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Abstract

Platinum silicon antimonide (PtSiSb) was obtained as a byproduct of a reaction of Pt and Sb in a silica tube. Its structure
was determined from X-ray diffraction data (orthorhombic, space group Pbca, Z =8, a = 6.3128(8) A, b= 6.3347(8) A,
c = 11.3945(12) A). PtSiSb is closely related to PtSiTe, which adopts a ternary ordered pararammelsbergite (x-NiAs,)-type
structure. The structure of PtSiSb consists of a three-dimensional network built up by condensing PtSi;Sb; octahedra through both
corner- and edge-sharing. As in all representatives of the parent a-NiAs,-type structure, anion—anion pairs are present in PtSiSb.
However, the electron count in PtSiSb is 19¢™ per formula unit, one electron less than that for a-NiAs,-type structures. This
oxidation results in a significant distortion in the PtSiSb structure related to the occurrence of metal-metal pairs. Extended Hiickel
calculations were carried out on PtSiSb and PtSiTe to analyze these structural transformations as a function of electron count. A
narrow band gap (<1eV) is predicted for PtSiSb; experimental measurements revealed that the resistivity is high (p3y, = 0.2 Qcm)

and weakly temperature dependent, suggesting a small degree of nonstoichiometry or impurity.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Among ternary nickel-group silicon pnictides M—Si—
Pn (M=Ni, Pd, Pt; Pn=P, As, Sb, Bi), the only known
examples to date are Ni,SiP [1], NiSizP4 [2], NisSi>P3 [3],
NiSi,P; [4] (previously misidentified as “Niz 3651 7¢Ps”
[5]), Ni;Si,Ps [6], Ni,SiAs [7], PtSizP; [8], and PtSi,P; [8].
This survey exemplifies the relative paucity of ternary
pnictides involving the heavier congeners. As well, the
structures of the Ni—Si—P phases are subject to crystal-
lographic difficulties in distinguishing between Si and P
atoms [4].

Reported here is the equiatomic compound platinum
silicon antimonide (PtSiSb), the first phase found in the
Pt-Si-Sb system. Both metal-metal and nonmetal-
nonmetal bonding are implicated in its structure, which
is a distorted variant of that of PtSiTe [9]. The influence
of electron count on the structure of PtSiSb was
investigated through extended Hiickel band structure
calculations, and a resistivity measurement was carried
out to test the expectation that PtSiSb should have a
band gap.
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2. Experimental
2.1. Synthesis

In the course of investigating the ternary Hf-Pt-Sb
system, a mixture of Hf, Pt, and HfSb, in a 1:2:1 ratio
on a 0.25-g scale was arc-melted in a Centorr 5TA tri-arc
furnace under argon. The product was annealed in
the presence of 0.054 g Hfl, in an evacuated fused-silica
tube placed in two-zone furnace with a temperature
gradient of 850/900°C for 2 days, and then cooled to
room temperature over 1 day. A few irregular block-
shaped crystals were isolated and were found to contain
Pt, Si, and Sb in the ratio 1:1:1 (33(2)% Pt, 34(2)% Si,
33(2)% Sb) from an energy-dispersive X-ray (EDX)
analysis on a Hitachi S-2700 scanning electron micro-
scope. Evidently, the silica tube served as the source of
Si in these crystals. Subsequent attempts to prepare this
compound by arc-melting the elemental components
resulted only in mixtures of binary silicides and
antimonides. Direct reaction of Pt, Si, and Sb in a
1:1:1 ratio in a silica tube at 600°C for 1 day and 1000°C
for 3 days yields a mixture of PtSb, and PtSi, which are
particularly stable competing phases, as well as PtSiSb
(35(2)% Pt, 32(2)% Si, 33(2)% Sb by EDX analysis).
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The difficulty in preparing PtSiSb may be related to the
assertion that o-NiAs,-type compounds represent low-
temperature phases that undergo very sluggish trans-
formations to marcasite-type phases [10]. The possibility
of impurity stabilization cannot be ruled out, although
the structure is quite dense and it is not obvious where
interstitial defects might enter. Further phase analysis
of this and related systems is in progress.

2.2. Structure determination

After the selected crystal was confirmed to be single
by Weissenberg photography, intensity data were
collected on an Enraf-Nonius CAD4 diffractometer at
22°C. Crystal data and further details of the data
collection are given in Table 1. All calculations were
carried out with use of the SHELXTL (version 5.1)
package [11]. Conventional atomic scattering factors
and anomalous dispersion corrections were used [12].
Intensity data were processed, and face-indexed numer-
ical absorption corrections were applied in XPREP. The
systematic absences (0k/, k=2n+1; h0l, | =2n+1;
hk0, h=2n+1) are consistent uniquely with the
centrosymmetric space group Pbca. Initial positions

Table 1

Crystallographic data for PtSiSb

Formula PtSiSb
Formula mass (amu) 344.93
Space group D)} —Pbca (No. 61)
a (Ay* 6.3128(8)

b (A)a 6.3347(8)

¢ (A 11.3945(12)
V(A% 455.66(9)
z 8

Pcaled (gcm—S) 10.056

Crystal dimensions (mm)
Radiation

#(MoKa) (cm™ )
Transmission factors
20 limits

Data collected

0.06 x 0.05 x 0.04
Graphite monochromated
MoK, /. = 0.71073 A
732.65

0.057-0.136

7.16° <20 (MoKo)<69.92°
—-10<h<10, —10<k<10,

-18</<18
No. of data collected 7204
No. of unique data, including 997
F2<0
No. of unique data, with 854
F2>20(F?)
No. of variables 29
R(F) for F2>2¢(F2)° 0.042
Ry (F%)° 0.098
Goodness of fit . 1.097
(AD) > (AP)in €A™ 3.88, —3.87
#Obtained from a refinement constrained so that oo = =7 = 90°.

bR(F) = EHFol - ‘FCH/Z|F0|'

Ru(F3)=[XIW(EZ = F2)’)/ S wEy) 2wt = [02(F3)+(0.0432p) +
13.5847p] where p = [max(F2,0) + 2F2]/3.

Table 2
Atomic coordinates and equivalent isotropic displacement parameters
for PtSiSb

Atom Wyckoff x y z Ueq (A2
position

Pt 8¢ 0.00952(6)  0.11584(6)  0.10741(3) 0.0048(2)

Si 8¢ 0.3546(5)  0.2616(5)  0.0752(3)  0.0062(5)

Sb 8¢ 0.11706(11)  0.00222(12)  0.32746(6) 0.0062(2)

* Uyq is defined as one-third of the trace of the orthogonalized Uy
tensor.

Table 3
Comparison of distances (A) and Mulliken overlap populations in
PtSiX (X=Sb, Te)*

PtSiSb PtSiTe
Distance MOP Distance® MOP

Pt-Si 2.395(3) 2.405(3)

P-Si' 2.426(3) 0.452 2.379(3) 0.485
Pt-Si' 2.430(3) 2.391(3)

Prx" 2.6796(9) 2.701(1)

Pt—Xx" 2.6845(8) 0.496 2.672(1) 0.470
Pt-X 2.6955(8) 2.737(1)

Pt-Pt’ 2.8565(8) 0.093 3.698(2) —0.103
Si-x"! 2.584(3) 0.686 2.576(3) 0.581

*Symmetry codes: (i) x—1 43—y —z (i) 1—xy—4%z (i) —x,
%4“%%*2, (IV) x7%7y7%72; (V) =X, =V, =5 (Vl)%+x7y7%7z
®Ref. [9].

for all atoms were located by direct methods. Refine-
ments proceeded in a straightforward manner and
revealed no evidence for partial occupancy of sites
(refined occupancies were 1.00(7) for Pt, 0.99(7) for Si,
and 0.99(7) for Sb). The final difference electron density
map is featureless. The atomic positions of PtSiSb were
standardized with the program STRUCTURE TIDY
[13]. Final values of the positional and displacement
parameters are given in Table 2. Interatomic distances
are listed in Table 3. Further data, in the form of a CIF,
have been sent to Fachinformationszentrum Karlsruhe,
Abt. PROKA, 76344 Eggenstein-Leopoldshafen,
Germany, as supplementary material No. CSD-413194
and can be obtained by contacting FIZ (quoting the
article details and the corresponding CSD numbers).

2.3. Electrical resistivity

Single crystals typically less than 0.2mm in their
longest dimension were mounted in a two-probe
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 0.1mA and a frequency of 16 Hz were
used.
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2.4. Band structure

Tight-binding extended Hiickel band structure calcu-
lations on PtSiSb and PtSiTe were performed with use
of the EHMACC suite of programs [14,15]. The atomic
parameters were taken from literature values [16] and
are listed in Table 4. Properties were extracted from
the band structure using 256 k points in the irreducible
portion of the Brillouin zone.

3. Results and discussion
3.1. Structure

PtSiSb is the first antimonide found in the (Ni, Pd,
Pt)-Si—(P, As, Sb, Bi) systems, in which only eight
phases were previously known. Fig. 1 shows the
structure of PtSiSb portrayed in different ways. Each
Pt atom is coordinated by three Si and three Sb atoms in
an octahedral fashion. The Pt-Si distances of 2.395(3)—
2.430(3)/3; are somewhat shorter than those in PtSi
(2.407(7)-2.638(5) A) [17], and the Pt-Sb distances of

Table 4
Extended Hiickel parameters
Atom Orbital  Hj; (eV) Ci c (i c
Pt 6s —7.08 2.51
6p —5.48 1.84
5d —12.6 4.851 0.6314  2.588  0.5288
Si 3s —14.7 1.634
3p —8.08 1.428
Sb Ss —18.8 2.323
5p —11.7 1.999
Te Ss —20.78 2.51
5p —13.20 2.16

2.6796(9)-2.6955(8) A are somewhat longer than that in
PtSb, (2.671(2) A) [18]. Two [PtSizSb;] octahedra share
an Si-Si edge to form a [Pt,Si4Sbg] dimer with a Pt-Pt
separation of 2.8565(8)};. This distance is somewhat
longer than the 2.774 A distance found in elemental Pt
[19], but whether it is to be interpreted as a metal-metal
bond will be discussed later. The [Pt,SisSbe] dimers then
share all corners with each other to form a three-
dimensional network, as shown in Fig. 1a. The anions
form pairs with Si—-Sb bond distances of 2.584(3) A,
which is nearly identical to the sum of the Pauling single
bond radii of Si and Sb (rsi +rsp =1.173 4 1.41 =
2.583 A) [20], so an Si-Sb single bond can be assumed.
In addition to the bonded nonmetal atom, each anion
(Si and Sb) is surrounded by three Pt atoms resulting
in a distorted tetrahedral coordination.

The structure of PtSiSb can be derived from that of
a-NiAs,, also called by its mineral name pararammels-
bergite, a relatively uncommon type [21,22]. Both have
the same space group and a similar atomic arrangement
(Pbca; Pearson symbol oP24). Anion—anion pairs occur
in both structures (Si—Sb vs. As—As). PtSiSb can
therefore be regarded as a ternary ordered variant of
a-NiAs,, which is an intermediate between the pyrite
and marcasite structures. Fig. 1b and ¢ show that the
stacking of layers of octahedra along the c-axis
alternates between pyrite- and marcasite-type blocks.
In pyrite, the anion—anion pairs change orientation from
one layer to the next, whereas in marcasite, they remain
in the same disposition, as shown in Fig. 1b. A more
conventional description is that the octahedra share only
corners in pyrite whereas they share both corners and
edges in marcasite, as shown in Fig. 1c. This polyhedral
representation also reveals that the centers of the
[Pt,Si4Sbg] fused octahedral dimers are in an fcc-type
arrangement elongated along c.

(b)

©

Fig. 1. Views of PtSiSb down the g-axis. In (a) and (b), the small solid circles are Pt atoms, the medium lightly shaded circles are Si atoms, and the
large open circles are Sb atoms. The arrangement of Si—Sb and Pt-Pt pairs is emphasized in (b), whereas a polyhedral representation showing
the connectivity of [PtSi;Sbs] octahedra is emphasized in (c). Pyrite- (p) and marcasite-type (m) blocks alternate along the ¢ direction.
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@

Fig. 2. Comparison of the edge-sharing octahedral dimers in (a) PtSiSb and (b) PtSiTe [9].

An important feature present in PtSiSb but not in
o-NiAs, is the occurrence of metal-metal pairs. To
quantify the distortion that ensues, the separation along
¢ between the nets of metal atoms in the pyrite-type
blocks can be compared with that in the marcasite-type
blocks; effectively, this corresponds to the thickness of
the blocks. Among the known a-NiAs,-type compounds
(CoAsSe [10], CoPSe [10], CoSbS [23], IrPTe [24],
NiAs,, PtBi, (originally classified less accurately as
AuSn,-type) [25], and PtSiTe [9]), the marcasite-type
blocks are thicker than the pyrite-type blocks in all cases
except CoSbS and PtSiTe. In the last two cases, the
marcasite-type blocks are contracted to 2.8-2.9A thick
owing to the placement of the smaller nonmetal atoms
(S and Si, respectively) in these blocks, compared to
the 3.0-3.3 A thick pyrite-type blocks. In PtSiSb, the
marcasite-type blocks are considerably contracted
(2.448 A) relative to the pyrite-type blocks (3.250 A).
Compared to PtSiTe, the distortion in PtSiSb is more
than can be accounted for by mere size effects. Fig. 2
clearly shows that the Pt atoms within the edge-sharing
octahedral dimer are displaced from the centers of the
octahedra towards each other in PtSiSb but away from
each other in PtSiTe, and the Pt-Pt separations differ
by more than 0.8 Al

3.2. Bonding

All known a-NiAs,-type compounds have 20 valence
electrons per formula unit. If the anion—anion pairs are
assumed to be single bonds, applying the Zintl concept
so that each nonmetal atom attains an octet leads to the
conclusion that the transition-metal atoms have a d®
configuration. For example, in PtSiTe, formal charges
of Si*" and Te'™ are assigned, implying a Pt** (d®)
oxidation state in this “‘conventional electron counting
scheme” [16]. This assignment is also consistent with the
18-electron rule being fulfilled by the d° transition-metal
centers, which are coordinated octahedrally by six

0.30

PtSiSb
0.25

0.20 A

0.15+

0.10

Resistivity, p (Q cm)

0.05

0.00 T T T T T T T T T T T
0 50 100 150 200 250 300
Temperature, T (K)

Fig. 3. Temperature dependence of the resistivity of PtSiSb.

ligands, each providing a lone pair of electrons. There
is thus no need to form any metal-metal bond; consistent
with this expectation, the metal-metal separation is
greater than 3.3 A in all a-NiAs,-type compounds.

In contrast, PtSiSb has 19 valence electrons per
formula unit. The formulation (Pt° *)(Si* )(Sb*) implies
a d° configuration for the Pt centers. The 18-clectron
rule will then only be fulfilled if one Pt—Pt metal-metal
bond is formed to each Pt atom, consistent with the
observation of 2.8565(8)1& Pt—Pt pairs in the structure
of PtSiSb. In this connection, the structure of PtSiSb is
closely related to that of AuSn, (Pbca; oP24), which
is also a 19-electron system. Although Au-Au pairs
(2.98 A) are present, no distinct anion—anion pairs
occur, each Sn atom having two close Sn neighbors at
3.05 and 3.13 A instead [26]. The closed-shell formula-
tion (Pt>7)(Si*7)(Sb>") suggests that PtSiSb should
be a normal valence compound possessing a band gap,
likely small. Fig. 3 shows a representative plot of the
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resistivity behavior for PtSiSb. The resistivity increases
with temperature, but the dependence is too weak and
the absolute values of the resistivity are too high for this
behavior to be classified as metallic, although contact
resistance may be a contribution that cannot be
ruled out.

The problem with applying the electron counting
scheme above is that Pt is not the least, but the most
electronegative component in PtSiSb (Pauling electro-
negativities: Pt, 2.2; Si, 1.9; Sb, 2.0). However, full
electron transfer from the nonmetal to the metal
atoms to give a highly negative oxidation state on Pt
would be unrealistic; this difficulty is similar to the
situation in PtSizP, [16]. For compounds containing late
transition metals and weakly electronegative nonmetals,
a “modified electron counting scheme” has been
recommended [16]. Accordingly, in the case of PtSiSb,
the Pt atoms remain formally neutral with a d'°
configuration.

The band structure of PtSiSb was calculated to
examine the bonding and the influence of electron count
in more detail. Fig. 4 shows the density of states (DOS)
curve and its projections for the Pt 5d, Si 3p, and Sb 5p
orbitals, and Fig. 5 shows the crystal orbital overlap
population (COOP) curves for different contacts. The
occurrence of a small band gap (0.6eV) is consistent
with the observed weak temperature dependence of the
resistivity (Fig. 3) if real samples of PtSiSb are assumed
to exhibit a small degree of nonstoichiometry or
impurity doping levels to reach the exhaustion regime
of a semiconductor. The Pt 5d states are nearly
completely filled below the Fermi level, in a narrow
region between —14 and —12eV (Fig. 4a), supporting
the assertion of a d' configuration for Pt predicted
by the modified electron counting scheme. Substantial
mixing of the Pt, Si, and Sb states leads to optimization
of strong Pt-Si, Pt-Sb, and Si-Sb covalent bonding,
as verified by the occupation of all bonding and no

Pt 5d projection

-10

Energy (eV)

-12

-14

Si 3p projection

Sb 5p projection

-16
@ DOS (b)

DOS (© DOS

Fig. 4. Contributions of (a) Pt 5d, (b) Si 3p, and (c) Sb 5p orbitals (shaded regions) to the total DOS (line) for PtSiSb.
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[e¢]
_*m
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-16
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- + - +
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Fig. 5. COOP curves for (a) Pt—Pt, (b) Pt-Si, (c) Pt-Sb, (d) Si-Sb interactions in PtSiSb.
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antibonding levels seen in the COOP curves (Fig. 5) and
the large Mulliken overlap populations (MOP) listed in
Table 3. Of particular interest is the significantly positive
MOP of 0.093 for the 2.8565(8)A Pt—Pt contact (cf.,
0.097 for a 2.75 A Pt-Pt distance in a model Pt,(PH3),4
dimer [27]). Dispersion interactions between d'® cores
probably provide the major component to Pt-Pt
bonding. However, the contribution of covalent inter-
actions arising from mixing of the 6s and 6p states
cannot be discounted, so that there is net bonding
despite the occupation of antibonding states (Fig. 5a).
Analysis of the integrated atomic orbital projections
indicates that the configuration of Pt is 54°% 6s°* 6p'-?
in the compound.

If a rigid band model is assumed, adding an electron
per formula unit to the system raises the Fermi level to
—6.04 eV and forces more Pt—Pt antibonding levels to be
occupied (Fig. 5a), thus providing a simple explanation
for the disappearance of Pt—Pt bonding on going from
PtSiSb to PtSiTe. An actual calculation on PtSiTe
reveals, as expected, a similar band structure as PtSiSb
but with a larger band gap (1.6eV) because the atomic
Te levels start off lower in energy. Table 3 lists the MOP
values for various contacts in PtSiTe. The significantly
negative MOP of —0.103 for the Pt—Pt contact confirms
the absence of Pt—Pt bonding in PtSiTe.

In conclusion, PtSiSb represents an oxidized (19¢™)
variant of PtSiTe and other «-NiAs,-type structures
(20e7), accompanied by the formation of metal-metal
bonded pairs involving a d'® configuration on Pt. This
structural transformation is reminiscent of that between
normal marcasites and arsenopyrites, for which a
number of theoretical models have been proposed [28—
32]. It would be interesting to study the evolution of
metal-metal bonding on changing the electron count
continuously, for example, in the solid solution
PtSiSb,_,Te,. This has been attempted, but without
success so far. Solid solutions based on other a-NiAs,-
type members may be worthwhile investigating.
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