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Abstract

The isostructural ternary transition-metal silicides Zr;MnySis and HfsMnySig can be prepared by direct reaction of the elemental
components or by arc-melting. The single-crystal structure of Zr;Mn4Sis was determined by X-ray diffraction (Pearson symbol
tP104, tetragonal, space group P4,/mbc, Z = 8, a = 17.1325(7) A, ¢ = 5.1058(2) A). Zr;Mn4Si, is isostructural to Nbs;Fe;CrSig and
contains an essentially ordered arrangement of the transition-metal atoms. Square antiprismatic clusters with Zr and Mn atoms at
the corners and Si atoms at the center share opposite faces to form one-dimensional columns ! [Zr, /2Mny 5 Si] extending along the ¢
direction. These columns occupy channels that are outlined by a framework of edge- and face-sharing MnSi¢ octahedra. The
extensive metal-metal interactions in the structure are complemented by Si—Si bonding in the form of dumbbells, linear chains, and

zigzag chains.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

A few quaternary silicides of composition 73
T' 3CrSig (T=Ti, Nb; T'=Fe, Co, Ni) have been
investigated as protective coatings for niobium alloys in
high-temperature applications [1]. They adopt an
apparently unique structure type, first found for
Nb;sFe;CrSig, in which disorder can potentially arise
between any combination of the transition-metal atoms
[2]. Tt is unclear if the NbsFe;CrSig-type structure must
be inherently disordered to be stable. The observation of
a preferential occupation of the metal sites suggests that
an ordered variant might be possible in the limiting
extreme and that perhaps simpler ternary representa-
tives with this structure type could be prepared.

In the (Zr, Hf)-Mn-Si systems, the phases ZrMnSi
[3,4], ZrMnSi;, [5], Zro4Sig.3sMn, [6], HIMnSi [3,4], and
HfMnSi, [7] have been identified previously. We present
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here two silicides, Zr;MnuSis and Hf3Mn,Sig, that are
new ternary ordered representatives of the Nb;Fe;CrSig-
type structure.

2. Experimental
2.1. Synthesis

Zr;MnySig was first identified as a side product
resulting from attack of the silica tube in a reaction
intended for the preparation of ZrsMnSb, in the
presence of an Sn flux at 1000°C. The small thin
needle-shaped crystals of Zr;MnySig were confirmed by
energy-dispersive X-ray (EDX) analysis on a Hitachi S-
2700 scanning electron microscope to contain 22% Zr,
35% Mn, and 43% Si (mol%), in good agreement with
the expected values of 23% Zr, 31% Mn, and 46% Si,
and with no other elements present. Subsequently,
rational synthesis was carried out by direct reaction of
stoichiometric mixtures of the elements (Zr, 99.7%,
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Cerac; Hf, 99.6%, Alfa-Aesar; Mn, 99.95%, Cerac; Si,
99.96%, Cerac) at 1000 °C for 2 weeks. The products
were analyzed by X-ray powder diffraction on an Enraf-
Nonius FR552 Guinier camera., The refined cell
parameters are a=17.143(4) A, c=5115Q2)A,
V =1503.2(7)A> for Zr;Mn,Sis (in good agreement
with the single-crystal cell parameters (vide infra)) and
a=17.131(1)A, ¢=5.1053)A, V = 1498.2(9)A° for
Hf3Mn4Sig. These phases can also be obtained by
annealing ingots, which were prepared by arc melting
in a Centorr 5TA tri-arc furnace, at 800 °C for 2 weeks.
The cell parameters of the arc-melted products show
some deviation suggesting that there is some degree of
homogeneity, which may be related to partial disorder
or nonstoichiometry in the transition-metal sites, or that
longer annealing times may be required for full
equilibration.

2.2. Structure determination

Intensity data were collected on a Bruker Platform/
SMART 1000 CCD diffractometer at 22°C using o
scans (0.2°) on a single crystal of Zr;MnySig confirmed
to contain all three elements by EDX analysis. Crystal
data are given in Table 1. Calculations were carried out
with use of the SHELXTL (version 5.1) package [8].
Face-indexed numerical absorption corrections were
applied. The centrosymmetric space group P4,/mbc
was chosen and initial atomic positions were found by
direct methods. Refinements proceeded in a straightfor-
ward manner, but following the suggestion of a
reviewer, we also examined the possibility of disorder
within the transition-metal sites. Successive refinements
were attempted in which each of these sites was allowed
to be occupied by a mixture of Zr and Mn atoms. The
occupancies converged to either 1.00(2) Zr or 1.00(2)
Mn, with the exception of one site, labeled Zr3, where
the occupancies were 0.88(2) Zr and 0.12 Mn, resulting
in the formula Zr, g32)Mny 12Sis. An alternative possi-
bility is that the structure is ordered but this site is
deficient in Zr. A refinement along these lines led to an
occupancy of 0.97(1) Zr, resulting in the essentially fully
stoichiometric formula Zr;¢7)MnsSie. We do not
consider determination of composition from refinement
of X-ray diffraction data to be meaningful unless
corroborated by other evidence. Both models are
consistent with the EDX analysis and the variation in
powder cell parameters. Examination of bond lengths
argues for an ordered model, as the metal-Si distances
to this site are too long to be consistent with occupation
by Mn atoms. In the final refinement, we have accepted
the ordered, fully stoichiometric model Zr;Mny4Sig. The
final difference electron density map is featureless. The
atomic positions were standardized with the program
STRUCTURE TIDY [9]. Note that this standardization
changes some of the labels compared to the structure of

Table 1

Crystallographic data for Zr;MnySig

Formula Zr3MnySig

Formula mass (amu) 661.96

Space group Dy3—P4y/mbe (No. 135)

a (A)? 17.1325(7)

¢ (AP 5.1058(2)

V(A% 1498.67(10)

VA 8

Pealed (ng 3) 5.868

Crystal dimensions (mm) 0.40 x 0.04 x 0.03

Radiation Graphite monochromated
MoKa, 7 = 0.71073 A

w(MoKer) (cm™) 113.97

Transmission factors 0.190-0.723

20 limits 3.36°<20 (MoKo) <66.20°

Data collected -25<h<25, 24<k<25,
-7<I<7

No. of data collected 17832

No. of unique data, including F2 <0 1535
No. of unique data, with F2>25(F?) 1446

No. of variables 75

R(F) for F2>25(F2)® 0.025
R (F2) ¢ 0.057
Goodness of fit 1.229

o —3
(Ap)max= (Ap)min(EA ) 119, —0.96

#Obtained from a refinement constrained so that a=b and o = f§ =
y =90°.

°R(F) = S|IFol = IFell/ SIFol.

Ry(F) = [SIW(FS = FO)']/ SwF) '
+7.9862p], where p = [max(F2,0) + 2F~]/3.

w =[6%(F2)4(0.0193p)>

NbsFe;CrSig [2]. Final values of the positional and
displacement parameters are given in Table 2. Intera-
tomic distances are listed in Table 3. Further data, in the
form of a CIF, have been sent to Fachinformationszen-
trum Karlsruhe, Abt. PROKA, 76344 Eggenstein-
Leopoldshafen, Germany, as supplementary material
No. CSD-414299 and can be obtained by contacting
FIZ (quoting the article details and the corresponding
CSD numbers).

3. Results and discussion

Zr3;MnySig and HfsMnySig are new phases in the (Zr,
Hf)-Mn-Si systems. Although their composition is close
to ZrMnSi, and HfMnSi,_ there is no simple relationship
with these structures. Instead, they are isostructural with
Nb;Fe;CrSig [2], which has been previously described as
an intergrowth of Zry;Co4Ges-type [10] and Nb,Cr,Sis-
type blocks [11]. The structure of Zr;MnySie, projected
along the ¢ direction, is shown as different representa-
tions in Fig. 1. The cluster description in Fig. 1(a)
emphasizes the presence of Si-centered square anti-
prisms (made up of staggered pairs of squares with one
Mn and three Zr atoms at the vertices) and MnSig
octahedra. The square antiprisms share opposite faces
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Table 2

Atomic coordinates and equivalent isotropic displacement parameters for Zr;Mn,Sig

Atom Wyckoff position X y z Uyq (/0\2)a
Zrl 8h 0.20427(2) 0.10168(2) 0 0.00388(8)
Zr2 8h 0.28198(2) 0.29871(2) 0 0.00400(8)
Zr3 8h 0.47279(2) 0.20998(2) 0 0.00586(9)
Mnl 16i 0.05172(2) 0.15410(2) 0.24973(8) 0.00403(9)
Mn2 8h 0.38428(4) 0.04193(4) 0 0.00729(12)
Mn3 8g 0.62585(2) 0.12585(2) i 0.00489(12)
Sil 8h 0.02157(7) 0.43451(7) 0 0.0079(2)
Si2 8h 0.06132(7) 0.03048(7) 0 0.0087(2)
Si3 8h 0.13082(6) 0.24753(6) 0 0.0049(2)
Si4 8h 0.22549(6) 0.45254(6) 0 0.0054(2)
Sis 8h 0.43028(7) 0.36132(6) 0 0.0053(2)
Si6 8g 0.16235(4) 0.66235(4) i 0.0046(2)

#Ugq is defined as one-third of the trace of the orthogonalized Uj; tensor.

Table 3
Selected interatomic distances (A) for Zr;Mn,Sig
Zr1-Si2 2.7361(12) Mnl-Si4 2.4278(10)
Zr1-Si3 2.7978(12) Mn1-Si5 2.4375(10)
Zr1-Si6 2.8163(5) (x2) Mn1-Si3 2.4545(10)
Zr1-Si4 2.8243(12) Mnl-Si5 2.4546(10)
Zr1-Si5 2.8425(5) (x 2) Mnl1-Si2 2.4775(11)
Zr1-Mnl 3.0434(5) (x 2) Mnl-Si2 2.4785(11)
Zr1-Mnl 3.0462(5) (x 2) Mnl-Mnl 2.5502(8)
Zr1-Mn2 3.2494(7) Mnl-Mnl 2.5556(8)
Zr1-Zr3 3.2099(3) (x 2) Mnl-Zr3 2.9796(5)
Zr1-Zr2 3.2392(3) (x 2) Mnl-Zrl 3.0434(5)
Mnl-Zrl 3.0462(5)
Zr2-Si3 2.7342(11) Mnl-Zr2 3.0656(5)
Zr2-Si5 2.7578(12)
Zr2-Si4 2.8076(12) Mn2-Sil 2.3866(13)
Zr2-Si6 2.8280(10) ( x 2) Mn2-Si4 2.4252(13)
Zr2-Si3 2.8689(5) (x 2) Mn2-Sil 2.4473(13)
Zr2-Mnl 3.0656(5) (x 2) Mn2-Si6 2.5541(10) (x 2)
Zr2-Mn3 3.2334(6) (x 2) Mn2-Sil 2.9054(6) ( x 2)
Zr2-7r2 3.2156(4) (x 2) Mn2-Mn2 3.1168(7) (x2)
Zr2-7rl 3.2392(3) (x 2) Mn2-Mn3 3.1499(7) (x 2)
Mn2-Zr3 3.0312(4) (x2)
Zr3-Sil 2.6126(13) Mn2-Zrl 3.2494(7)
Zr3-Si5 2.6933(12) Mn2-Zr3 3.2541(8)
Zr3-Si6 2.7669(5) ( x 2)
Zr3-Si3 2.8035(12) Mn3-Sil 2.4269(11) (x 2)
Zr3-Si4 2.8678(5) (x 2) Mn3-Si3 2.5185(10) (x 2)
Zr3-Mnl 2.9796(5) (x 2) Mn3-Si4 2.5194(10) (x 2)
Zr3-Mn2 3.0312(4) (x 2) Mn3-Mn3 2.55290(11) (x 2)
Zr3-Mn3 3.2531(4) (x 2) Mn3-Mn2 3.1499(7) (x 2)
Zr3-Mn2 3.2541(8) Mn3-Zr2 3.2334(6) (x 2)
Zr3-7Zrl 3.2099(3) (x 2) Mn3-Zr3 3.2531(4) (x2)
Sil-Sil 2.363(2) Si2-Si2 2.346(2)
Sil-Sil 2.7658(9) (x 2) Si6-Si6 2.55290(11) (x 2)

and extend along the ¢ direction to form one-dimen-
sional columns. Tetrameric groups of edge-sharing
Mnl-centered octahedra are connected together via
Mn3-centered octahedra; these octahedra share faces
along the ¢ direction to form a channel framework

within which the square antiprismatic clusters lic. The
description in Fig. 1(b) illustrates how the structure can
also be built up by stacking two-dimensional nets. The
primary layers 4 and A4’ lying at z=0 and %,
respectively, are related by a fourfold screw operation
and are constructed from a tessellation of triangles,
squares, pentagons, and hexagons. The remaining atoms
lie in secondary layers at z =~} or z =~ 3.

The three Zr sites at the corners of the square
antiprisms are coordinated to seven Si atoms at
2.6126(13)72.8689(5)A in a pentagonal bipyramidal
geometry. The fourth site, occupied by Mn, is coordinated
to five Si atoms at 2.3866(13)-2.5541(10) A in a distorted
trigonal bipyramidal geometry and two further Si atoms
at 2.9054(6) A. These distances are similar to those
found in ZrMnSi, [5]. Interatomic distances between
metal atoms (Zr—Zr, 3.2099(3)-3.2392(3) A; Zr—-Mn,
2.9796(5)-3.2541(8) A; Mn—Mn, 2.5502(8)-3.1499(7) A)
are consistent with the sum of the metallic radii (Zr,
1.60 A; Mn, 1.27 A) [12]. As shown in Fig. 2, significant
Si-Si interactions persist in this metal-rich structure
within the Si, dumbbells (Si1-Sil, 2.363(2) A; Si2-Si2,
2.346(2) A) straddling pairs of MnSig octahedra, the
linear Si chains (Si6-Si6, 2.55290(11)1&, corresponding
to half the ¢ parameter) forming the spine of the ! [Zr)
Mn,5Si] columns, and possibly the zigzag Si chains
(Si1-Sil, 2.7658(9) A) associated with face-sharing Mn3-
centered octahedra. Si—Si distances as long as 2.8 A have
been implicated as non-innocent, and overlap popula-
tions within a linear Si chain in Zr,Cr4Sis can be nearly
as large as within a Si, dumbbell [13].

The ordered distribution of the metal atoms in
Zr;MnySig, in contrast to that in NbsFe;CrSig, can be
attributed to more pronounced size differences (Zr/Mn
vs. Nb/(Fe, Cr)). Any of the octahedral sites should be
suitable for occupation by Cr, Mn, or Fe, which have
nearly identical metallic radii (1.28-1.26 A) [12]. In
NbsFes;CrSig, two of the sites forming the corners of the
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(b)

Fig. 1. Projection down the c-axis of the structure of Zr;MnySig, in
terms of (a) Si-centered square antiprisms and Mn-centered octahedra,
or (b) stacking of two-dimensional nets at z=0 (thick lines) and z = %

i i ; ainine ; ; . at 7 —~ 1
(thin lines) with remaining atoms in secondary layers at z =~ 3 or

z =~ %. The large lightly shaded circles are Zr atoms, the medium solid

circles are Mn atoms, and the small open circles are Si atoms.

square antiprisms are disordered (with occupancies of
0.42(12) Cr, 0.58(12) Fe and 0.12(2) Cr, 0.88(2) Nb,
respectively) [2]. In Zr;Mn4Sig, these sites (Mn2 and
Zr3) appear to be completely ordered. The possibility
that the Zr3 site is disordered with a small amount of
Mn is unlikely as all distances from this site to the Si
atoms significantly exceed the normal Mn-Si bond
length of 2.4-2.5A. A more feasible possibility is that
the Zr3 site can be slightly deficient, leading to some
degree of homogeneity and accounting for the varia-
bility in cell parameters depending on the method of

Fig. 2. Important Si-Si interactions (A) in ZrsMnySig in the form of
Si, dumbbells, linear Si chains, and zigzag Si chains.

preparation. This structure type seems to be quite
flexible in terms of its electron count and it should be
possible to substitute Mn with other transition metals in
Zr;MnySig and Hf5MnySig to generate other members of
this series.
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