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The crystal structure of the solid solutions in a CaSi,-LaSi,
system was studied by the X-ray Rietveld analysis. The layered
structure of CaSi, was changed into the three-dimensional a-ThSi,-
type structure in the solid solutions Ca,_,La,Si, (0.2 = x = L.0).
The lattice parameters of the solid solutions did not obey Vegard’s

rule, The structural analysis revealed that the Si-Si distances and
Si -

the Si Si bond angle of the three-coordinated coplanar
group of the Si sublattice changed rather irregulariy with the com-
position of the solid solutions. The Raman band due to the Si-Si
stretching vibration was hardly inflluenced by the composition of
the solid solutions. Magnetic susceptibility measurements sug-
gested that the superconducting transition of the solid solution
occurred at a temperature between 1.5 and 2.5 K. © 1994 Academic
Preay, Inc.

INTRODUCTION

Calcium disilicide CaSi, is a Zintl phase with a formal
charge of Ca?*(Si~),, where the silicide anion is isoelec-
tronic with group V elements and forms an anion sublat-
tice with a corrugated layer structure like As (1}. The
calcium ions are sandwiched between the corrugated sili-
con layers (Fig. 1a) (2). Among a number of disilicides of
alkaline-carth and rare-earth metals, this type of layered
structure is very special. Most of the disilicides adopt
the a-ThSi, structure, in which planar three-coordinated
silicon groups are connected with each other by twisting
alternatively by 90° so as to form a tetragonal three-dimen-
sional open network (3); the metal atoms are placed in
the interstices and bonded to 12 Si neighbors (Fig. Ib).
If the layered structured CaSi, is compressed under a high
pressurc and high temperature, it is transformed into the
e-'ThS1, structure (4).

Strontium disilicide, SrSi, with metal atoms larger than
Ca cannot have a layered structure, but rather have a
cubic three-dimensional network (5). Although the struc-
ture of SrSi, also consists of planar three-bonded silicon
groups, the way the groups are connected is very different
from the way they are connected in the a-ThSi, structure.

SrSi, can be transformed to the a-ThSi, structure by a
high pressure and high temperature treatment (4). In the
structure of BaSi, which has much larger metal atoms,
the silicon atoms exist as Si, clusters isolated by Ba atoms
(5). BaSi, is transformed to the EuGe, structures by treat-
ment under a high pressure and high temperature (6).
The EuGe, structure includes a trigonal layered silicon
sublattice like the corrugated silicon layers in the CaSi,
structure,

Evers et al. {7) studied three kinds of solid solution
systems M,_ M Si, (M, M’ = Ca, Sr, Eu). The metallic
radii (8) of these metals for coordination number 12 are
1.974 A (Ca), 2.050 A (Eu), and 2.148 A (Sr). EuSi, was
considered to be the most stable a-ThSi, structure,
for the same structure was obtained in not only high but
also normal pressure syntheses. The substitution
of the Ca atoms with larger Eu atoms stabilized the
a-ThSi, structure over a pretty wide range of 0.2 = x =
1.0 in the system Ca,_ Eu Si; even in normal pressure
synthesis. Similarly, the substitution of the Sr atoms with
smaller Eu atoms also extends the formation region of
the a-ThSi, structure to the range 0.2 = x = 1.0 in
the system Sr;_,EuSi,. The solid solutions with the
a-ThSi, structure in the system Ca, _ Sr,Si, were prepared
only in a high-pressure synthesis. The lattice parameters
of these solid solutions with the a-ThSi,-type structure
obeyed Vegard’s rule. Evers er al. (%) extended their
studies to the solid solutions with BaSi, having much
larger metal atoms, and arrived at the conclusion that the
structure type of disilicides was mainly determined by
size relations of the metal atoms to the silicon sub-
lattice.

In the present paper, a new solution series of
CaSi,-LaSi, has been studicd, where Ca atoms are substi-
tuted with La atoms. LaSi, has a homogeneity range from
LaSi, to LaSi, 4, accompanied by a change of structure
from the a-ThSi, to the GdSi, type (10). The trivalent
metallic radius of La for coordination number 12 is 1.804
A, which is smaller than Ca (1.974 A) and much smaller
than Eu (2.084 A). The solid solutions with the a-ThSi,
structure have been obtained over a wide range of compo-
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FIG. 1. Schematic structural model of CaSi,; {a) layer—structured
6R type and (b) high-pressure form of the a-ThSi, type.

sitions. The structures of a series of the solid solutions
are investigated by the X-ray powder Rietveld analysis,
and some physical properties of the solid solutions are
studied.
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EXPERIMENTAL

Preparation of Solid Solutions

CaSi, was prepared by melting a constituent mixture
of Ca metal which was purified by subilimation under a
vacuum at 900°C, and Si (99.99%) in a water-cooled cop-
per crucible with RF induction heating under an Ar atmo-
sphere. The apparatus and the detailed procedures were
described elsewhere (11}, LaSi, was prepared in a similar
marner by using La metal of reagent grade (99.9%) from
Mitsuwa Chemicals and the Si used in the preparation of
CaSi,. The two kinds of silicides prepared were mixed in
different ratios and melted in the same water-cooled cop-
per crucible under an Ar atmosphere. The melts were
cooled down to room temperature in the crucible by de-
creasing the RF power.

Analyses

X-ray powder diffraction (XRD) patterns were mea-
sured by using graphite monochromatized CuKe radia-
tion with Si powder as an internal standard. The struc-
tures of the solid solutions were analyzed on the basis
of the XRD patterns by using a RIETAN X-ray powder
Rietveld analysis program contained in the X-ray diffrac-
tometer (Rigaku, model RAD-R). Raman spectroscopic
measurements were made on a Raman spectrometer
(Japan Spectroscopic Co., model NR-1800) with radia-
tion of 514.5 nm of an Ar™* ion laser with a power of
100 mW. Magnetic susceptibility measurements were
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FIG. 2. X-ray powder diffraction patterns of a series of solid solutions Ca,_ LaSi,.
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performed in the temperature range 2-25 K using a
SQUID magnetometer.

RESULTS AND DISCUSSION

XRD Study

The XRD patterns of the solid solutions Ca,_,La,Si,
prepared are shown in Fig. 2. As seen from the figure,
the intensities and diffraction angles of the peaks are sys-
tematically changed or shifted with respect to those of
LaSi, of the «-ThSi, structure. This finding suggests that
the ternary silicide system adopts the «-ThSi, structure
and that the Ca and La atoms are randomly mixed at the
metal sites. If the amount of the substitution of Ca with
Lais 0.1 in x, a mixture of layer-structured CaSi, and a
phase of the «-ThSi, type is obtained. The lowest solubil-
ity limit for the a-ThSi, structure was estimated to be
about 0.2 in x.

All the diffraction peaks of each XRD pattern could be
indexed on the basis of a tetragonal unit cell for the
a-ThSi, structure. The lattice parameters calculated by
the least-squares method are shown as a function of the
composition (x) in Fig. 3. It should be noted that the a
and the ¢ parameters do not hold to Vegard’s rule at all,
although the cell volume increases almost linearly with
the increase of the content of LaSi,. This resuit is in
strong contrast to the fact that the lattice parameters of
the solid solutions in the systems M M, _ Si, (M, M’ =
Ca, Sr, Eu) changed linearly with the composition (7}. It is
shown in Fig. 2 that the XRD pattern of the corresponding
sample (x = 0.6) has broadened reflections for (004) and
(105) at 26° and 39°, respectively. These findings can be
interpreted in terms of a presence of two phases with
slightly different lattice parameters. The lattice parame-
ters plotted for the sample with x = 0.6 can be regarded
as the mean values of the two phases,

Structural Analysis

In order to investigate the origin of the unusual changes
of the lattice parameters shown in Fig. 3, systematic struc-
tural analyses of a series of the solid solutions were per-
formed by the X-ray Rietveld method. The analyses were
carried out with 4500 data points over the diffraction
angles between 15 and 65° on a space group f4,/amd of
the a-ThSi, structure. The initial coordinates used for the
positions of St and metal atoms were those of CaSi, of
the high-pressure form reported by Evers et al. (12), and
no ordering of Ca and La atoms was assumed. One of
the analytical results is given in Fig. 4, showing the ob-
served and the calculated XRD patterns and the difference
curve for the case of a solid solution of Cag,Lag ¢Si;. The
crystallographic data obtained by the Rietveld analyses
are summarized in Table 1. On the basis of the data given
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FIG. 3. Lattice parameters of the tetragonal unit cell as a function
of x in the solid solutions Ca,;_,La Si,. The parameters at x = 0 are of
the high-pressure form of CaSi; reported by Evers er al. (12).

in Table 1, two kinds of Si—Si bond lengths (I and 2} and
the bond angle (¢) of the coplanar three-bonded silicon
group were calculated, which are shown in Fig. 5. The
coplanar silicon triangle is illustrated as an inset of the
figure with the indication of the two kinds of silicon bonds
and the bond angle.

The silicon coplanar groups are not equilateral trian-
gles, but are distorted to isosceles triangles. The initial
increase of the a lattice parameter with the increase of
the substitution amount of Ca with La (Fig. 3) can be
attributed mainly to the increase of the bond angle ¢.
During this increase in a, the lattice parameter ¢ is kept
almost constant, because the increase in the Si-Si (1)
bond length along the ¢ axis is canceled by the depletion
of the central Si atom caused by the increase in the bond
angle ¢. In the solid solutions Ca,_,LaSi, of a range
0.6 = x = 1.0, the reversed situation is true; the increase
in the ¢ parameter is caused by the sharpening of the bond



K Counts
1.8

SOLID SOLUTION IN CaSi,—LaSi,

263

8. 0r

T

15.000 20.000 30. 000

40. 000

[

I [ T I ]

A
64,
I

Y Y JLM"&/ A

YRS

FIG. 4. Typical Rietveld analysis result for a sample Cag,l.a3Si; showing the observed {points) and calculated (solid line) profiles with the

difference curve (bottom).

angle ¢, coupled with the increase in the bond length
of the Si—Si (2) bond, while the “‘a™

almost constant.

Raman Spectra

The Raman spectra of the solid solutions of this region
were measured and are compared with that of layer-struc-

parameter remains

tured CaSi, in Fig. 6. The silicides have an intense Raman
band at about 510 cm™!, which is comparable to the fre-

quency of the band due to the Si-Si stretching vibration
of elemental silicon (516-520 cm ~ ') (13). The Raman band
of the solid solutions and LaSi, is shifted only slightly
toward a lower frequency with respect to that of the layer-

TABLE 1

Crystallographic Data for the Solid Solutions Obtained by the Rietveld Analysis

structured CaSi,, but the shift of the frequency is hardly
influenced by the composition of the solid solutions. This

Composition, x in Ca;_ /La,Si;

0 0.2 0.4 0.6 0.8 1

Lattice parameter

a {A) 4.283(3) 4.310(6) 4.325(5) 4.329(1) 4.330(1) 4.326(1)

c (A) 13.53(1) 13.50(2) 13.47(2) 13.65(4) 13.75(1) 13.84(1)
Atomic position

Si(8e); 0,0, z 0.41505(5} 0.414(3) 0.413(2) 0.414(4) 0.414(2) 0.416(3)

Ca, La (44); 0,0,0
Reliability factors (%5)

Ry, 21.99 18.30 21.59 13.88 18.47

R, 7.47 5.85 6.91 3.39 6.03

* The data for the high-pressure form of CaSi, were taken from Ref. ({2).
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FIG. 5. The Si-Si bond lengths and the bond angle of the coplanar
three-bonded silicon group as a function of the composition. A silicon
triangle is shown in the inset,

finding suggests that the Si-Si vibrational frequency is
determined mainly by the structural type of the silicon
sublattice.

Magnetic Susceptibility

The high-pressure forms of CaSi, and LaSi, are super-
conductors with transition temperatures () at 1,58 (14)
and 2.5 K (15), respectively. Magnetic susceptibilities of
the solid solutions were measured to see if the supercon-
ducting transition occurred in a similar temperature range.
The magnetic susceptibility of a solid solution
Cay3Lay,Si; is shown in Fig. 7; a diamagnetic decrease
in the susceptibility is observed at 2.5 K in the curve,
which can be attributed to the superconducting transition.
Due to the limitation of the temperature control of the
magnetometer used, the transitions which would occur
below 2 K could not be measured. However, it would be
very likely that all the solid solutions have T, between
1.58 and 2.5 K.
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FIG. 6. Raman spectra of the Si-Si stretching vibration region of a
series of solid solutions Ca,_,La Si, with the a-ThSi, structure. The
spectrum of the layer-structured CaSi, (x = 0) is shown for comparison,

Structural Consideration

The metallic radius of alkali-earth and rare-earth metals
for coordination number 12 is plotted in Fig. 8 as a function
of the cubic root of the cell volume for a unit formula
(MSi,) (5, 16-19), 3V V/n, of the corresponding metal
disilicide; the structural types of the metal disilicides are
distinguished by different markers in the figure. It should
be noted that the formation region of a specific structure
is lined by the cell volume of the disilicides rather than
by the size of the metallic radius. The a-ThSi, structure
is adopted by a large number of metal disilicides with
3/V/n in the range 4.03-3.72 A. The cell volumes of
CaSi, and SrSi, can be compressed into this region by a
high-pressure treatment, and these crystals are trans-
formed to the a-ThSi, structure (4). The cell volume of
BaSi, is too large to be compressed to the «-ThSi, region
even under high pressure. It is transformed to the EuGe,
structure, a trigonal-layered structure different from the
CaSi,-type laver structure. The late 4f rare-carth metal
disilicides have the AIB, structure, in which the silicon
atoms are arranged in coplanar hexagonal net-like graph-
ite and the metal atom layer is sandwiched between the
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FIG. 7. Magnetic susceptibility of solid solutions as a function of
temperature; (W) Ca,;La, ;5i; and {O0) Ca, ;185 35i;. The superconduct-
ing transition temperatures reported for the high-pressure form of CaSi,
and LaSi, are indicated by arrows.

silicide layers (20). Actually, these are defect ‘‘disilic-
ides™ with the composition RSi,_, (21}. The metal “*disi-
licides™ with the AlB, layer structure have the smallest
cell volumes, It is interesting to note that EuSi; has the
a-ThSi, structure irrespective of its large metallic radius.
Probably the metailic radius of Eu may be overestimated
in this structure. As the metallic radius of La is originally
much smaller than that of Eu, the substitution of Ca with
La would be more favorable for the stabilization of the
o-ThSi, structure.

Recently, the chemical and electronic structures of cal-
cium silicides have been extensively studied (22-24),
since the understanding of the interaction of Ca with Si
surface is very important in the microelectronics indus-
tries. The theoretical and electron photoemission studies
of CaSi, suggested that the chemical interaction between
the silicon and calcium cannot be interpreted in terms of
only ionic character, although there is a large difference
between the electronegativities of the two elements. A
covalent character is present together with some ionic
contribution. A series of RPtSi phases with ordered
e-ThSi, structure was prepared by Klepp and Parthé (23),
where R = La, Ce, Pr, Nd, Sm, and Gd. All these early
4f rare-earth elements have a-ThSi, structure, half of the
Si sites of a-ThSi, being substituted with Pt in an ordered
manner. They found that the cubic root of the cell volume
decreases linearly with the decrease of the R** cation
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FIG. 8. Formation regions of various types of metal disilicides in a
plot of *VV/r (the cubic root of the cell volume per unit formula MSi,)
vs the metallic radii for 12 coordination. The data for the cell volumes
are taken from Refs. (5) (M = Ba, 51, Ca), (16) (M = La, Pr, Ce, Nb,
Sm), (17) (M = Gd, Y, Dy), (18) (M = Er, Tm, Lu, Yb}, and (19)
(ThSi,). The structural types are distinguished by different markers; (&)
BaSiy, (V) $15i;, (4) CaSi,, () EuGe;, (O)a-ThSi;, and {0) AlB,,
BaSi,, 5151, and CaSi, are converted into the corresponding high-pres-
sure forms.

radius. The late rare-earth metal series from R = Tb to
Lu has the AlB,-type structure with a little drop of the
cell volume (cubic root) with the cation radius. Their
finding on a relationship between the cationic radii of the
metals and the cell volumes suggests that the idea of
cationic contribution would be stili important.

A remarkable deviation from Vegard’s rule was found
ina system Ca,__La,Si, (Fig. 3). This finding was interpre-
ted in terms of a nonuniform structural change of the
coplanar three-bonded silicon groups (Fig. 5). The metal-
lic radius of La may vary with the composition between
divalent (1.924 A) and trivalent (1.871 A) metallic radii.
It is also very likely that the degree of the covalent contri-
bution is variable with the composition. These effects
are mixed together and may give rise to a nonuniform
structural change of the three-bonded silicon group. For
more detailed discussion, systematic studies of other solid
solution systems are necessary, and structural data by a
single crystal analysis would be preferred to the Rietveld
powder analysis.
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