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The AgPds;Se compound was synthesised from individual elements by solid-state chemical reactions
and structurally characterized by powder X-ray diffraction data. AgPd;Se displays cubic symmetry,
space group Pa3, unit cell parameter a=8.6289(1) A and Z=8. Double-Friauf polyhedra (DFP), defined
by Pd and Se atoms, form the basic structural building block of the AgPds;Se crystal structure. The Ag
atoms occupy the centres of DFPs forming an Ag-Ag dimer (2.792(2) A). The packing of DFPs forms two
kinds of interpenetrating networks that show similar features as three-dimensional Penrose tiles.
AgPdsSe is isostructural with CaAusGa. The electric resistivity as well as the electronic structure
calculation suggests metallic behaviour.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

During the investigation of phase relations in the Pd-Ag-Se
system, a new phase AgPd;Se was discovered. Among ternary
Pd-Ag selenides, the examples encountered so far are Pd,Ag,Se [1]
and Ag,PdsSe, [2]. Up to now, only the crystal structure of the
Ag,PdsSe; phase, which is also known as a mineral chrisstan-
leyite, is determined. This is surprising because numerous struc-
tural studies have been devoted to the binary palladium and
silver selenides (summarised in Ref. [3]). These metal-rich chal-
cogenides have also attracted a great deal of attention during last
decades mainly because of their interesting structural chemistry
and unusual physical properties, which put this class of com-
pounds at the interface of chemistry, mineralogy, solid state
physics and materials science [4-7].

In this paper, we present synthesis, crystal structure and
electronic structure calculation of new ternary compound
AgPdsSe. The resistivity measurements are also reported. Preli-
minary structural data about title phase were presented in a
conference abstract [8].
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2. Experimental
2.1. Synthesis and chemical composition

The ternary compound AgPds;Se was prepared by high-
temperature solid-state reactions. Stoichiometric amounts of
silver (99.999%), palladium (99.95%) and selenium (99.999%) were
loaded into the high-purity silica glass tube and tightly fitting
silica glass rod was placed on the top of the reagents in order to
keep the charge in place and also to reduce the vapour volume on
heating. The evacuated tube with its charge was at first annealed
at 800 °C for 2 days. After regrinding in acetone, the sample was
again heated at 350 °C for 62 days. The temperature was con-
trolled electronically (+4 °C). After heating, the sample was
quenched in a cold-water bath.

Chemical analyses were carried out on a Cameca SX-100
electron microprobe using the wave-length-dispersion mode
and a focused beam (size 1-2 pm). The accelerating voltage
was set to 15 kV and the beam current was 10 nA. The samples
were analysed using PdL,, Aglg and SeL,. Pure metals (Pd, Ag
and Se) were used as primary standards. Data were collected
(five readings) from different spots on several different crystals
and than averaged. The chemical analysis of the specimen
used for the crystal structure analysis yielded an overall com-
position of Agq.go2)Pds.042)S€0.96(1) (based on five atoms per
formula unit).
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2.2. Crystal structure determination and refinement

The powder X-ray diffraction pattern used for the structure
determination was collected in Bragg-Brentano geometry on an
X'Pert Pro PANalytical diffractometer, equipped with an X'Celera-
tor detector using CoKo radiation. To minimize background, the
sample was placed on a flat low-background silicon wafer. The
data were collected in the range from 12 to 160° 26. A full-width
at half maximum of 0.099° 20 was obtained at 40.217° 20
indicating a good crystallinity of the studied sample. The details
of the data collection and basic crystallographic facts are given in
Table 1.

The indexing of the X-ray powder pattern was performed
using the DICLVOLO6 program [9]. The first 20 lines, with an
absolute error of 0.03° 20 on peak positions, were indexed on the
basis of the cubic cell listed in Table 1. The figures of merit Myq
[10] and Fo [11] for assessing the quality of the solution were
M>p=336 and F»;=231 (0.0018, 49), respectively.

The extraction of the integral intensities as well as the
structure solution by direct methods was accomplished using
the EXPO2004 program [12]. The structure was solved in space
groups consistent with systematic absences (P4,32, P4,32, P23,
Pa3), however only the solution in the Pa3 space group resulted in
physically sensible geometry. Three crystallographic positions
were found; one of them was assigned as Se position (8c), two
of them temporary as Pd positions (24d and 8c).

The structural model found by EXPO2004 was introduced into
the FullProf program [13] for Rietveld refinements. A pseudo-
Voigt function was selected to describe individual line profiles;
the background was determined by the linear interpolation
between consecutive breakpoints in the pattern. Intensities
within 15 times the full width at half maximum of a peak were
considered to contribute to the central reflection. Because it is
nearly impossible to distinguish the Ag and Pd atoms using
conventional powder X-ray diffraction, the measured chemical
composition of the sample — Agy.0o2)Pds.042)S€0.96(1) — was also
used to designate the Ag position. According to the electron
microprobe analyses, the ratio of Ag, Pd and Se compositions
was determined to be very close to 1:3:1, which happens to
correspond to the ratio of the multiplicities of the three Wyckoff
positions (8c, 24d and 8c) obtained in the initial crystal structure
solution. Hence, the position at the 8c site, temporarily assigned
as Pd, was changed to the Ag position in later refinements.

Table 1
Data collection and Rietveld analysis. R agreement factors defined according to
Ref. [26].

Data collection

Radiation type, source X-ray, CoKo
Generator settings 40 kV, 30 mA
Data collection temperature room temperature
Range in 20 (deg.) 12-160

Step size (deg.) 0.033

Crystal data
Space group
Unit cell content®

Pa3(No. 205)
Ag1.002)Pd3.04(2)S€0.96(1) Z=8

Unit cell parameters (A) a=8.6289(1)
Rietveld analysis

No. of reflections 154

No. of structural parameters 8

No. of profile parameters 6

Riragg 0.036

Rp 0.021

Rwp 0.027
Weighting scheme 1/yo

2 According to the electron microprobe analysis.

Nevertheless, the possibility that a certain degree of mixing of
the Pd and Ag atoms occurs on their two sites cannot be ruled out.
Rietveld refinements with Pd/Ag (24d) and Ag/Pd (8c) mix sites do
not reveal any significant change in displacement or profile
agreement parameters. However, both elements are essential for
structure formation, because no structural analogues were found
in the corresponding binary systems Pd-Se and Ag-Se.

The final refinement with all 18 parameters, including 7 profile,
5 positional and 3 isotropic displacement parameters converged to
Rpragg=0.036 and R,,,=0.027. The chemical composition Ag; go(2)
Pds 04(2)S€0.96(1) Obtained from electron microprobe is very close to
the final crystal structure refinement of AgqgoPdszgoSeioo. The
details of the refinements are summarised in Table 1, the refined
atomic coordinates and isotropic displacement parameters are
listed in Table 2. The experimental (red circle), the calculated
(black curve), the peak positions (green bar), and the difference
curves (blue) after the final Rietveld refinement are shown in
Fig. 1.

2.3. Electronic structure calculation

The densities-of-states (DOS) were calculated by means of the
self-consistent, tight-binding, linear-muffin-tin-orbital (LMTO) meth-
ods in the local density (LDA) and atomic sphere (ASA) approxima-
tions, within the framework of the DFT method [14-17]. ASA radii for
atomic sites were scaled at the limitation of 16% maximum overlap
between two neighbouring atomic spheres, and interstitial spheres
were introduced accordingly. The ASA radii for Pd, Ag and Se were
2.65A, 3.09 A and 2.79 A, respectively. Reciprocal space integrations
were carried out by means of the tetrahedron method. The basis sets
were 5s/5p/4d|(4f) for Pd, 5s/5p/4d|(4f) for Ag, and 4s/4p/(4d) for Se,
with orbitals in parentheses down-folded [18]. Scalar relativistic
effects were automatically included in the calculations. The band
structure was sampled for 24 x 24 x 24 k points in the irreducible
wedge of the Brillouin zone. The crystal orbital Hamilton population

Table 2
Refined atomic coordinates for the AgPdsSe.

Atom Site X y z Biso [A?]

Pd(1) 24d
Ag(1) 8c
Se(1) 8c

0.5869(1)
0.4066(1)
0.1230(2)

0.2227(1)
0.4066(1)
0.1230(2)

0.6377(1)
0.4066(1)
0.1230(2)

0.46(3)
0.59(4)
0.31(7)
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Fig. 1. Observed (circles), calculated (solid line) and difference Rietveld profiles
for AgPds;Se. The vertical bars indicate the positions of the Bragg peaks. (For
interpretation of the references to colour in this figure, the reader is referred to the
web version of this article.)
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(COHP) analyses were also performed to gain insight into the bonding
properties [19].

2.4. Electrical resistivity

The electrical resistivity measurements were carried out using
the four-probe method: two contacts were adjusted on the edges
of the sample and two in the centre. Contacts were sealed with
tin. The powder sample was pressed (under the weight of 2 t) into
the shape of parallelepiped with dimensions 2 x 3 x 8 mm?>. The
electrical resistance was studied in the range from room tem-
perature up to the temperature of liquid nitrogen, in heating and
cooling cycles.

3. Results and discussion
3.1. Crystal structure

The crystal structure of AgPdsSe is isostructural with CaAusGa
[20]. Similar motifs were also observed in the structures of
NaAusSi and NaAusGe [21]. In the structure of AgPdsSe, each Ag
atom is surrounded by 12 Pd, 3 Se and 1 Ag atoms, as is indicated
in Fig. 2(a). Twelve of these atoms (9Pd and 3Se) form a distorted
truncated tetrahedron, also known as Friauf polyhedron. The
Friauf polyhedron is one of the most common coordination
polyhedra in intermetallic phases and Frank-Kasper type quasi-
crystals [22]. As shown in Fig. 2(b), two adjacent Friauf polyhedra
share a common hexagonal face, composed of Pd atoms, forming a
double Friauf polyhedron (DFP). The DFP forms the basic struc-
tural building block of the AgPdsSe crystal structure. The central
Ag atoms form an Ag-Ag dimer (2.792(2)A) that is oriented
across the shared hexagonal face. More specifically, the Ag-Ag
dimer lies in the threefold axis of the DFP. The packing of DFPs in
the AgPdsSe crystal structure cannot fill all the space without
gaps, as was mentioned by Lin and Corbett [20] for the isostruc-
tural CaAusGa. These gaps, each defined by three Pd and one Se
atoms, are exactly the parts that are truncated along the threefold
axis of the Friauf polyhedron. As shown in Fig. 2(c), each DFP
shares its Pds; face with two neighboring Pds;Se tetrahedral
voids to form a more complex structural unit, namely prolate
rhombohedron (PR). The decoration of the PR is prominent: the
electron-rich Se atoms always occupy the vertices, whereas the
electron-poor Pd atoms are located approximately to the mid-
points of the Se-Se edges (Fig. 3). Similar “colouring” is seen in
CaAusGa [20], NaAusSi and NaAusGe [21]. All Se-Se edges of the
PR show the same length of 4.827(2) A, which is approximately
close to the sum (4.904 A) of two individual Pd-Se distances of
2.475(2) A and 2.429(2) A. Compared with the Ga-based PR in
CaAusGa [20], the Se-PR are more distorted; the Se-Pd-Se and
Ga-Au-Ga angles are 161.06(6)° and 172.08(5)°, respectively.

Similar to the Ca network in CaAusGa [20], the interconnection
of eight Ag atoms in each unit cell AgPdsSe forms an oblate
rhombohedron (OR), or a squeezed cube along a threefold axis.

a

The short diagonal (2.792(2)A) of the OR overlaps with the
unique threefold axis of the Se-PR (see Fig. 3). The Ag-Ag edges
of OR are slightly longer than that of the Se-PR (5.090(2) A vs.
4.827(2) A). Noteworthy is that although Ag is about 0.09 A
larger than Ga in metallic radii (rca=1.35A, rag=1.44 A, [23]),
the Ag-Ag edge is shorter than the corresponding Ga-Ga edge
(5.245(4) A) observed in the CaAusGa structure [20]. The reason is
because the PR and OR in the title structure are more distorted
than those in CaAusGa (as discussed above).

Consequently, the AgPd;Se crystal structure can be viewed as a
combination of two kinds of three-dimensional networks com-
posed of Pd, Se (Fig. 4(a)) and Ag atoms (Fig. 4(b)), respectively.
Their mutual interpenetration is shown in Fig. 4(c). This arrange-
ment was described in detail in the structure of CaAusGa [20],
therefore we will not review it thoroughly here. Nevertheless, it is
interesting to note that the packing of PRs automatically generate

Fig. 3. Prolate (black lines) and oblate (green lines) rhombohedra in the unit cell
of AgPdsSe. The Ag-Ag dimer is highlighted (violet line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 4. The 3D networks of (a) Se atoms and (b) Ag atoms in the crystal structure
of AgPdsSe. The packing of Se prolate rhombohedra automatically generates its
duals, Se oblate rhombohedra and vice versa. The same is valid for packing of Ag
oblate rhombohedra. (c) The interpenetration of both networks.

b c
@ ’
Ag
& & Se

Fig. 2. (a) Coordination of the Ag atoms in the AgPds;Se crystal structure where 12 atoms (9Pd+3Se) form the truncated tetrahedron. (b) Two truncated tetrahedrons
sharing a face forming a double Friauf polyhedron (DFP), the Ag-Ag dimer is emphasized. (c) An idealized drawing of the DFP.
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their duals—ORs and vice versa. Moreover, PR and OR are the two
basic units of the three-dimensional Penrose tiles (3DPTs) [24]
that have been proved useful for quasicrystals modelling [25]. The
acute Ag-Ag-Ag angle in the OR is 63.26(2)° in the AgPds;Se
crystal structure, which is very close to the characteristic angle of
63.43° of the ideal 3DPTs. However, the acute Se-Se-Se angle,
66.22(3)° shows much larger deviation from the ideal geometry
of 3DPTs.

Noteworthy is that in structures of CaAusGa, NaAusSi and
NaAusGe, the most electropositive elements Ca or Na occupy the
centers of double Friauf polyhedra (DFPs), whereas the most
electronegative Au, midpoints of PR edges, and the remaining
triel (Ga) or tetrels (Si, Ge), the vertices. In the structure of
AgPdsSe, centers of DPFs remain being occupied by the most
electropositive Ag (4.44 eV); however, the vertices are occupied
by the most electronegative Se (5.89 eV) rather than Pd (4.45 eV).
The reason must relate to the strong relativistic effect of Au,
which results a large electron affinity. Actually in this structural
type, the electronic structure of Pd is closer to that of Au than Ag
(below).

3.2. Electronic structure

Fig. 5 shows (a) the densities-of-states (DOS) and (b) the
crystal Hamilton overlap population (-COHP) data of AgPdsSe.
In the DOS patterns, the Fermi level (Eg) locates in a pseudogap,
indicating a metallic character. The metallic character of AgPdsSe
was also supported by the relatively low value of resistivity
(3.55x10"*Qcm at 300K) and its temperature dependence
(Fig. 6). The resistivity decreases as temperature decreases, which
is typical for a metal. Interestingly, open gap is observed in M —
X— G- R directions in the Brillouin zone at about 0.5 eV (Fig. 7),
with only a band crossing from G—M direction. As shown in
Fig. 5(a), the states far below Eg are mainly the Se 4s states, which
are well separated from its 4p states because of its inert lone pair
character. Heavy mixings of different states are observed in the
energy range of ~—7.0 eV and up. The Pd 4d states spread in a
large energy range, from ~ —5.0 to Ef, similar to those of Au in
CaAusGa and other Au-rich polar intermetallics. On the contrary,
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Fig. 5. (a) The densities-of-states (DOS) and (b) the crystal Hamilton overlap
population (-COHP) data for AgPdsSe.
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Fig. 7. The band structure for AgPd;Se.

the 4d states of the Ag are much more localized within —5.0 eV to
—3.0eV. This supports the structural refinement results that Pd
in AgPdsSe taking the Au positions in CaAusGa. The most different
electronic features between CaAusGa and AgPdsSe are the con-
tributions of d states of the relative more electropositive Ca and
Ag. In CaAusGa, the Ca 3d states mainly populate above Er but
with some run across Er to the valence band. However, the
contribution of Ag 4d state around Er in AgPdsSe is negligible
(Fig. 5); rather, some Pd 4d states spread to the conduction band
region, behaving as the Ca 3d in CaAusGa.

According to the ~COHP data, Fig. 5(b), the bonds within the
anionic network (Pd-Pd and Pd-Se) exhibit small anti-bonding
character at Er, whereas the other Ag-Se, Ag-Ag, and Ag-Pd bonds
are completely optimized (not shown). However, all these bonds
are better optimized at ~0.5 eV, where 4 additional bands (or
8 electrons) would be required under rigid band assumptions. The
band structure also supports this idea. As shown in Fig. 7, small
pockets around Er are observed, suggesting that small number of
electrons or holes will not result in a change of the structure.
Since these additional bands are mainly Pd 4d character, chemical
tunings for semiconductors by partial replacements of Pd with
electron-richer transition metals might be interesting.

4. Conclusions

To conclude, the new ternary compound AgPds;Se was struc-
turally characterized. The basic structural building block of this
phase is a double-Friauf polyhedron (DFP) composed of Pd and Se
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atoms, which is centered by Ag atoms. The packing of DFPs forms
two kinds of interpenetrating networks that show similar features
as three-dimensional Penrose tiles.

The measurement of electrical resistivity and electronic struc-
ture calculation reveal metallic behavior of AgPd;Se.
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