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Abstract

The isostructural ternary silicides M,Cr,Sis (M =Ti, Zr, Hf) were prepared by arc-melting of the elemental components. The
single-crystal structure of Zr,Cr,Sis was determined by X-ray diffraction (Pearson symbol 0/44, orthorhombic, space group Ibam,
Z=4,a="7.6354(12) A b= 16.125(3) A, c= 5.0008(8) A), Zr,Cr4Sis adopts the Nb,Cr,Sis-type structure, an ordered variant of the
VSis-type structure. It consists of square antiprisms that have Zr and Cr atoms at the corners and Si atoms at the centers; they share
opposite faces to form one-dimensional chains C}V[Zr4/2Cr4/2Si] surrounded by additional Si atoms and extending along the ¢
direction. In a new interpretation of the structure, additional Cr atoms occupy interstitial octahedral sites between these chains,
clarifying the relation between this structure and that of Ta;SiTe,. The formation of short Si—Si bonds in Zr,Cr,4Sis is contrasted
with the absence of Te-Te bonds in Ta;SiTey. The compounds M,Cr,Sis (M =Ti, Zr, Hf) exhibit metallic behavior and essentially
temperature-independent paramagnetism. Bonding interactions were analyzed by band structure calculations, which confirm the

importance of Si—Si bonding in these metal-rich compounds.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Several ternary transition-metal silicides Mg_, M’ Sis
(M, M'=Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mn) [1-7] adopt
an ordered version of the structure of V4Sis (or TigGes)
[8] called the Nb,CrySis-type [1]. Identified as the 6-
phase in the Nb-Cr-Si system, Nb,Cr,sSis adopts a
typical intermetallic structure containing densely packed
layers of atoms [1]. Three possible sites are available to
be occupied by the two types of transition metals. If M is
the earlier and M’ is the later transition metal, the most
commonly encountered composition is M,M',Sis. A
limited range of solid solution occurs in some systems,
depending on the relative sizes of the metal atoms and
the site occupation preferences. For example, Nb,Cr,Sis
and Nb4Cr,Sis represent end members of a solid
solution Nbg_,Cr,Sis 2<x<4) [J].
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Recently, we demonstrated that quaternary antimo-
nides such as Nb4Pd sSiSb, represent filled variants of
the V,4SiSb,-type structure, in which Pd atoms partially
occupy tetrahedral sites between one-dimensional
chains of face-sharing Si-centered square antiprisms
J[Nbg»Si] encapsulated by Sb atoms [9]. We wondered
whether the related Ta,SiTey-type structure could serve
as a host in which octahedral sites between similar one-
dimensional chains |[TagSi] encapsulated by Te atoms
could be occupied by interstitial atoms [10,11].

The series M>Cr4Sis (M =Ti, Zr, Hf) has previously
been reported [3,4], but no single-crystal diffraction
work has been forthcoming to verify if an ordered
structure is adopted. No reports of the physical proper-
ties of any of these silicides M¢_,M'".Sis have appeared.
We present here the synthesis of the ternary silicides
M,CrsSis (M=Ti, Zr, Hf), the crystal structure of
Z1,Cr4Sis, and electrical and magnetic measurements on
the entire series. We show that Zr,Cr4Sis represents the
sought-after filled variant of the Ta,SiTey-type structure
in which Cr atoms occupy octahedral sites, and analyze
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the bonding in this structure through extended Hiickel
band structure calculations.

2. Experimental
2.1. Synthesis

The single crystal of Zr,Cr4Sis used for the structure
determination was originally obtained as an adventi-
tious product in the course of investigating the Zr—Cr—
Sb system. Zr, Cr, and Sb were reacted in a 8:1:1 ratio in
the presence of an Sn flux in an evacuated fused-silica
tube at 1000°C for 1 week and 600°C for 24 h, resulting
in black needle-shaped crystals. Energy-dispersive X-ray
(EDX) analysis on a Hitachi S-2700 scanning electron
microscope confirmed the presence of all three elements
(and the absence of other elements) in these crystals,
including that used for the X-ray data collection.
Incorporation of silicon evidently occurred as a result
of attack of the silica tube, as is sometimes observed.
For example, recent investigations suggest that ““f-
ZrSb,” prepared in a silica tube is really a ternary
compound, ZrSizsSb,_s [12]. Subsequently, stoichio-
metric mixtures of the elemental powders (Ti, 99.98%:;
Zr, 99.7%; Hf, 99.6%; Cr, 99.95%:; Si, 99.96%; all from
Cerac except Hf from Alfa-Aesar) were pressed into
pellets and reacted on a 0.25-g scale by arc-melting in a
Centorr 5TA tri-arc furnace under argon (gettered by
melting a titanium pellet). Microcrystals extracted from
the arc-melted products were confirmed by EDX
analysis to contain all three elements. Yields of
M,Cr,4Sis (M =Ti, Zr, Hf) were essentially quantitative,
as ascertained by X-ray powder diffraction on an Enraf-
Nonius FR552 Guinier camera. Cell parameters were
refined with use of the program POLSQ [13] and are
listed in Table 1. In particular, the cell parameters and
the diffraction intensities calculated from the single-
crystal structure of Zr,CrySis are in good agreement
with the powder data.

2.2. Structure determination

Intensity data were collected on a Bruker Platform/
SMART 1000 CCD at 22°C using o scans (0.2°).
Crystal data are given in Table 2. Calculations were
carried out with use of the SHELXTL (version 5.1)

Table 1

Cell parameters for M,Cr4Sis (M =Ti, Zr, Hf)

Compound a(A) b (A) ¢ A) v (A%
TirCr,4Sis 7.496(8) 15.92(1) 4.878(4) 581.9(6)
Z1,Cr,Sis 7.630(3) 16.137(8) 4.979(2) 613.1(3)
Hf,Cr,Sis 7.608(3) 16.103(7) 4.967(2) 608.5(3)

package [14]. Face-indexed numerical absorption cor-
rections were applied. The centrosymmetric space group
Ibam was chosen and initial atomic positions were found
by direct methods. Refinements proceeded in a straight-
forward manner, and revealed no evidence for partial
occupancy or disorder of sites. The final-difference
electron density map is featureless. The atomic positions
were standardized with the program STRUCTURE
TIDY [15]; note that this standardization interchanges
the labels of the Sil and Si2 atoms compared to previous

Table 2

Crystallographic data for Zr,Cr,Sis

Formula

Formula mass (amu)
Space group

a (AP

b (A)?

¢ (A

v (AY)

zZ

Pealed (g Cm73)
Crystal dimensions (mm)
Radiation

w(MoKar) (cm™1)
Transmission factors
20 limits

Data collected

No. of data collected

No. of unique data, including
F2<0

No. of unique data, with
F2>20(F)

No. of variables

R(F) for F2>20(F2)°

Ry (F)

Goodness of fit .
(Ap)max‘r (Ap)min (e A73)

Zr2C1‘4Si5

530.89

D3¢ —Ibam (No. 72)
7.6354(12)

16.125(3)

5.0008(8)

615.7(2)

4

5.727

0.12 x0.02 x 0.01
Graphite monochromated
MoKa, 7 = 0.71073 A
109.21

0.459-0.898

5.06° <20(MoKo) < 52.58°
—9<h<9, —20<k <20,
—-5<I<6

2187

358

327

33

0.038

0.097

1.276

2.01, —0.99

#Obtained from a refinement constrained so that o = ff =7 = 90°.

"R(F) = Y_||Fo| = |Fel|/S|Fo|-

“Ru(F2) = [ — 22w o = 02 + (0.0514p)°
+5.9458p] where p = [max(F2,0) + 2F2]/3.

Table 3

Atomic coordinates and equivalent isotropic displacement parameters

for Zr,Cr,Sis

Atom Wyckoff position x y z Uy (AH?
Zr g 0.37874(12) 0.35863(5) 0  0.0033(3)
Crl g 0.25292)  0.061199) 0  0.0040(4)
Cr2 8y 0 0.30889(9) 1/4 0.0043(4)
Silt g 0.0736(4)  0.43587(16) 0  0.0062(6)
Si2 g 0.2070(4)  0.21121(16) 0  0.0047(6)
Si3 4a 0 0 1/4 0.0027(8)

# Ueq is defined as one-third of the trace of the orthogonalized Uy

tensor.
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Table 4

Selected interatomic distances (A) for Zr,Cr,Sis
Zr-Sil 2.642(3)
Zr-Si2 2.715(3)
Zr-Si2 2.743(3)
Zr-Si3 2.760(1) (x 2)
Zr-Si2 2.819(1) (x 2)
Zr—Crl 2.989(1) (x 2)
Zr—Cr2 3.117(2) (x 2)
Zr-Crl 3.136(2)
Zr—Cr2 3.251(1) (x 2)
Zr—Crl 3.418(2)
Zr-Zr 3.111(1) (x 2)
Crl-Sil 2.416(3)
Crl-Si2 2.444(3)
Crl-Sil 2.449(3)
Crl-Si3 2.503(1) (x2)
Crl1-Sil 2.830(2) (x2)
Crl1-Cr2 3.084(2) (x2)
Crl-Crl 3.185(2) (x2)
Crl-Zr 2.989(1) (x 2)
Crl-Zr 3.136(2)
Crl-Zr 3.418(2)
Cr2-Sil 2.464(3) (% 2)
Cr2-Si2 2.558(3) (x2)
Cr2-Si2 2.583(2) (x2)
Cr2-Cr2 2.5004(4) (x2)
Cr2-Crl 3.084(2) (x2)
Cr2-Zr 3.117(2) (x2)
Cr2-Zr 3.251(1) (x 2)
Sil-Sil 2.354(5)
Sil-Sil 2.742(2) (x 2)
Sil-Crl 2.416(3)
Sil-Crl 2.449(3)
Sil-Cr2 2.464(3) (x 2)
Sil-Crl 2.830(2) (x2)
Sil-Zr 2.642(3)
Si2-Si2 2.872(3) (x 2)
Si2—Crl 2.444(3)
Si2-Cr2 2.558(3) (x 2)
Si2-Cr2 2.583(2) (x2)
Si2-Zr 2.715(3)
Si2-Zr 2.748(3)
Si2—Zr 2.819(1) (x 2)
Si3-Si3 2.5004(4) (x 2)
Si3—Crl 2.503(1) (x 4)
Si3-Zr 2.760(1) (x 4)

structure determinations on V¢Sis [8], Sc,CrsSis [6],
Nb,CrySis [1], or NbsCr,Sis [5]. Final values of the
positional and displacement parameters are given in
Table 3. Interatomic distances are listed in Table 4.
Further data, in the form of a CIF, have been sent to
Fachinformationszentrum Karlsruhe, Abt. PROKA,
76344 Eggenstein—Leopoldshafen, Germany, as supple-
mentary material No. CSD—413890 and can be obtained
by contacting FIZ (quoting the article details and the
corresponding CSD numbers).

Table 5
Extended Hiickel parameters
Atom Orbital Hj; (eV) (i c {n 2
Zr Ss —8.52 1.82

5p —4.92 1.78

4d —8.63 3.84 0.6207 1.510 0.5793
Cr 4s —8.66 1.70

4p —5.24 1.70

3d —11.22 4.95 0.5058 1.800 0.6747
Si 3s —17.30 1.383

3p -9.20 1.383

2.3. Electrical resistivity

Cold-pressed pellets of M,CrsSis (M=Ti, Zr, Hf)
each with a diameter of 3mm and a thickness of 0.5 mm
were mounted in a van der Pauw configuration for ac
resistivity measurements between 2 and 300K on a
Quantum Design PPMS system equipped with an ac-
transport controller (Model 7100). A current of 0.1 mA
and a frequency of 16 Hz were used. Measurements were
repeated twice on each compound and gave reproduci-
ble results.

2.4. Magnetic measurements

Ground samples were placed in gelcap sample holders
and dc susceptibility measurements were made under
zero-field-cooled conditions with an applied field of
5000 Oe on a Quantum Design 9T-PPMS dc magnet-
ometer/ac susceptometer between 2 and 300K. The
susceptibility was corrected for contributions for the
holder diamagnetism and the underlying sample dia-
magnetism.

2.5. Band structure

A tight-binding extended Hiickel band structure
calculation on Zr,CrySis was performed with use of
the EHMACC suite of programs [16,17]. The atomic
parameters are listed in Table 5. Properties were
extracted from the band structure using 162 k-points
in the irreducible portion of the Brillouin zone.

3. Results and discussion
3.1. Structure

Powder X-ray diffraction data reveal that Ti,Cr,Sis,
Z1,Cr4Sis, and Hf>CrySis adopt the Nb,Cr,Sis-type

structure, an ordered variant of the binary VSis-type
structure. In the isotypic ternary silicides, the transition-
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metal atoms can be distributed over three possible sites.
The powder diffraction patterns for Zr,CrsSis and
Hf,Cr4Sis are sharp whereas that for Ti,CrsSis shows
distinct peak broadening. This is suggestive of some
disorder of the metal atoms in Ti,Cr4Sis, although the
similar scattering factors of Ti and Cr and the absence of
suitable specimens for single-crystal X-ray analysis
precluded a definitive answer. In the single-crystal
structure of Zr,Cr,Sis (Fig. 1), the Zr and Crl atoms
lie at the vertices of Si3-centered square antiprisms,
whereas the Cr2 atoms lie at the center of octahedra
formed by Sil and Si2 atoms. The square antiprisms
share opposite faces and extend along the ¢ direction to
form one-dimensional chains Olo[Zr4/zCr4/ZSi]. The octa-
hedra share faces along the ¢ direction and edges along
the « direction to form layers é[CrSi4/4Si2/2]. Typical of
intermetallic structures, the coordination numbers of the
metal atoms are high (CN17 for Zr; CN15 for Crl;
CN14 for Cr2) and consistent with expectations, the
larger Zr atom occupies the site with higher CN. The
Zr-Si distances (2.642(3)—2.819(1)A) are generally
longer than the Cr-Si distances (2.416(3)-2.583(2);
2.830(2) A); these are comparable to the Zr—Si distances
(2.741-2.900 A) and the Cr-Si distances (2.406-2.523 A)
found in ZrCrSi, [18]. There are also extensive metal—

(b)

Fig. 1. Views of Zr,Cr4Sis (a) down the c-axis and (b) down the a-axis.
The large lightly shaded circles are Zr atoms, the medium solid circles
are Cr atoms, and the small open circles are Si atoms. Some bonds
have been omitted for clarity.

metal bonding interactions (Zr—Cr, 2.989(1)-3.418(2) A;
Zr-Zr, 3.111(1)A; Cr—Cr, 2.5004(4)-3.185(2) A) whose
shortest values correspond well with the sum of the
metallic radii (Zr, 1.60 A; Cr, 1.28 A) [19]. The 2[CrSiy
Siyjp] layers are linked together via rather short
2.354(5) A and longer 2.742(2) A Sil-Sil bonds; within
the layers are longer 2.872(3);% Si2-Si2 distances. The
alz[Zr4/2Cr4Q/ZSi] chains also entail Si3-Si3 distances of
2.5004(4) A, equal to half of the ¢ parameter. These
distances are comparable to those found in elemental Si
(~2.35A) [20] and within Si2 pairs in other silicides
(~2.8A) [21].

In its conventional description, the V¢Sis structure is
regarded as a juxtaposition of motifs appearing in the
tetragonal VsSiy; (WsSis-type) and hexagonal VsSis
(Mns;Sis-type) structures [§8]. What has escaped attention
is the close relationship between this structure and that
of Ta,SiTe4 [11]. Fig. 2 shows clearly that tl}l{gre is a
klassengleiche group—subgroup relation, Ibam — Pbam,
on going from Zr,Cr4Sis to TasSiTey. In both structures,
there are Si-centered square antiprisms with metal atoms
at the vertices. Additional nonmetal atoms bridge the
metal atoms around the square antiprisms, resulting in
1[(TasSi)Tey] chains in TasSiTey or in ! [(Zr,CrySi)Siy]
chains in Zr,Cr,Sis. In Ta,SiTe,, these chains interact
only weakly through van der Waals forces and are
separated by rather open channels. In Zr,Cr4Sis, there
are two important differences: (i) interstitial octahedral
sites between the chains are occupied by additional Cr
atoms, and (i) short Si-Si bonds (not shown in
Fig. 2(b)) are formed between the chains. Both of these
effects are accompanied by a significant contraction of
the cell parameters in Zr,CrsSis compared to those in
TayuSiTey, more than can be accounted for by the
replacement of Si for Te.

3.2. Properties

Table 6 summarizes electrical resistivity and magnetic
susceptibility data for M,Cr,Sis (M=Ti, Zr, Hf). All
members show metallic behavior with small resistivity
ratios (psp9/p, = 1.2—1.3) and essentially temperature-
independent paramagnetism (the low-temperature Curie
tails are attributed to impurities) (Fig. 3). Although
there can be large errors associated with the absolute
values of the resistivity and susceptibility, it is interesting
that the most resistive compound, Ti>Cr4Sis, is also the
least magnetic.

3.3. Bonding

Both Zr>CrySis and Ta4SiTes are characterized by
extensive metal-metal bonding, but like other V¢Sis-
type structures, Zr,CrySis also contains a range of Si—Si
bonding interactions. To a first approximation, the Sil
atom can be assigned an oxidation number of —3, if the
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(b)

Fig. 2. Comparison of the structures of (a) Ta,SiTe, (Pbam) and (b)
Z1,Cr,4Sis (Ibam) in terms of one-dimensional chains of face-sharing Si-
centered square antiprisms, shown in projection down the c-axis. Light
and heavy lines indicate a displacement by 1/2 the repeat along the
projection axis. In (a), the large shaded circles are Ta atoms, the small
crossed circles are Si atoms, and the medium open circles are Te atoms;
in (b), the large shaded circles are Zr atoms, the medium solid or
hatched circles are Cr atoms, and the small open or crossed circles are
Si atoms.

Table 6

Electrical and magnetic data for M,Cr4Sis (M =Ti, Zr, Hf)
Compound P30 (Qcm) ps (Qcm) Zm (emu/fu.)
Ti>Cr,Sis 1.2x1072 1.0 x 1072 29x%1073
Zr,Cr,Sis 46%x1073 3.6x 1073 44x%x1073
Hf>Cr,4Sis 8.6x107° 6.6x 1073 3.8%x 1073

short 2.354(5)A distance within the Sil-Sil pair is
considered to be a 2c—2e~ bond, and all other Si atoms
are assigned an oxidation number of —4. In the resulting
formulation  (Zr®),(Cr’ M)4(Si*)x(Si*7);,  electron
transfer occurs from the metal to the nonmetal atoms,
but there are still valence electrons available on the
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Fig. 3. Plots of (a) electrical resistivity on pressed pellets and
(b) dc magnetic susceptibility of powder samples of M>Cr,Sis
(M=Ti, Zr, Hf).

metal atoms to form Zr—Zr, Zr—Cr, and Cr—Cr bonds.
When Si in Zr,Cr,4Sis is substituted by Te in TasSiTey,
the corresponding formulation (Ta™),(Si*")(Te* ),
implies that there is no need to form Te-Te bonds to
satisfy the octets of the nonmetal atoms.

The band structure of Zr,Cr,Sis was calculated and
the density of states (DOS) curve is shown in Fig. 4. In
agreement with the observed metallic behavior of
Z1,Cr4Sis, there is no band gap at the Fermi level
(es = —10.27eV). The bands responsible for conduction
are composed largely of contributions from Cr levels,
with minor contributions from Zr levels and virtually
none from Si levels. The general features of the DOS
curve are consistent with expectations. There are
partially occupied Zr 4d and Cr 3d states below the
Fermi level that are available for metal-metal bonding.
The narrow peak near —10eV in the DOS curve
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Zr projection

-10

Energy (eV)

-12

-14

-16

Cr projection

Si projection

-18
@ DOS (b)

DOS (© DOS

Fig. 4. DOS curve for Zr,Cr,4Sis and its (a) Zr, (b) Cr, and (c) Si projections (shaded regions).

originates largely from unfilled e, levels of the octahed-
rally coordinated Cr2 atoms. The inserted Cr2 atoms are
able to participate in orbital overlap with the surround-
ing Sil and Si2 atoms of the hypothetical host structure
“ZrZCrzsiS”.

Significant mixing of states takes place from —14 to
—8¢V, corresponding to strong covalent character of
the bonds between Zr, Cr, and Si atoms. This is
confirmed by inspection of the crystal orbital overlap
population (COOP) curves shown in Fig. 5. Interest-
ingly, the structure achieves stability by optimizing Cr—
Si, Zr-Cr, and Cr—Cr bonds (with Mulliken overlap
populations (MOP) of 0.28, 0.10, and 0.31, respectively),
since their bonding levels are just filled, at the expense of
Zr-Si, Zr—Zr, and Si-Si bonds (MOP 0.21, 0.10, and
0.31, respectively), where some bonding levels remain
unfilled.

The Zr—Cr bonds can be regarded as donor—acceptor
interactions, engendering an electron transfer from Zr to
Cr atoms that was not evident in the Zintl formulation
provided earlier. In the 3L[Zr4/2Cr4/QSi] chains of square
antiprisms (Fig. 1), the Zr and Crl atoms are ordered in
such a way that the Zr atoms face the Cr2 atoms within
the adjacent é[CrSi4/4Si2/2] layers to maximize Zr—Cr
interactions. When the band structure calculation was
carried out with the alternative ordering, where the
positions of the Zr and Crl atoms are reversed, the
structure is destabilized by 7.2¢eV.

The homonuclear Cr—Cr and Si-Si interactions are
important in Zr,Cry4Sis. The one-dimensionality so
characteristic of TaySiTe, [10] is lost because strong
2.354(5) A Si1-Sil (MOP 0.51) and weaker 2.872(3) A
Si2-Si2 bonds (MOP 0.24) develop between the chains
of square antiprisms and octahedra. However, there are
still significant 2.5004(4) A Cr-Cr (MOP 0.31) and Si-Si
bonds (MOP 0.45) within these chains.

In conclusion, the structure of Zr,Cr,Sis involves Cr
atoms occupying octahedral interstices within a hy-
pothetical host structure “(Zr,Cr,)SiSi,” similar to

51 E | ]
-104 &l &1 &

-12

Energy (eV)

14

-16-

- + - + - +
-18 Zr-Si COOP Cr-Si COOP Zr-Cr COOP
@ (b) (2.416-2.583 A) (c)

-10+ f

Energy (iV)

L ’ L
/iw
_ﬁm
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14

-16
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’ Zr-Zr COOP Cr-Cr COOP Si-Si COOP
(d) (® (2.500 A) (f) (2.354-2.872 A)

Fig. 5. COOP curves for various bonding interactions in Zr,Cr,Sis.

Ta,SiTey but with the formation of additional Si—Si
bonds. Given that the Si atoms in Ta,SiTes can be
replaced by other elements such as Fe, Co, and Ni [11],
it may be feasible to attempt the preparation of an
analogous derivative with another interstitial element
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within the square antiprisms in Zr,CrySis, such as
“ZI'2CI'4FCSi4”.
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