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Ternary silicides RE2RE ′
3Si4 (RE = La, Ce; RE ′ = Y, Lu) were synthesized by arc-melting of

the elements. Single crystals were grown by annealing the arc-molten buttons slightly below the
melting points in water-cooled silica tubes in an induction furnace. Five silicides RE2RE ′

3Si4 were
investigated by X-ray powder and single crystal diffraction: Zr5Si4 type, P41212, a = 779.4(3),
c = 1441.3(9) pm, wR2 = 0.072, 1806 F2 values, 45 variables for La1.72(4)Y3.28(4)Si4, P43212,

a = 769.92(7), c = 1412.3(1) pm, wR2 = 0.079, 1846 F2 values, 45 variables, BASF = 0.36(4)
for La1.72(2)Lu3.28(2)Si4, P41212, a = 778.6(1), c = 1433.9(3) pm, wR2 = 0.054, 1910 F2 values,
46 variables, BASF = 0.34(4) for Ce1.82(6)Lu3.18(6)Si4, P43212, a = 778.8(3), c = 1436.0(10) pm,

wR2 = 0.166, 1916 F2 values, 45 variables for Ce1.71(7)Y3.29(7)Si4, and Sm5Ge4 type, Pnma,

a = 749.2(2), b = 1484.2(7), c = 780.3(2) pm, wR2 = 0.070, 1956 F2 values and 49 variables
for Ce1.47(3)Y3.53(3)Si4. The local coordinations of both structure types are very similar, i. e. CN 18,
16, and 14 coordination polyhedra for the RE1, RE2, and RE3 atoms. The main structural motif is
the eightfold coordination of the RE3 positions by rare earth metal atoms. These slightly distorted
RERE’8 cubes are condensed via common corners (Zr5Si4 type) or via common edges (Sm5Ge4
type). All silicon atoms in these silicides form Si2 pairs at Si–Si distances ranging from 254 to
258 pm. DFT band structure calculations confirm the metallic character of both silicides and the
trivalent state of cerium in Ce5Si4. The COHP analysis (Crystal Orbital Hamilton Population) of the
Si–Si bonds shows a significant occupation of Si–Si antibonding orbitals, which is partially compen-
sated by a Si–Si π∗, σ∗ → Y-4d (Ce-5d) back donation.
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Introduction

Intermetallic cerium compounds of the type Ce xTyXz

(T = transition metal; X = element of the 3rd, 4th

or 5th main group) have attracted considerable in-
terest in recent years due to their strongly varying
magnetic and electrical properties [1]. Cerium can
adopt the 4 f ◦ (Ce4+) or 4 f 1 (Ce3+) state or even a
non-integral valence. Besides simple antiferromagneti-
cally or ferromagnetically ordered ground states Fermi
liquid, heavy Fermion, or Kondo type behavior has
been observed for this large family of compounds.
The crystal chemistry of the CexTyXz compounds is
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rather complex, however, most structures have a com-
mon feature. The T and X atoms build a three-
dimensional polyanionic network in which the cerium
atoms fill cages or distorted pentagonal or hexagonal
channels.

Many of the CexTyXz intermetallics have only one
crystallographic cerium site. This is especially the case
for most of the equiatomic CeT X compounds. A sur-
vey of the literature is given in [2]. With such a single
cerium site, the magnetic response of the cerium ions is
uniform. If two or more crystallographically indepen-
dent cerium sites occur, the magnetic behavior can be
more complex. The multiplicity and the local coordina-
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Table 1. Crystal data and structure refinement for La1.72(4)Y3.28(4)Si4, La1.72(2)Lu3.28(2)Si4, Ce1.82(6)Lu3.18(6)Si4,
Ce1.71(7)Y3.29(7)Si4 and Ce1.47(3)Y3.53(3)Si4.

Empirial formula La1.72(4)Y3.28(4)Si4 La1.72(2)Lu3.28(2)Si4 Ce1.82(6)Lu3.18(6)Si4 Ce1.71(7)Y3.29(7)Si4 Ce1.47(3)Y3.53(3)Si4
Molar mass 642.91 g/mol 927.71 g/mol 923.78 g/mol 644.61 g/mol 632.44 g/mol
Structure type Zr5Si4 Zr5Si4 Zr5Si4 Zr5Si4 Sm5Ge4
Lattice parameters a = 779.4(3) pm a = 769.92(7) pm a = 778.6(1) pm a = 778.8(3) pm a = 749.2(2) pm
(Guinier data) b = 1484.2(7) pm

c = 1441.3(9) pm c = 1412.3(1) pm c = 1433.9(3) pm c = 1436.0(10) pm c = 780.3(2) pm
V = 0.8755 nm3 V = 0.8372 nm3 V = 0.8692 nm3 V = 0.8710 nm3 V = 0.8676 nm3

Formula units per cell Z = 4 Z = 4 Z = 4 Z = 4 Z = 4
Space group P41212 (No. 92) P43212 (No. 96) P41212 (No. 92) P43212 (No. 96) Pnma (No. 62)
Calculated density 4.88 g/cm3 7.36 g/cm3 7.06 g/cm3 4.92 g/cm3 4.84 g/cm3

Crystal size 15×30×40 µm3 15×40×60 µm3 10×20×25 µm3 20×30×50 µm3 8×20×50 µm3

Transmission (max : min) 1.56 2.00 1.89 1.57 1.85
Absorption coefficient 30.2 mm−1 47.8 mm−1 45.6 mm−1 30.9 mm−1 31.4 mm−1

Detector distance 60 mm – 60 mm 60 mm 60 mm
Exposure time 20 min – 12 min 35 min 20 min
ω Range; increment 0 – 180◦ , 1.0◦ – 0 – 180◦ , 1.0◦ 0 – 180◦ , 1.0◦ 0 – 180◦ , 1.0◦
Integr. param. A, B, EMS 14.0, 4.0, 0.016 – 14.5, 4.5, 0.016 10.5, 1.7, 0.017 14.0, 4.0, 0.014
F(000) 1128 1552 1549 1134 1116
θ Range 2 to 35◦ 3 to 35◦ 3 to 35◦ 2 to 35◦ 2 to 35◦
Range in hkl ±12, ±12, ±22 ±12, ±12, ±22 ±12, ±12, ±23 ±12, ±12, ±23 ±12, ±23, ±12
Total no. reflections 12590 12692 13121 13194 12343
Independent reflections 1806 (Rint = 0.063) 1846 (Rint = 0.124) 1910 (Rint = 0.078) 1916 (Rint = 0.085) 1956 (4Rint = 0.113)
Reflections with I > 2σ(I) 1669 (Rsigma = 0.029) 1499 (Rsigma = 0.066) 1540 (Rsigma = 0.051) 1693 (Rsigma = 0.040) 1416 (Rsigma = 0.063)
Data/restraints/parameters 1806 / 0 / 45 1846 / 0 / 45 1910 / 0 / 46 1916 / 0 / 45 1956 / 0 / 49
Goodness-of-fit on F2 0.873 1.032 0.941 1.064 1.012
Final R indices [I > 2σ(I)] R1 = 0.029 R1 = 0.038 R1 = 0.035 R1 = 0.062 R1 = 0.041

wR2 = 0.070 wR2 = 0.072 wR2 = 0.051 wR2 = 0.159 wR2 = 0.064
R Indices (all data) R1 = 0.033 R1 = 0.059 R1 = 0.052 R1 = 0.071 R1 = 0.071

wR2 = 0.072 wR2 = 0.079 wR2 = 0.054 wR2 = 0.166 wR2 = 0.070
Extinction coefficient 0.0010(2) 0.00012(8) 0.00042(5) 0.0072(9) 0.0008(1)
Twin ratio; BASF – 0.36(4) 0.34(4) – –
Flack parameter 0.003(12) – – 0.04(3) –
Largest diff. peak and hole 1.00 and −1.25 e/Å3 2.70 and −3.74 e/Å3 1.68 and −2.59 e/Å3 2.58 and −1.99 e/Å3 1.71 and −1.51 e/Å3

tion of cerium (position within the three-dimensional
TxXz network) play an important role. To give some
examples, in Ce2Sn5 [3] with two cerium sites, mag-
netic ordering is detected for one site at 3 K, while
the other site exhibits valence fluctuation behavior [4].
The indide Ce5Ni6In11 [5] has a two-fold and an eight-
fold cerium position. Both positions show antiferro-
magnetic ordering, the 2c site at 0.63 K and the 8k site
at 1.1 K [6, 7]. The U3Si2 type silicide Ce3Si2 [8] has
a four-fold and a two-fold cerium site. In contrast to
Ce5Ni6In11, both sites order magnetically at the same
temperature [9].

In view of the manifold magnetic behavior it is in-
teresting to try substitutions of one cerium site by a
diamagnetic rare earth element, i. e. scandium, yttrium,
or lutetium. The scattering power of cerium and (Sc,
Y, Lu) is sufficiently different so that the substitution
effects can reliably be determined from high-angle X-
ray intensities. For cerium/lanthanum substitutions it is

impossible to examine the occupancies on the basis of
X-ray data.

Some recent examples for such substitution effects
are the silicides Ce2YSi2 and Ce2ScSi2 [9], where the
magnetic ordering temperature is reduced with respect
to binary Ce3Si2. More complicated is the situation for
Ce5Si4 [10] with Zr5Si4 type structure which contains
three crystallographically different cerium sites. Flan-
dorfer et al. [11] started a more systematic investiga-
tion of the Ce-Y-Si system in order to study the cerium
valence in Ce5Si4 as a function of cerium concentra-
tion. They refined the structure of CeY4Si4 on the ba-
sis of X-ray powder data and reported on susceptibility
measurements for ternary compounds Ce5−xYxSi4.

We have recently synthesized various silicides also
in other solid solution systems, i. e. Ce5−xLuxSi4,
La5−xLuxSi4, and La5−xYxSi4. Depending on the com-
position, the diamagnetic rare earth elements show
different occupancies on the lanthanum (cerium) po-
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Atom Wyckoff occup. x y z Ueq
a

position
La1.72(4)Y3.28(4) Si4; space group P41212 (No. 92)
M1 8b 0.83(1)La/0.17(1)Y 0.99031(4) 0.35826(4) 0.20894(2) 101(1)
M2 8b 0.03(1)La/0.97(1)Y 0.13931(6) 0.01059(6) 0.37575(4) 95(2)
Y 4a 1.0 0.18263(7) x 0 94(2)
Si1 8b 1.0 0.2900(2) 0.0636(2) 0.1885(1) 107(3)
Si2 8b 1.0 0.3471(2) 0.2958(2) 0.3100(1) 127(3)
La1.72(2)Lu3.28(2)Si4; space group P43212 (No. 96)
M1 8b 0.86(1)La/0.14(1)Lu 0.00700(9) 0.64798(8) 0.78841(3) 70(2)
Lu1 8b 1.0 0.85516(6) 0.99382(7) 0.62431(4) 67(1)
Lu2 4a 1.0 0.82142(7) x 0 66(1)
Si1 8b 1.0 0.7101(5) 0.9423(5) 0.8131(2) 70(6)
Si2 8b 1.0 0.6451(5) 0.7062(5) 0.6870(2) 96(6)
Ce1.82(6)Lu3.18(6)Si4; space group P41212 (No. 92)
M1 8b 0.76(1)Ce/0.24(1)Lu 0.99215(7) 0.35757(7) 0.20990(3) 99(1)
M2 8b 0.15(1)Ce/0.85(1)Lu 0.14007(5) 0.00839(6) 0.37588(4) 97(1)
Lu 4a 1.0 0.18190(6) x 0 103(1)
Si1 8b 1.0 0.2907(4) 0.0627(4) 0.1879(2) 93(5)
Si2 8b 1.0 0.3488(4) 0.2938(4) 0.3117(2) 113(5)
Ce1.71(7)Y3.29(7)Si4; space group P43212 (No. 96)
M1 8b 0.78(2)Ce/0.22(2)Y 0.00964(8) 0.64036(9) 0.79154(4) 176(2)
M2 8b 0.08(2)Ce/0.92(2)Y 0.8617(1) 0.9888(1) 0.62391(8) 170(3)
Y 4a 1.0 0.8169(1) x 0 159(3)
Si1 8b 1.0 0.7087(4) 0.9358(4) 0.8113(2) 180(6)
Si2 8b 1.0 0.6550(4) 0.7034(4) 0.6898(2) 195(6)
Ce1.47(3)Y3.53(3)Si4; space group Pnma (No. 62)
M1 8d 0.69(1)Ce/0.31(1)Y 0.02209(5) 0.09691(2) 0.82109(5) 95(1)
M2 8d 0.05(1)Ce/0.95(1)Y 0.18100(6) 0.12255(3) 0.32175(7) 84(2)
Y 4c 1.0 0.3481(1) 1/4 0.9868(1) 79(2)
Si1 4c 1.0 0.2304(3) 1/4 0.6232(3) 102(4)
Si2 4c 1.0 0.9753(3) 1/4 0.1096(3) 106(4)
Si3 8d 1.0 0.1472(2) 0.9606(1) 0.5298(2) 111(3)

Table 2. Atomic coordinates
and isotropic displacement
parameters for
La1.72(4)Y3.28(4)Si4,
La1.72(2)Lu3.28(2)Si4,
Ce1.82(6)Lu3.18(6)Si4,
Ce1.71(7)Y3.29(7)Si4, and
Ce1.47(3)Y3.53(3)Si4.

a Ueq (pm2) is defined as one third
of the trace of the orthogonalized
Uij tensor.

sitions. The structure refinements of La1.72Y3.28Si4,
La1.72Lu3.28Si4, Ce1.82Lu3.18Si4, Ce1.71Y3.29Si4, and
Ce1.47Y3.53Si4 are reported herein.

Experimental Section
Synthesis

Starting materials for the preparation of the ternary sili-
cides were ingots of the rare earth elements (Johnson-
Matthey) and silicon pieces (Wacker), all with stated purities
better than 99.9%. The larger rare earth metal ingots were
mechanically cut into smaller pieces under paraffin oil and
cleaned with n-hexane. Both the paraffin oil and n-hexane
were dried over sodium wire. The small rare earth metal
pieces were subsequently arc-melted under an atmosphere of
ca. 600 mbar argon [12]. The argon was purified before over
molecular sieves, silica gel, and titanium sponge (900 K).
The pre-melting procedure for the rare earth metals strongly
reduces a shattering of these elements during the strongly
exothermic reaction with silicon. The two rare earth metals
and silicon were then mixed in the 2:3:4 atomic ratio and
the five silicides were synthesized by arc-melting of the el-
ements. The orthorhombic cerium yttrium silicide was pre-

pared with the starting composition 1.5:3.5:4. The samples
were then turned over and remelted in order to achieve homo-
geneity.

For the La/Y and the La/Lu silicide, single crystals were
already obtained after the arc-melting procedure, whereas the
Ce/Lu and both Ce/Y samples remained polycrystalline after
arc-melting. The buttons were then sealed in evacuated sil-
ica tubes and annealed slightly below the melting point in
a special water-cooled sample chamber [13] in an induction
furnace (Hüttinger TIG 2.5 / 300 or 5.0 / 300) for three hours.
Compact pieces of the silicides are light gray with metallic
luster. The samples are stable in moist air. No decomposition
was observed after several months.

X-ray film data, structure refinements, and EDX

The polycrystalline products have been characterized
through their Guinier powder pattern. The Guinier camera
was equipped with an image plate system (Fujifilm, BAS-
1800) and monochromated Cu-Kα1 radiation. α-quartz (a =
491.30, c = 540.46 pm) was used as an internal standard.
The orthorhombic and tetragonal lattice parameters (Table 1)
were obtained from least-squares fits of the powder data.
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Table 3. Interatomic distances (pm) in the structures
of La1.72(4)Y3.28(4)Si4 (P41212) and Ce1.47(3)Y3.53(3)Si4
(Pnma). The symbol M accounts for the rare earth metal
mixing (see Table 2). All distances of the first coordination
spheres are listed. Standard deviations are all equal or less
than 0.3 pm.

La1.72(4)Y3.28(4)Si4 Ce1.47(3)Y3.53(3)Si4
M1: 1 Si2 307.7 M1: 1 Si3 308.5

1 Si1 314.2 1 Si3 313.6
1 Si1 316.4 1 Si1 315.9
1 Si2 317.6 1 Si1 318.2
1 Si2 321.3 1 Si3 318.4
1 Si1 328.9 1 Si2 321.7
1 Y 363.2 1 Y 355.4
1 Y 363.9 1 Y 357.8
1 Si2 371.3 1 Si3 365.1
1 M2 376.9 1 M2 376.4
1 M2 380.4 1 M2 380.0
1 M2 392.7 2 M1 390.7
2 M1 392.9 1 M2 394.4
1 M1 402.0 1 M1 402.2
1 M2 406.6 1 M2 409.2
1 M2 410.2 1 M2 410.2
1 M2 422.9 1 M1 454.4

M2: 1 Si2 288.5 M2: 1 Si3 289.3
1 Si2 290.9 1 Si3 291.1
1 Si1 297.2 1 Si2 294.9
1 Si1 297.5 1 Si2 295.4
1 Si2 298.8 1 Si3 298.6
1 Si1 302.3 1 Si1 304.1
1 Y 342.7 1 Y 346.1
1 Y 343.1 1 Y 346.8
1 M1 376.9 1 M1 376.4
1 M1 380.4 1 M2 378.3
1 M2 385.2 1 M1 380.0
1 M1 392.7 2 M2 391.0
1 M2 398.4 1 M1 394.4
1 M1 406.6 1 M1 409.2
1 M1 410.2 1 M1 410.2
1 M1 422.9 Y: 1 Si2 295.3

Y: 2 Si1 299.1 1 Si1 297.0
2 Si1 310.6 1 Si1 299.0
2 Si2 314.5 2 Si3 314.5
2 M2 342.7 1 Si2 329.1
2 M2 343.1 2 M2 346.1
2 M1 363.2 2 M2 346.8
2 M1 363.9 2 M1 355.4

2 M1 357.8

The correct indexing of the patterns was ensured through
intensity calculations [14] taking the atomic positions from
the structure refinements. The lattice parameters determined
from the powders and the single crystals agreed well.

Irregularly shaped single crystals of ∼La2Y3Si4,
∼La2Lu3Si4, ∼Ce2Lu3Si4, and two different samples of
∼Ce2Y3Si4 were isolated from the as cast or the inductively
annealed samples by mechanical fragmentation. They were
first examined on a Buerger precession camera equipped

Table 3 (continued).

La1.72(4)Y3.28(4)Si4 Ce1.47(3)Y3.53(3)Si4
Si1: 1 Si2 255.7 Si1: 1 Si2 258.2

1 M2 297.2 1 Y 297.0
1 M2 297.5 1 Y 299.0
1 Y 299.1 2 M2 304.1
1 M2 302.3 2 M1 315.9
1 Y 310.6 2 M1 318.2
1 M1 314.2 Si2: 1 Si1 258.2
1 M1 316.4 2 M2 294.8
1 M1 328.9 1 Y 295.3

Si2: 1 Si1 255.7 2 M2 295.4
1 M2 288.5 2 M1 321.7
1 M2 290.9 1 Y 329.1
1 M2 298.8 Si3: 1 Si3 253.9
1 M1 307.7 1 M2 289.3
1 Y 314.5 1 M2 291.1
1 M1 317.6 1 M2 298.6
1 M1 321.3 1 M1 308.5
1 M1 371.3 1 M1 313.6

1 Y 314.5
2 M1 318.4

with an image plate system (Fujifilm BAS-1800) in order
to establish both symmetry and suitability for intensity data
collection. Single crystal intensity data of the ∼La2Lu3Si4
crystal were collected at room temperature making use of a
four-circle diffractometer (CAD4) with graphite monochro-
matized Mo-Kα radiation (71.073 pm) and a scintillation
counter with pulse height discrimination. The scans were
performed in the ω/2θ mode. An empirical absorption
correction was applied on the basis of psi-scan data.
Intensity data of all other crystals were collected at room
temperature by use of a Stoe IPDS-II diffractometer with
graphite monochromatized Mo-Kα radiation (71.073 pm)
in oscillation mode. Numerical absorption corrections were
applied to the data. All relevant details concerning the data
collections and the data treatments are listed in Table 1.

Careful analyses of the data sets revealed the space groups
P41212 (or P43212) and Pnma as expected for Zr5Si4 [15]
and Sm5Ge4 [16] type compounds, respectively. The starting
atomic parameters were then deduced from automatic inter-
pretations of direct methods with SHELXS-97 [17] and the
five structures were refined using SHELXL-97 (full-matrix
least-squares on Fo

2) [18] with anisotropic atomic displace-
ment parameters for all sites. In the first refinement cycles
the rare earth sites were refined exclusively with the scatter-
ing power of lanthanum or cerium. These refinements read-
ily showed that some of the displacement parameters were
either too low or to high, indicating a different occupancy for
these sites. We then carefully refined the occupancy parame-
ters and allowed La/Y, La/Lu, Ce/Lu, and Ce/Y mixing in the
subsequent cycles. These refinements showed, that one site
in each compound is fully occupied with yttrium or lutetium,
while one or even the two other sites showed mixing of the
rare earth metals. These mixed occupancies were refined as
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a least-squares variable in the final cycles, while the other
occupancies were kept at the ideal values. Refinement of
the correct handedness of the tetragonal structures was en-
sured through refinement of the Flack parameters [19, 20].
The La/Lu and the Ce/Lu crystals showed twinning by inver-
sion. The final difference Fourier syntheses revealed no sig-
nificant residual peaks (see Table 1). The positional param-
eters and interatomic distances are listed in Tables 2 and 3.
Listings of the observed and calculated structure factors are
available∗.

The single crystals were coated with a carbon film and an-
alyzed in a Leica 420 I scanning electron microscope by en-
ergy dispersive X-ray analyses using LaB6, CeO2, yttrium,
and SiO2 as standards. The compositions of the crystals de-
termined by the EDX analyses were in good agreement with
those obtained from the structure refinements. No impurity
elements heavier than sodium could be detected.

Electronic band structure calculations

Self-consistent ab initio band structure calculations were
performed with the LMTO method in its scalar relativistic
version (program LMTO-ASA 47) [21]. A detailed descrip-
tion may be found elsewhere [22 – 26]. Reciprocal space in-
tegrations were performed with the tetrahedron method by
using 75 (Y5Si4, Pnma) or 48 (Ce5Si4, P41212) irreducible
k-points within the Brillouin zones [27]. The basis sets con-
sisted of 5s/{5p}/4d/{4 f} for Y, 6s/{6p}/5d/4 f for Ce
and 3s/3p/{3d} for Si. Orbitals given in braces were treated
by the downfolding technique [28]. To achieve space filling
within the atomic sphere approximation, interstitial spheres
were introduced to avoid too large overlap of the atom cen-
tered spheres. The empty sphere positions and radii were
calculated by using an automatic procedure developed by
Krier [29]. The COHP (Crystal Orbital Hamiltonian Popu-
lation) method was used for the bond analysis [30]. COHP
gives the energy contributions of all electronic states for a
selected bond. The values are negative for bonding and pos-
itive for antibonding states. With respect to the well-known
COOP diagrams, we plot −COHP(E) to obtain positive val-
ues for bonding states.

Discussion

The coordination polyhedra of the two structure
types are presented in Fig. 1. They show many sim-
ilarities. The M1 atoms (M denotes the La/Y, La/Lu,
Ce/Lu, and Ce/Y mixing) of both structure types have

∗Details may be obtained from: Fachinformationszentrum Karls-
ruhe, D-76344 Eggenstein-Leopoldshafen (Germany), by quoting
the Registry No’s. CSD-413569 (La1.72Y3.28Si4), CSD-413570
(La1.72Lu3.28Si4), CSD-413571 (Ce1.82Lu3.18Si4), CSD-413573
(Ce1.71Y3.29Si4), and CSD-413572 (Ce1.47Y3.53Si4).

Fig. 1. Coordination polyhedra in the structures of the sili-
cides RE2RE ′

3Si4 (space group Pnma) and RE2RE ′
3Si4 (space

group P41212 or P43212). The RE1 (M1), RE2 (M2), yt-
trium(lutetium), and silicon sites are drawn as light gray,
dark gray, open, and small filled circles, respectively. The
site symmetries are indicated.

coordination number (CN) 18 with seven silicon and
eleven rare earth metal atoms in their coordination
shell. A similar situation occurs for the M2 atoms.
They have both the lower CN 16 with six silicon and
ten rare earth metal neighbors. It is worthwhile to note
that the M2 site in the La1.72Lu3.28Si4 crystal is fully
occupied by lutetium, in contrast to all other crystals
investigated.

The third rare earth position in the two structure
types has the much smaller CN 14 with eight rare earth
metal neighbors in a slightly distorted cubic coordina-
tion. The six square faces of this coordination polyhe-
dron are capped by silicon atoms. The low coordina-
tion number is most likely the reason for the full occu-
pancy of these sites with the much smaller yttrium and



U. Ch. Rodewald et al. · Ternary Silicides RE2RE ′
3Si4 179

Fig. 2. The structures of RE2RE ′
3Si4 (space group Pnma) and

RE2RE ′
3Si4 (space group P41212 or P43212). The distorted

cubes around the RE3 positions and the Si2 dumb-bells are
emphasized. The mixed rare earth metal, yttrium(lutetium),
and silicon sites are drawn as light gray, medium gray, and
black circles, respectively.

lutetium atoms. Although the coordination of the rare
earth metal atoms looks quite similar for both struc-
ture types at first sight, they are significantly differ-
ent. This is obvious from Fig. 2 where we show the
condensation of the YM8, respectively LuM8 cubes. In
the tetragonal Zr5Si4 type structure, the cubes are con-
densed via common corners, forming a complicated
three-dimensional network. As emphasized at the up-
per right-hand part of Fig. 2, they are arranged around
the 41 screw axis. In the orthorhombic Sm5Ge4 type
silicides the cubes are condensed via common edges
forming layers in the ac planes around y = 1/4 and
y = 3/4. These are the mirror planes of space group
Pnma.

Within the solid solution Ce5−xYxSi4 [11] the struc-
ture type changes from the Zr5Si4 to the Sm5Ge4

type for x ≥∼ 3.5, according to our X-ray data. With

the smaller yttrium atoms, the silicides adopt the or-
thorhombic Sm5Ge4 type as Y5Si4 [10] does. The ho-
mogeneity range was investigated for the Ce/Y system
by Flandorfer et al. [11].

Now we focus on the coordination of the sili-
con atoms. They have also very similar coordina-
tion in both structure types. Each silicon atom has
CN 9 in a tri-capped trigonal prismatic coordination
(Fig. 1). Since all silicon atoms form pairs, these trig-
onal prisms are condensed via a rectangular face.

Depending on the structure type and the size of
the rare earth element, the Si–Si distances show a
small variation. In the crystals investigated, they range
from 254 to 258 pm, somewhat longer than that in the
diamond structure of elemental silicon (235 pm) [31].
At this point it is worthwhile to compare the sin-
gle crystal data reported here with the X-ray powder
data for orthorhombic CeY4Si4 determined by Flan-
dorfer et al. [11]. There is a severe discprepancy for
the Si–Si distances: 226 pm Si3–Si3 and 271 pm Si1–
Si2 for the powder data as compared to 254 pm Si3–
Si3 and 258 pm Si1–Si2 for our single crystal. Since
the distance of 226 pm determined from the powder
data is significantly shorter than that in elemental sil-
icon, we assume that this is an artifact of the pow-
der refinement. In most ternary silicides the Si–Si dis-
tances are longer than in elemental silicon. This is also
the case for the silicides Sc3Pr2Si4, Sc1.26Pr3.74Si4,
and Sc3.96Nd1.04Si4 with the same orthorhombic struc-
ture [32].

Assuming essentially trivalent rare earth elements
and Si–Si single bonds within these silicides, elec-
tron counting in the binaries can be written to a first
approximation as (5Ce3+)15+(2 Si26−)12− · 3e− and
(5Y3+)15+(2 Si26−)12− · 3e−. This leaves three elec-
trons per formula unit for the conduction band, in
agreement with the results of the DFT band structure
calculation. As seen from the DOS curves shown in
Figs. 3 and 5, both silicides exhibit a remarkable den-
sity of states at the Fermi level (EF) confirming the
metallic character. The DOS at EF is strikingly high
for both compounds and mainly composed of partially
filled dd-σ -orbitals of yttrium or cerium, respectively,
forming strong Y–Y and Ce–Ce bonding. In the case of
Ce5Si4, also the Ce 4 f -levels contribute significantly
to the DOS at EF. Spin polarized calculations assum-
ing a 4 f 1-configuration of Ce3+ converged to a theoret-
ical magnetic spin moment of 0.62µB/Ce which corre-
sponds to an effective moment µeff = 2.89µB. The ex-
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Fig. 3. The total density of states (DOS) of Y5Si4 and the
contributions of the Si-3p- and Y-4d orbitals, respectively.
The energy zero is taken at the Fermi level.

Fig. 4. COHP diagram of the Si-Si bonds in Y5Si4. The dot-
ted line represents the integration (ICOHP).

Fig. 5. The total density of states (DOS) of Ce5Si4 and the
contributions of the Si-3p- and Ce-5d orbitals, respectively.
The energy zero is taken at the Fermi level.

Fig. 6. COHP diagram of the Si-Si bonds in Ce5Si4. The dot-
ted line represents the integration (ICOHP).

pected value for the fully polarized 4 f 1-state of Ce3+

is 2.54µB. We can assume that this deviation is due to
the known shortcomings in the description of strongly
localized 4 f -states within the LSDA rather than an in-
dicator for an intermediate valence state of cerium. In
any case, the calculated magnetic ground state justi-
fies the assumption that cerium is essentially trivalent
in Ce5Si4.

Figs. 4 and 6 show the COHP diagrams of the Si–
Si bonds in Y5Si4 and Ce5Si4. The graphs of the two
crystallographically different Si–Si bonds in Y5Si4 are
almost identical and therefore merged in Fig. 4. In both
cases we find Si–Si antibonding levels below and in
the vicinity of the Fermi level. In this energy range, the
DOS is dominated by the d-levels of yttrium or cerium.
A similar bonding picture was drawn for the Si–Si
pairs in Eu5Si3 [33], where the Si–Si π∗ bands are
completely filled. These π∗-levels overlap with the Eu-

5d bands and a Si–Si π∗ → Eu-5d back donation be-
comes evident. Eu5Si3 is formally a valence compound
according to (5Eu2+)10+Si4− (Si2)6−, but Ce5Si4 and
Y5Si4 contain three excess electrons in the unit cell:
(5Y3+)15+(2 Si26−)12− ·3e−. This leads to an increased
occupation of Si–Si antibonding orbitals up to the low-
est Si–Si σ∗ bands (Figs. 4 and 6). Since Si–Si π∗ and
σ∗ are in the range of the Y-4d or Ce-d bands, we can
also state a Si–Si π∗, σ∗ → Y-4d (Ce-d) back dona-
tion, which clearly stabilizes the structure of these sili-
cides.
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