¼ 1

wifyi�yc,iða
-
Þg

2
where

a
-
¼ ða1 ,a2 ,a3 , . . . ,apÞ—parameter vector.

Fig. 1. Rietveld refinement of the CeIr2Si XPD pattern performed without

preferred orientation calculation (a) and with preferred orientation calculation

along [116] axis (b) (modified March’s function was used, Ph¼G2+(1�G2){(G1 cos

ah)2+(sin2ah)/G1}�3/2, where G1 and G2 are refinable parameters and ah a acute

angle between the scattering vector and the normal to the crystallites. For CeIr2Si

(b) G1¼0.783(3) and G2¼0. At the bottom of the each figure (a) and (b) the Bragg-

positions 1, 2 and 3 correspond to CeIr2Si (main phase), CeIr3Si2 (small amount)

and CeIr2 (trace amount).
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3.1. Compounds with CeNiSi2-type and related structure types

This chapter covers compounds of the RT2Si and RTSi2 series,
which crystallize in the orthorhombic CeNiSi2-type or its site-
exchange variants, i.e. the TbFeSi2-type [15] and the CeRh2Si-type
[32], as well as in a new tetragonal CeIr2Si-type determined in the
present work for the first time. Table 2 lists structure types and
lattice parameters determined from XPD experiments for LaRh2Si,
CeIr2Si, CeIr2�xSi1 + x, LaIr2Si, EuPt2Si, EuPtSi2, LaAgSi2, CeAgSi2,
PrAgSi2 and NdAgSi2. The crystal structures of EuPtSi2 and CeIr2Si
were derived from single crystal X-ray data and the corresponding
crystallographic data are summarized in Table 3.

3.1.1. X-ray single crystal studies of EuPt1 +xSi2�x and CeIr2Si

A single crystal from the as-cast alloy Eu25Pt25Si50 (in at%),
revealed orthorhombic symmetry with space group Cmcm and
lattice parameters: a¼0.43567(2) nm, b¼1.69899(9) nm,
c¼0.41517(2) nm. The crystal structure was solved by direct
methods yielding a partial random distribution of Pt and Si in one
of the 4c sites yielding a chemical formula EuPt1+xSi2�x

(x¼0.075). Results of the refinement, which converged
to R¼0.028 with residual electron densities smaller than
75.6 e�/Å3, are summarized in Table 3. Besides the detected
atom disorder EuPt1 + xSi2�x is isotypic with CeNiSi2.

The X-ray intensity pattern of a suitable single crystal, taken
from the alloy Ce25Ir50Si25 (annealed at 850 1C) was completely
indexed on a tetragonal unit cell (a¼0.40698(1) nm and
c¼3.54085(10) nm) consistent with space group symmetry
I41/amd (No. 141). The structure was solved by direct methods
and refined to R¼0.034 with residual electron densities smaller
than 78.0 e�/Å3, yielding a completely ordered atom arrange-
ment (see Table 3). The same type of structure was detected from
the XPD patterns of LaIr2Si, CeRh2Si and LaRh2Si.

3.1.2. Tetragonal and orthorhombic variants of RT2Si compounds

The new tetragonal CeIr2Si-type has also been detected in our
investigation of the Ce–Rh–Si system [33] forming at 800 1C a
small homogeneous range CeRh2�xSi1 + x (0rxr0.1). The pre-
viously reported orthorhombic CeRh2Si compound [32] was
observed in our investigation at the composition Ce25Rh47Si28

with a corresponding formula CeRh1.88Si1.12. Despite the orthor-
hombic and tetragonal phases are very close to each other, they
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Fig. 2. Projection of the crystal structure of CeIr2Si onto the XZ plane; the coordination polyhedra of the sites are outlined: Ce1 (a), Ir1 (b), Ir2 (c), Ir3 (d) and Si1 (e).

Fig. 3. Structure types of orthorhombic CeNiSi2 and tetragonal CeIr2Si shown as a

packing of slabs of AlB2 and BaAl4 type. |AlB2| and |AlB2
0| reflect different views on

the AlB2 unit cell (a and a0) and corresponding slabs. The slabs |BaAl4| and |�BaAl4|

indicate two halves of the BaAl4 unit cell (b) which are related via an inversion

center. Packing of slabs in the CeNiSi2-type (c). In the CeIr2Si structure (d) AlB2 and

AlB2
0 slabs are shifted by 1/2 a in comparison to (�AlB2) and (�AlB2

0) slabs.

Fig. 4. Unit cell parameters of RAgSi2 as a function of rare-earths.

Fig. 5. Rietveld refinement of the CeAgSi2.

A. Gribanov et al. / Journal of Solid State Chemistry 183 (2010) 1278–12891282
were clearly distinguished in XPD. Whilst the tetragonal structure
is observed in both the as-cast and the annealed alloy Ce25Rh50-

Si25, orthorhombic CeRh1.88Si1.12 together with the tetragonal
structure appeared in alloys with a higher content of silicon.
Checking the Ce–Ir–Si system at 800 1C near composition
Ce25Ir50Si25 we found that besides the new tetragonal CeIr2Si-
type the orthorhombic CeNiSi2-inverse type appeared in small
amounts in both the as-cast and the alloy Ce25Ir48Si27 annealed at
1050 1C. At the stoichiometric composition 1:2:1 the tetragonal
CeIr2Si-type phase is found as the main phase with a small
amount of orthorhombic CeIr3Si2 and a trace of cubic CeIr2.
La-containing analogues LaRh2Si and LaIr2Si showed only the
existence of the tetragonal structure in annealed samples
La25T50Si25 but no orthorhombic CeNiSi2-inverse type could be
discovered. A common peculiarity of all four XPD patterns of the
R25T50Si25 compounds (LaIr2Si, CeIr2Si, LaRh2Si and CeRh2Si) is a
small but distinct disagreement between calculated and observed
intensities (Fig. 1a). Preferred orientation (direction [116])
improved the Rietveld refinement from RB¼0.23 to RB¼0.12 but
could not fully remove the discrepancies (Fig. 1b). Attempts to
overcome preferred orientation in X-ray sample preparation using
a powder-mixture with starch, special glass powder or a special
powder support with sticky surface were unsuccessful.

To ensure the result of the crystal structure determination, a
second single crystal from an independently prepared CeIr2Si
alloy was investigated but resulted in an identical set of atom
parameters. Similarly, a Rietveld powder refinement of a mix of
the two closely related crystal structures did not remove the
disagreements in the powder intensities. In a recently published
work of Muro et al. [6] on the CeRh2Si phase, the authors
confirmed from powder X-ray diffraction the presence of a
main phase with inverse CeNiSi2 structure besides some amount
of secondary CeRh3Si2. Electron probe microanalysis measure-
ments indicated a homogeneity region of about 5 at% assuming
random Si/Rh replacement. A tetragonal structure was not
detected.

3.1.3. Crystal chemistry of CeIr2Si

Fig. 2 shows the crystal structure of CeIr2Si as a projection on
the YZ plane and outlines the coordination polyhedra for all atom
sites. Cerium atoms (Fig. 2a) are located in hexagonal prisms with
two additional atoms (CN¼14). Both Ir1 and Ir2 atoms have
identical coordination polyhedra (Fig. 2b and c): each of these
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Fig. 6. Comparison of the structure types of TbFeSi2, CeNiSi2, CeNiSi2-inverse and CeIr2Si. Simulated powder diffraction patterns of the hypothetical compounds

constructed from Ce, Rh and Si atoms; unit cells with identical dimensions.
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atoms is surrounded by four cerium atoms, four iridium atoms
and four silicon atoms, which form a quadrangular prism with
four additional apexes (CN¼12). Ir3 atoms center triangular
prisms with three additional atoms (CN¼9; Fig. 2d). The
coordination polyhedron of the Si atom is a quadrangular
antiprism with one additional atom (CN¼9, Fig. 2e).

The interrelation between orthorhombic CeNiSi2 and tetra-
gonal CeIr2Si can be conceived from Fig. 3, where they are
presented as a packing of slabs cut from AlB2- and BaAl4-types.
The interatomic distances in the CeIr2Si crystal structure reflect
the sum of metal radii (Table 3).
3.1.4. Formation and crystal structure of {La,Ce,Pr,Nd}AgSi2
Although RAgSi2 phases were not reported in previous phase

diagram work concerning the ternary systems Nd–Ag–Si at 600 1C
[34], Ce–Ag–Si at 500 1C [35,36] and Pr–Ag–Si at 500 and 800 1C
[37], a compound CeAgSi2 was detected by Cordruwisch et al. [38]
after annealing at 850 1C for 330 h. The crystal structure of it was
not determined. In the present work we established the crystal
structure of RAgSi2 (R¼La, Ce, Pr, Nd) to belong to the TbFeSi2-
type. For our preparation of RAgSi2 samples different tempera-
tures and annealing times were applied. A single-phase sample of
CeAgSi2 was obtained after 30 days exposure at 900 1C followed
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Table 4
X-ray crystallographic data and structure refinement for YbPd2Si and YbPt2Si standardized with program Structure Tidy [28].

Parameter YbPd2Si YbPt2Si

Alloy composition (at%) Yb25Pd50Si25 Yb25Pt50Si25

Crystal size (mm) 50�50�50 50�50�50

Space group Pnma Pnma

origin at inv. centre Origin at inv. centre

Prototype YPd2Si (ordered Fe3C) YPd2Si (ordered Fe3C)

Pearson symbol oP16 oP16

Lattice parameters (nm)a a¼0.71775(2) a¼0.71841(2)

b¼0.69335(2) b¼0.69151(2)

c¼0.54406(2) c¼0.54098(2)

Cell volume (nm3) 0.27075(2) 0.26875(2)

Chemical formula YbPd2Si YbPt2Si

Formula weight, M 413.93 591.31

Number of formula units in unit cell, Z 4 4

Calculated density (g/cm3) 10.155 14.614

Absorption coefficient, mabs (mm�1) 47.468 138.432

2y range up to (1) 72.54 72.48

Reflections in refinement 639 q4s(Fo) of 688 628q4s(Fo) of 679

Index range �11php11 �11php11

�11pkp11 �11pkp11

�8plp8 �8plp8

Number of variables 23 23

R¼S||F0|� |Fc||/S|F0| 0.019 0.025

RInt 0.019 0.025

wR2 0.046 0.065

Goodness of fit, S¼{S[w(Fo
2–Fc

2)2]/(n–p)}1/2 1.077 1.092

Extinction (Zachariasen) 0.0016(3) 0.0018(2)

Atom parameters

Atom site 1 4 Yb1 in 4c (x,1/4,z); 4 Yb1 in 4c (x,1/4,z);

x¼0.02662(3) x¼0.02570(6)

z¼0.63990(4) z¼0.63381(8)

Occupation 1.00 1.00

Ueq. 0.00771(8) 0.0050(1)

Atom site 2 8 Pd1 in 8d (x,y,z); 8 Pt1 in 8d (x,y,z);

x¼0.17897(4) x¼0.18212(4)

y¼0.05161(4) y¼0.05092(4)

z¼0.09370(5) z¼0.09147(5)

Occupation 1.00 1.00

Ueq. 0.00774(8) 0.0051(1)

Atom site 3 4 Si1 in 4c (x,1/4,z); 4 Si1 in 4c (x,1/4,z);

x¼0.3779(2) x¼0.3801(4)

z¼0.3594(3) z¼0.3655(5)

Occupation 1.00 1.00

Ueq. 0.0071(2) 0.0050(5)

Residual density; e/Å3 max; min 1.83 �2.70 5.58 �4.36

Interatomic distances, Yb1- 1 Si1 0.2919 Yb1- 1 Si1 0.2897

nm, (edso0.0003 nm) 1 Si1 0.2926 1 Si1 0.2904

2 Pd1 0.2941 1 Si1 0.2931

1 Si1 0.2947 2 Pt1 0.2961

2 Pd1 0.2984 2 Pt1 0.2965

2 Pd1 0.3031 2 Pt1 0.3048

2 Pd1 0.3120 2 Pt1 0.3078

2 Pd1 0.3452 2 Pt1 0.3430

Pd1- 1 Si1 0.2454 Pt1- 1 Si1 0.2455

1 Si1 0.2483 1 Si1 0.2473

1 Si1 0.2575 1 Si1 0.2580

1 Pd1 0.2751 1 Pt1 0.2753

1 Pd1 0.2855 1 Pt1 0.2885

1 Yb1 0.2941 2 Pt1 0.2960

1 Yb1 0.2984 1 Yb1 0.2961

2 Pd1 0.2992 1 Yb1 0.2965

1 Yb1 0.3031 1 Yb1 0.3048

1 Yb1 0.3120 1 Yb1 0.3078

1 Yb1 0.3452 1 Yb1 0.3430

Si1- 2 Pd1 0.2454 Si1- 2 Pt1 0.2455

2 Pd1 0.2483 2 Pt1 0.2473

2 Pd1 0.2575 2 Pt1 0.2580

1 Yb1 0.2919 1 Yb1 0.2897

1 Yb1 0.2926 1 Yb1 0.2904

1 Yb1 0.2947 1 Yb1 0.2931

A. Gribanov et al. / Journal of Solid State Chemistry 183 (2010) 1278–12891284
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Fig. 7. Rietveld refinements for YbPd2Si (a) and YbPt2Si (b).

Fig. 8. Rare-earth elements versus unit cell parameters a, b and c for compounds

RPd2Si (open circles) and RPt2Si (filled circles) with the YPd2Si type structure. The

new values of YbPd2Si and YbPt2Si have been added to the R(Pd,Pt)2Si data [22].
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by 28 days at 850 1C. La- and Pr-containing alloys were annealed
at 850 1C (30 days), 950 1C (30 days) and 1050 1C (6 days). For the
latter two alloys the higher temperature resulted in a higher
content of the RAgSi2 phase. The Nd-containing alloy revealed a
complex microstructure: both as-cast and annealed samples
besides NdAgSi2 contained significant amounts of Nd(Ag,Si)2 with
the ThSi2-type structure and unknown phase(s). The highest
content of the NdAgSi2 phase was observed after annealing at
850 1C (25 days). La- and Pr-containing compounds were obtained
as the main phases in non-single phase samples. Nevertheless
unit cell parameters were easily derived for LaAgSi2, PrAgSi2 and
NdAgSi2 (see Table 2). In all cases RAgSi2 (also for short-term
anneal in CeAgSi2) the tetragonal solid solution phase based on
binary RSi2 was detected by XPD. Fig. 4 illustrates the unit cell
parameters of RAgSi2 versus rare-earths R reflecting the
lanthanoid contraction from La to Nd. Unexpected behavior is
observed for the b parameter in the La-containing compound but
this effect is overlapped by increased a and c values, so that the
cell volume of LaAgSi2 closely follows the expected trend (Fig. 4).
Crystal data from Rietveld refinement for CeAgSi2 (see Fig. 5) are
summarized in Table 3. CeAgSi2 shows full atom order with all
crystallographic sites fully occupied. Our results for CeAgSi2 are
similar to those for TbFeSi2 reported as a fully ordered packing of
atoms [15], in contrast to the data of [16] who observed a half
occupation of transitional metals site from single crystal X-ray
data for TbFe0.52Si2, HoFe0.5Si2 and DyFe0.5Si2.
3.1.5. Crystal chemistry of CeNiSi2 and related types

In the orthorhombic CeNiSi2-type with space group Cmcm four
crystallographic sites 4c (0,y,1/4) are occupied with different y: y1

�0.40, y2 �0.16, y3 �0.04 and y4 �0.75. Ce atoms in prototype
CeNiSi2 are in the position with y1 �0.40, T atoms (Ni) in position
with y2, while the silicon atoms occupy two sites with y3 and y4

arriving at a completely ordered structure. In the structures of
CeRh2Si (as published in [32]) and TbFeSi2 [15] rare-earth atoms
are located in the position with y1 �0.40, as a common rare-earth
site for the all three structure types. In CeRh2Si (inverse structure)
one can observe a site exchange: T atoms (Rh) are located in the
former Si positions (in the sites with y3 and y4), and silicon atoms
are in the former T positions. As a result, the content of transition
metal increases by a factor of two, while simultaneously the
silicon content decreases by a factor of two. In the TbFeSi2

structure the transition metal (Fe) is located in the 4c site with
y4 �0.75 and silicon atoms are in the sites with y2 �0.16 and
y3 �0.04. Depending on the X-ray scattering power of the atoms
involved, such simple changes in the original structure CeNiSi2

may result in noticeable differences for the XPD patterns. Fig. 6
illustrates how the distribution of the atoms in the unit cell
changes the powder pattern intensities. For convenient
comparison the patterns were calculated for ideal structures
with identical atoms types and for identical orthorhombic unit
cells (0.425�1.675�0.417 nm). For the tetragonal structure,
however, the real values of the unit cell dimensions are used.
3.2. The crystal structures of YbPd2Si and YbPt2Si

The crystal structures of YbPd2Si and YbPt2Si were both
determined from single crystal X-ray data confirmed by XPD
measurements. Both phases crystallize with the YPd2Si-type
(ordered version of Fe3C). The crystallographic parameters for
YbPd2Si and YbPt2Si are given in Table 4. According to XPD both
phases YbPd2Si and YbPt2Si were obtained in single-phase
condition (see Fig. 7).

The lattice parameters for the newly detected compounds
YbPd2Si and YbPt2Si perfectly fit to the dependency of the unit cell
parameters vs the rare earths in the series RPd2Si and RPt2Si
earlier described by Moreau et al. [22]. As can be seen in Fig. 8 no
anomalies are obvious for the cell dimensions and cell volumes
for YbPd2Si and YbPt2Si, therefore an Yb+ 3 ground state is inferred
for the ytterbium atoms as recently reported for the low-
temperature behavior of YbPd2Si [7].
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Table 5
X-ray crystallographic data and structure refinement for EuRh2 + xSi2�x (x¼0.04), Sc2Pt3Si2 and Eu2Os3Si5 standardized with program Structure Tidy [28].

Parameter EuRh2 +xSi2�x Sc2Pt3Si2 Eu2Os3Si5

Alloy composition (at%) Eu25Rh25Si50 Sc25Pt50Si25 Eu25Os25Si50

Crystal size (mm) 30�30�30 50�40�20 30�30�30
Space group I4/mmm, origin at inv. Centre Pbam, origin at inv. centre P4/mnc, origin at inv. centre
Prototype ThCr2Si2 Sc2Pt3Si2 Sc2Fe3Si5

Pearson symbol tI10 oP14 tP40
Lattice parameters (nm)a a¼0.40920(2) a¼0.63488(2) a¼10.7276(2)

b¼0.86803(2)
c¼1.02276 (5) c¼0.40324(2) c¼5.7615(1)

Cell volume (nm3) 0.171256(14) 0.222224(14) 0.66304(2)
Chemical formula EuRh2.035Si1.965 Sc2Pt3Si2 Eu2Os3Si5

Formula weight, M 416.58 731.37 1014.97
Number of formula units in unit cell, Z 2 2 4
Calculated density (g/cm3) 8.079 10.930 10.168
Absorption coefficient, mabs (mm�1) 28.18 97.33 76.71
2y range up to (1) 65.73 72.60 72.53
Reflections in refinement 113q4s(Fo) of 121 560q4s(Fo) of 600 849q4s(F0) of 867
Index range �6php6 �10php10 �17php17

�4pkp4 �14pkp14 �12pkp12
�15plp15 �6plp6 �9plp8

Number of variables 10 24 26
R¼S||F0|� |Fc||/S|F0| 0.023 0.037 0.034
RInt 0.017 0.022 0.023
wR2 0.060 0.096 0.078
Goodness of fit, S¼{S[w(Fo

2–Fc
2)2]/(n–p)}1/2 1.228 1.135 1.485

Extinction (Zachariasen) 0.017(2) 0.030(2) 0.0021(1)

Atom parameters
Atom site 1 2 Eu1 in 2a (0,0,0); 4 Sc1 in 4g (x,y,0); 8 Eu1 in 8h (x,y,0);

x¼0.3910(2), y¼0.1698(2) x¼0.26540(6), y¼0.42662(7)

Occupation 1.00 1.00 1.00
Ueq. 0.0062(3) 0.0046(3) 0.0046(2)

Atom site 2 4 Rh1 in 4d (0,1/2,1/4); 4 Pt1 in 4h (x,y,1/2); 4 Os1 in 4d (0,1/2,1/4);
x¼0.19141(4), y¼0.41333(3)

Occupation 1.00 1.00 1.00
Ueq. 0.0048(3) 0.0045(2) 0.0019(2)

Atom site 3 4 Si1/Rh in 4e (0,0,z); 2 Pt2 in 2a (0,0,0); 8 Os2 in 8h (x,y,0);
z¼0.3708(2) x¼0.14739(5), y¼0.12602(5)

Occupation 0.98(1) Si +0.02 Rh 1.00 1.00
Ueq. 0.0072(8) 0.0039(2) 0.0030(1)

Atom site 4 4 Si1 in 4h (x,y,1/2); 4 Si1 in 4e (0,0,z);
x¼0.0753(4), y¼0.1501(3) z¼0.2378(10)

Occupation 1.00 1.00
Ueq. 0.0047(4) Uiso¼0.0034(9)

Atom site 5 8 Si2 in 8h (x,y,0);
X¼0.0251(4), y¼0.3203(4)

Occupation 1.00
Ueq. Uiso¼0.0017(6)

Atom site 6 8 Si3 in 16i (x,y,z);
x¼0.3352(5), y ¼0.1805(5),
z ¼0.2239(11)

Occupation 0.50
Ueq. Uiso¼0.0037(9),
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3.3. The crystal structures of Eu2Os3Si5, Sc2Pt3Si2 and EuRh2Si2

While searching for new compounds with stoichiometrics
1:1:2 and 1:2:1 single crystals of good quality were found for
two new compounds, Eu2Os3Si5, Sc2Pt3Si2, as well as for
EuRh2Si2, which was characterized earlier from powder data
[29–31]. Results of the X-ray crystal refinements are presented
in Table 5.

3.3.1. Eu2Os3Si5
A single crystal, separated from the as-cast alloy Eu25Os25Si50

(nominal composition in at%) revealed a tetragonal unit cell
(a¼1.07276(2) nm, c¼0.57615(7) nm) and extinctions 0 k l:
(k+l¼2n+1), h h l (l¼2n+1), 0 0 l (l¼2n+1) and h 0 0 (h¼2n+1)
consistent with space groups P4nc (No. 104) and P4/mnc (No.
128). Refinement of the structure in non-centrosymmetric P4nc

(No. 104) space group resulted in Flack parameter value 0.5(2)
and worse atomic displacement parameters, so we choose space
group P4/mnc (No. 128). Direct methods yielded an atomic
arrangement isotypic with the structure type of Sc2Fe3Si5 [39].
Anisotropic atomic displacement parameters yielded an elon-
gated ellipsoid for the Si atoms in 8g, which in the following was
split (Fig. 9). Results of the refinement for Eu2Os3Si5, which
converged to R¼0.034 with residual electron densities smaller
than 75.9 e�/Å3, are summarized in Table 5.

The Sc2Fe3Si5-type structure was discussed by Chabot and
Parthe [40] as an intergrowth of structural slabs of the CaBe2Ge2

structure and a second slab related to the BaNiSn3 structure.
Analyzing literature data for R2T3Si5 compounds we found than
in a few cases the 8g site (Si in x, x+1/2, 1/4) also revealed either
enhanced values for Uiso or elongated thermal ellipsoids. For
example in Sm2(Ru1.72Os1.28)Si5 displacement of the Si atoms in
8g site reaches with Ueq.�100¼1.39 (23) Å2 a maximum value
in the structure [41] and for stoichiometric Sm2Ru3Si5 atom
displacement of the Si atoms showed a long ellipsoid:
U11¼0.019(1), U22¼0.019(1), U33¼0.0418(26),
U12¼0.0077(14), U13¼0.0174(13), U23¼0.0174(13) [42]. The
splitting of the silicon site for Eu2Os3Si5 from 8g into 16i with
occupancy 0.5 resolved the problem with the ADP parameter.
The interatomic distances in Eu2Os3Si5 are in the range usually
observed for intermetallic compounds (Table 5).

3.3.2. Sc2Pt3Si2
A single crystal, broken from an as-cast alloy with composi-

tion Sc25Pt50Si25 (at%), revealed orthorhombic symmetry with
space group Pbam and lattice parameters: a¼0.63488(2) nm,
b¼0.86803(2) nm, c¼0.40324(2) nm) (Z¼2). The structure was
solved by direct methods yielding a fully ordered distribution of
Sc, Pt and Si atoms. Results of the refinement, which converged
to R¼0.037 are summarized in Table 5. Scandium atoms are
located in pentagonal prisms with five additional atoms (2 Pt
and 3 Sc, coordination number CN¼15). Each Pt1 atom is
surrounded by 12 atoms (6 Sc1, 2 Pt2, 1 Pt1, 3 Si1) forming a
distorted tetragonal prism with four additional atoms centering
the lateral faces (CN¼12). Pt2 atoms are located in quadrangular
prisms with four additional Sc atoms (CN¼12). Silicon atoms are
located in quadrangular antiprisms (4 Sc+4 Pt) capped by two
additional (Pt1+Si) atoms (CN¼10). A perspective vision of the
Sc2Pt3Si2 crystal structure with the coordination polyhedra is
shown in Fig. 10.

Sc2Pt3Si2 represents a new structure type, which can be
described as a packing of triangular and quadrangular prisms
around the Si1 and the Pt1 atoms, respectively (Fig. 11). XPD
patterns of Sc25Pt50Si25 and Sc28.6Pt42.8Si28.6 (2:3:2) alloys reveal
the Sc2Pt3Si2 phase to be a secondary phase in both as-cast and
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Fig. 9. Projections of the Eu2Os3Si5 crystal structure on the planes XY and YZ.

Fig. 10. The crystal structure of Sc2Pt3Si2 in perspective view along [001] and

coordination polyhedra of the atoms.

Fig. 11. The crystal structure of Sc2Pt3Si2 as a packing of triangular and

quadrangular prisms projected on the XY plane.
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annealed specimens. Moreover, the amount of Sc2Pt3Si2 in the
alloy Sc28.6Pt42.8Si28.6 (2:3:2) noticeably decreased after annealing
at 900 1C, so one can suppose this phase to be a high-temperature
phase. The interatomic distances in the Sc2Pt3Si2 crystal structure
are characterized by values typical for intermetallics (Table 5).

3.3.3. EuRh2Si2
The crystal structure of the EuRh2Si2 was re-determined on a

single crystal taken from the surface of the as-cast alloy
Eu25Rh25Si50. EuRh2Si2 crystallizes in the tetragonal ThCr2Si2-type
(space group I4/mmm, Z¼2, lattice parameters a¼0.40920(2) nm,
c¼1.02276(5) nm). The structure was refined with anisotropic
atomic displacement parameters for all atoms down to R¼0.023
with residual electron densities less than 73.9 e�/Å3. A statistical
occupation of the 4e site by (0.98 Si +0.02 Rh) atoms was
detected. The structure parameters are presented in Table 5. The
result obtained in the present work confirmed the powder XRD
data for EuRh2Si2 previously reported in the literature [29–31].
4. Conclusion

The unique crystal structure of the compounds CeIr2Si, LaRh2Si
and LaIr2Si was determined for the first time and can be presented
as a packing of AlB2- and BaAl4-slabs. The CeIr2Si-type is related to
the CeNiSi2-type. Other new representatives of this structural
family, EuPt1 + xSi2�x (CeNiSi2-type), EuPt2Si (inverse CeNiSi2-
type) and four Ag-containing silicides LaAgSi2, CeAgSi2, PrAgSi2

and NdAgSi2 (all of the TbFeSi2-type), were synthesized and
studied by X-ray diffraction technique. The simple relations
between orthorhombic CeNiSi2-type, inverse CeNiSi2-type and
TbFeSi2-type and their relationship with the new tetragonal
CeIr2Si-type were illustrated along with the corresponding XPD
patterns. X-ray single crystal CCD data of YbPd2Si and YbPt2Si
revealed isotypism with the YPd2Si-type (ordered version of
Fe3C). No RT2Si/RTSi2 compounds were detected in the
Sc25Pt50Si25, Eu25Os25Si50 and Eu25Rh25Si50 alloys in which,
however, the new compounds Sc2Pt3Si2 (own type) and Eu2Os3Si5

(Sc2Fe3Si5-type) as well as EuRh2Si2 (ThCr2Si2-type) were
detected and studied from X-ray single crystal data.
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