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ZrsNigTiSiOx: A New Structure Type with a Mixed
Early-Late Transition-Metal Framework
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An interstitially stabilized intermetallic in a mixed early-late transition-metal system has
been found to crystallize in a new structure type. The new compound ZrgNigTiSiO, (x = 1.8)
was synthesized by melting Zr, Ni, Si, and Ti;0; in an arc furnace, followed by annealing in
vacuum at 900-1150 °C. The crystal structure was determined by refinement of single-crystal
X-ray diffraction data. The structure was refined in the centrosymmetric space group P3ml,
Z = 2, with lattice parameters a = b = 8.2778(9) A, and ¢ = 7.444(1) A (R = 0.030, Ry, = 0.033).
Ozxygen atoms center zirconium trigonal antiprisms, which share faces to form a three-dimensional
network. The titanium and silicon atoms are coordinated by icosahedra of nickel or of zirconium
and nickel atoms. A structural comparison with the «x-phase will be discussed.

Introduction

A substantial diversity of structures of binary com-
pounds in mixed early-late transition-metal systems,
particularly in the Zr-Ni system, is described in the
literature.2® Typically, when an interstitial element reacts
with a binary early-late transition-metal compound to
form a ternary compound, the compound crystallizes in
a common structure type. Infact, only a limited number
of structure types are known for phases of mixed early
and late transition metals which are interstitially stabi-
lized.* Recent work in this lab has investigated the
importance of the presence of small amounts of oxygen in
stabilizing phases in the Zr-Ni system which do not appear
as true binary intermetallic compounds (i.e., the cubic
Laves phase,2- the filled Ti;Ni type structure,® and the
filled ResB type structure’™?®).

The ternary metal system Zr-Ti-Ni contains phases
which do not occur in either of the binary systems Zr-Ni
or Ti-Ni (i.e., the hexagonal Laves phase ZrTiNil®!! and
the BaPb; type structure ZrTi;Nigl213), It is natural to
expect that interstitials in this ternary system may stabilize
new compounds, with respect to the ternary intermetallics
and interstitially stabilized binary compounds. There are
some examples of ternary and quaternary phases which
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form with the addition of an interstitial atom, such as oxy-
gen in the case of a few «x-phases(e.g.,ZroW4(S,Ni)Og).14-16
Now, a new interstitially stabilized compound has been
formed in the Zr—Ti-Ni system with the composition Zrs-
NigTiSiO;s. Reported here are the structural results of
a single crystal refinement, and a comparison of this
structure with the x-phase structure.

Experimental Section

Samples were prepared from mixtures of Zr (Alfa products,
0.256-mm foil, 99.9%), Ti (Ames Lab), Ni (Inco, 99.99% ), (Johnson
Matthey, zone refined, 99.999% ), and Ti,03 (Johnson Matthey,
99+ %). The metal pieces were treated in acid solutions to remove
surface oxides and sequentially rinsed in water and then methanol.
The zirconium cleaning solution was a mixture of 10% HF, 45%
HNOs;, and 45% Hy0 by volume. Titanium was cleaned in a
solution of 60% H;0, (30%), 10% HF, and 30% H;0 by volume.
Nickel was cleaned in concentrated HNO,.

All samples were arc melted three times on a water-cooled
copper plate with a thoriated nonconsumable tungsten electrode
in an argon atmosphere. The arc melted buttons were subse-
quently crushed and pressed into pellets and annealed in
evacuated silica tubes at 900-1150 °C for 2-3 days. All samples
contained ZrQ; as a minor phase.

The single crystal used for the structural investigation was
picked from a sample of a Zr-Ti-Ni alloy which was accidently
melted and reacted with the silica tube in the annealing process.
Subsequent reactions included silicon and oxygen in the starting
materials. All handling of materials was done in air.

X-ray powder diffraction techniques were used to identify the
phases present and to determine accurate lattice parameters.
Powder diffraction films were obtained using a vacuum Guinier
camera FR552 (Enraf-Nonius, Delft, the Netherlands) with Cu
Ko, radiation. Lattice parameters were determined by a least-
squares refinement of indexed line positions calibrated by an
internal silicon standard (NIST).

Single-crystal X-ray diffraction data collection was done on
a Rigaku AFC6R diffractometer. The structure was solved by
direct methods and refined using the SHELXS!7and TEXSAN18
software packages. Details of crystal data are listed in Table 1.
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Table I. Crystal Data for ZrgNigTiSiO,

formula Zr5.39Nig.00T11.7:810.9001.80
space group P3m1(164)

a, A 8.2778(9)

c, A 7.444(1)

v, As 441.7(1)

Z 2

deale, g/cm? 7.366

crystal size, mm?3 0.08 % 0.04 % 0.04

w(Mo Ka), cm-! 200.84

data collection instrument Rigaku AFC6R

radiation (monochromated Mo Ka (A =0.71069 A)

in incident beam)

temperature, °C 2341
scan method 26~w
octants measured +h=+kl
data collection range 26, deg 0-60
no. reflns measured 2897
no. unique data, total with 272

F2> 3a(F2)
no. parameters refined 37
trans factors, max/min 1.500
secondary extinction coefficient 2.0(8) X 10-7
R, R, GOF¢ 0.030, 0.033, 1.006
largest peak, e/A3 1.44

largest negative peak, e/A3 -1.89
@R = L|F| - {FJ/ZIFy|. ® Re = [Ew(Fo| — |F)¥ Zw|F 21V w =
1/6%(Fo]. ¢ GOF = L((Fo| = |F)/ )/ (Nobs = Nparameters)-
Table II. Positional Parameters for ZrgNigTiSiO,*
atom x y z B(eq) % occup

Ni(1)  0.1129(2) 0.1129  0.2553(3) 0.54(2) 100
Ni(2) 0.1726(2) 0.1726  0.9326(3) 0.54(2) 100
Zr(1) 0.4598(1) - 0.4598  0.1953(2) 0.63(2) 100

Zr(2) 79(2)
Ti 0.2073(1) - 0.2073 0.5688(2) 0.49(3) 21(2)
Ti(1) 0 0 0 0.4(2) 100
Ti(2) 0 0 1y 0.7(2) 100
Si 90(4)
Ti 1/a 2/q 0.874(1) 0.4(2) 10(4)
om Y. 0 s 0.7(3) 96(4)
0@ Ys 2/ 0.367(9) 0.4(8) 36(6)

¢ Bleq) = (87Y/3)T%, I, U a*a* a*a*,.

Semiquantitative analysis by energy-dispersive X-ray analysis
(EDX) was carried out on a Cambridge S-200 scanning electron
microscope with a Northern Tracor Micro Z-II X-ray detector.
Surface analysis by X-ray photoelectron spectroscopy was
performed on a Perkin-Elmer 5500 multitechnique system.

A Quantum Design SQUID magnetometer was used to check
for superconductivity and to measure magnetic behavior at a
field of 3 T over the temperature range 6-298 K.

Results

The crystal was found to exhibit Laue symmetry 3ml,
and the single-crystal refinement was carried out in the
centrosymmetric space group P3ml. The refinement
converged with the placement of the Zr, Ni, Ti, Si and
O(1) atoms at the proper sites. The refinement improved
significantly when titanium was allowed to partially occupy
the Zr(2) position and also to partially occupy the Si
position. At this point, a peak in the Fourier difference
map suggested the presence of another oxygen atom, O(2).
This atom was added to the refinement, and the multi-
plicities of both oxygen atoms were allowed to vary. The
final positional parameters, equivalent B values, and
occupancies of all sites are listed in Table II. The
refinement reported here was calculated using a F,2 >
3a(F,%) cutoff. Anadditional refinement using a 1¢ cutoff
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Figure 1. Projection of layer A, showing atoms at positions with
z =1/, £0.33 (Ni(2), Ti(1), and Si not in this layer). Zr trigonal
antiprism outlined at cell center.
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Figure 2. Projection of layer B, showing atoms at positions with
-1fy < 2 <1/5(0(1), O(2), and Ti(2) at z = !/, not in this layer).

resulted in R = 0.054 and Ry = 0.043 and no significant
change in the thermal or positional parameters. The
anisotropic thermal parameters of all non-oxygen atoms
and structure factor tables including unobserved reflec-
tions are available in the supplementary material (see
paragraph at end of paper).

The structure can be described by viewing two con-
nected, alternating layers, the projections of which are
shown in Figures 1 and 2. The layers are labeled A and
B, as shown in Figure 3. Figure 1 shows layer A, centered
at z = /5 and containing only the atoms within the range
z = 1/, £ 1/5, This layer consists of a network of face-
sharing zirconium trigonal antiprisms which form buckled
rings. The bold lines mark the Zr-Zr connections that
outline the rings. Titanium atoms in an icosahedral
environment are in the center of the rings. A common
feature in oxygen-stabilized intermetallics of zirconium is
the presence of oxygen in the center of the zirconium
trigonal antiprisms. The antiprisms in the buckled ring
are centered by oxygen in two distinct crystallographic
sites, one of which (0(2)) is only approximately one-third
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Figure 3. View along the ¢ axis. Icosahedral coordination of Ti
atoms shown. Side view of regions included in layers A and B,
which are shown in projection in Figures 1 and 2, respectively.

occupied (this is the antiprism with the 3-fold axis along
the c axis, as viewed in the projection in Figure 1). The
antiprisms in the ring, then, form an alternating pattern
of filled, and partially filled antiprisms. The Zr-O
distances (2.22-2.35 A) are typical of oxygen-centered
zirconium antiprisms in intermetallic compounds (dz:—o
= 2.305-2.307 A in ZrsNiO7 and 2.27 A in Zr Ni;Of). The
short O(1)-0(2) distance (2.59 A) suggests full occupancy
of both sites would be energetically unfavorable, similar
to the situation of filling adjacent octahedral sites in the
TioNi type structures.!® The icosahedron around the
titanium atom consists of six zirconium and six nickel
atoms. Distances in the NigZrs icosahedron are indicated
in Figure 3. Figure 4 shows the distances within the
zirconium network. All interatomic distances less than
3.6 A are listed in Table III.

Figure 2 shows the projection along ¢ of layer B, centered
at z = 0 and including all atoms except those at z = 1/,
The bold outlines show the Niys icosahedra, centered by
titanium at the unit cell origin. Figure 3 illustrates how
this Ni; icosahedron shares faces and stacks with the Nig-
Zrg icosahedron centered at z = 1/;. The Nijp unit is a
fairly regular icosahedron, with a slight expansion at the
top and bottom (dni,_ni; = 2.80 A, compared to dni;-Ni, =
2.55 A or dNip-Nip = 2.67 A). This expansion is necessary
to allow face-sharing chains to form with the larger and
more irregular NigZrg icosahedron. The central titanium
atom has very short titanium-nickel distances in all of
these icosahedron (2.44-2.52 A). They are shorter, in fact,
than any of the nickel-nickel distances (2.55-2.80 A). A
calculation of Pauling bond orders?® was carried out on
this compound, and the short distances and high coor-
dination give the titanium atoms an unusually high bond
order in comparison to the other transition metal atoms.
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Figure 4. (a) Zr-Zr distances within and between layers of face-
sharing trigonal antiprisms. (b) Two edge-sharing silicon-
centered icosahedra, which lie between the zirconium layers in
(a).

Table III. Interatomic Distances in ZrgNigTiSiOy (&)
(Distances Less Than 3.6 A Listed)

Ni(1)-Ti(2) 2.436(2) X 1 Ni(2)-Si 2.345(2) X 1
Ti(1) 2.496(2) X 1 Ti(1) 2.525(2) X 1
Ni(2) 2.551(3) X 1 Ni(1) 2.551(3) X 1
Ni(2) 2.588(2) X 2 Ni(1) 2.588(2) X 2
Zr(2) 2.698(2) X 1 Ni(2) 2.671(2) x 2
Zr(1) 2.784(2) X 2 Zr(2) 2.754(2) X 1
Ni(1) 2.803(3) x 2 Zr(1) 2.860(1) x 2
Zr(2) 2.891(2) x 2 Zr(1) 2.871(2) X 2
0(2) 3.274) X1 Zr(2)-0(1) 2.2179(6) X 2
o 3.386(1) X 2 0(2) 2.35(4) X 1
Zr(1)-0(2) 2224y X 1 Ni(1) 2.698(2) X 1
o(1) 2.340(1) x 1 Ni(2) 2.754(2) X 1
Ni(1) 2.784(2) X 2 Ni(1) 2.891(2) X 2
Ni(2) 2.860(1) x 2 Si 2.903(6) x 1
Ni(2) 2.871(2) X 2 Ti(2) 3.017(2) X 1
Si 3.001(6) X 1 Zr(1) 3.128(2) x 2
Si 3.011(2) x 1 Zr(2) 3.129(3) X 2
Zr(1) 3.128(3) X 1 Zr(2) 3.144(2) X 2
Zr(2) 3.128(2) x 2 Zr(1) 3.317(2) X 2
Zr(1) 3.140(3) x 2 Ti(2)-Ni(1) 2.436(2) X 6
Zr(2) 3.317(2) X 2 Zr(2) 3.017(2) x 6
Ti(1)-Ni(1) 2.496(2) X 6 O(1)-Zz(2) 2.2179(6) x 4
Ni(2) 2.525(2) X 6 Zr(1) 2.340(1) X 2
Si-Ni(2) 2.345(2) X 3 0(2) 2.52(2) X 2
Zr(2) 2.903(6) X 3 Ni(1) 3.386(1) X 4
Zr(1) 3.001(6) X 3 0(2)-Zr (1) 2.22(4) X 3
Zr(1) 3.011(2) X 3 Zr(2) 2.35(4) X 3

oM 2.52(2) X 3
Ni(1) 3.27(4) X 3

This short titanium-nickel distance, however, was also
observed in TisNi and the filled-Ti;Ni, TigNizO, structures
(drini = 2.48 and 2.46 A, respectively), in which Ti also
centers Niys icosahedra.!

The projection in Figure 2 shows a Ni; icosahedron
sharing six vertices with six very distorted silicon-centered
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icosahedra. The distortion is seen in the very short Si-Ni
distances (2.34 A), compared with the Si-Zr distances
(2.90-3.01 A). These silicon-centered icosahedra form a
network of edge-sharing icosahedra. Figure 4b shows how
two of these icosahedra share edges. Figure 4a shows the
location of the silicon in between the layers of zirconium
antiprisms. The trigonal antiprisms and icosahedra share
faces. Thus, the structure consists of a metal framework
of zirconium trigonal antiprisms and nickel icosahedra
which arrange in this three-dimensional network. Tita-
nium and silicon fill the icosahedral sites, and oxygen
occupies trigonal antiprismatic sites.

The crystal structure refinement yields the atomicratios
Ni:Zr:Ti:Si of 6:5.4:1.7:0.9, to be compared with the
idealized atomic ratios of 6:6:1:1. A small piece of the
sample from which the crystal was extracted was studied
by both EDX and XPS techniques. Surface analysis on
a sample which was ion-beam etched in an argon atmo-
sphere gave ratios of 6:5.8:1.6:0.5. Semiquantitative
elemental analysis by EDX on a rough surface also resulted
in a Ni:Zr ratio greater than 1, with excess titanium,
supporting the conclusion that titanium substitutes on
the zirconium sites. The EDX experiment did not,
however, indicate a deficiency in silicon. A bulk sample
prepared with starting stoichiometry ZrgNigTiSiOg, and
containing both the desired phase and ZrO,, had lattice
parameters a = b = 8.334(2) A and ¢ = 7.843(2) A. This
lattice expansion is expected if less titanium substituted
for zirconium on the Zr(2) site and suggests that there is
a homogeneity range for this phase.

The sample was checked for superconductivity, but none
was detected down to 6 K. Magnetic measurements show
the sample is Pauli paramagnetic.

Discussion

This new structure may usefully be compared to the
x-phases.l® k-phases crystallize in the hexagonal space
group P63/mmec. This new phase crystallizes in the trigonal
space group P3ml. Figure 5 compares the metal frame-
work in the structures of these two phases, viewed
perpendicular to the [110] direction. The oxygen atoms
are omitted in this figure. Figure 5a is similar to Figure
4, showing the icosahedral coordination of silicon (B)
between the two layers of zirconium trigonal antiprisms
(A). Figure 5bis a view of the x-phase, which also contains
parallel layers of trigonal antiprisms made up of the metal
atoms, M, at the top and bottom of the figure (A). A
horizontal mirror plane contains the interstitial atom, X,
and one face of the trigonal antiprism. It can be noticed
that the parallel layers are connected by a middle
antiparallel layer (A’). The interstitial atom has a
tricapped trigonal prismatic coordination. The new
structure can be pictured as a distortion of the x-phase,
where the distortion consists of expanding one trigonal
face of the trigonal prism, as indicated by the arrows in
Figure 5b, and moving the atoms to a position corre-
sponding to the Ni atoms in Figure 5a. The interstitial
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Figure5. (a) ZrgNigTiSi0,. (b) k-phase. Arrowsshow direction
of distortion leading to the new structure.

atom then moves into this expanded region. A compression
along the ¢ axis completes the distortion (a value of c/a
= 0.97-0.99 is typical for the x-phases, compared to ¢/a =
0.90 for the new structure).

The «-phases are an intriguing class of compounds, in
which the metal framework provides a host to many
different interstitial elements. The general formula for
the x-phase is MgM’,X, where X = B, C, Si, Ge, P, As, S,
Se, Fe, Co, or Ni. Apparently, the strength of the metal-
metal interactions in the framework allows for the vari-
ability in X. A similar argument suggests that this new
phase might also form with a variety of interstitial
elements. The x-phase and the new phase both have a
metal/nonmetal ratio of 13:1, neglecting the oxygen. The
difference between the two phases is the metals which
make the framework. The x-phase framework contains
two transition metals, while this new phase has ternary
framework with two early transition metals and a late
transition metal. Continuing investigations will determine
if this phase forms with other interstitial elements and if
other metals will substitute in this framework.
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