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ABSTRACT: A new series of intermetallic compounds R3Au9Pn
(R = Y, Gd−Tm; Pn = Sb, Bi) has been discovered during the
explorations of the Au-rich parts of rare-earth-containing ternary
systems with p-block elements. The existence of the series is
strongly restricted by both geometric and electronic factors.
R3Au9Pn compounds crystallize in the hexagonal crystal system
with space group P63/m (a = 8.08−8.24 Å, c = 8.98−9.08 Å). All
compounds feature Au-Pn, formally anionic, networks built up by
layers of alternating edge-sharing Au@Au6 and Sb@Au6 trigonal
antiprisms of overall composition Au6/2Pn connected through
additional Au atoms and separated by a triangular cationic
substructure formed by R atoms. From a first look, the series
appears to be isostructural with recently reported R3Au7Sn3 (a
ternary ordered derivative of the Cu10Sn3-structure type), but no example of R3Au9M is known when M is a triel or tetrel
element. R3Au9Pn also contains Au@Au6Au2R3 fully capped trigonal prisms, which are found to be isostructural with those found
in the well-researched R14Au51 series. This structural motif, not present in R3Au7Sn3, represents a previously unrecognized link
between Cu10Sn3 and Gd14Ag51 parent structure types. Magnetic property measurements carried out for Ho3Au9Sb reveal a
complex magnetic structure characterized by antiferromagnetic interactions at low temperature (TN = 10 K). Two metamagnetic
transitions occur at high field with a change from antiferromagnetic toward ferromagnetic ordering. Density functional theory
based computations were performed to understand the materials’ properties and to shed some light on the stability ranges. This
allowed a better understanding of the bonding pattern, especially of the Au-containing substructure, and elucidation of the role of
the third element in the stability of the structure type.

■ INTRODUCTION

Rare-earth- and gold-containing intermetallic compounds such
as those within the R-Au-M family (R = rare earth, M = groups
13−15) have received much research interest in the past few
years, with attention recently moving toward the less explored
gold-rich regions of the systems.1−7 Many such compounds
show uncommon structural motifs as well as varied electronic
and magnetic properties such as ferromagnetism, magneto-
caloric effect, superconductivity, and thermoelectricity, among
others.
The well-studied relativistic effects on gold’s 5d and 6s

orbitals often produce notable structural and bonding features,
which make it an advantageous component in the search for
new intermetallic compounds.8−14 Examples of gold’s versatility
in structure and bonding are extensive and include quasicrystals
and their approximates,15−17 as well as unique gold assemblies.
Some examples include isolated Au7 clusters in A4Au7X2 (A =
K, Rb, Cs; X = Ge, Sn),18,19 one-dimensional columns such as

Au zigzag chains in Ca3Au3In,
20 and two-dimensional slabs that

are found in K2Au3.
21 Three-dimensional gold networks are

found in multiple forms such as interconnected trigonal
bipyramids found in KAu5,

22 hexagonal-diamond-like frame-
works of Au as seen in the series of Ae-Au-Tr systems,5,23−28

and combinations of tetrahedral and square-planar Au frag-
ments in Rb3Au7.

29

The shielded 4f electrons of the rare-earth elements deliver
the unpaired spins essential to provide a wealth of interesting
magnetic properties in their compounds. The varying magnetic
moments and atomic sizes moving across the lanthanides allow
for fascinating alteration of magnetic interaction. Metals and
metalloids from groups 13−15 with radii similar to that of Au
(In, Sn, Sb, etc.) may allow significant site mixing and,
furthermore, act as a bank of options to tune the valence
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electron count of the R-Au system toward the formation of
stable compounds with unprecedented properties.
Within the R-Au-M family, only a few compounds have been

discovered with a concentration of gold of over 50%, making
this section particularly interesting for further exploration. Of
these compounds, most of the recent research has focused on
ternary compounds with tin and has led to the discovery of the
R3Au7Sn3 series of compounds, which can be described as
superstructural polyhedral packing of ZrBeSi type featuring a
new homoatomic Au cluster, Au@Au6.

2,3 However, gold-rich
systems in combination with rare-earth elements and group 15
elements are still largely underexplored. The high content of
gold allows for a higher chance of homoatomic formations and
more opportunities to explore the variety of Au−Au bonding
and to investigate the capability of group 15 elements (Pn,
pnictogens) to stabilize the structures and to affect such
formations. The only R-Au-Pn structure known to date with
gold being the majority component is R(Au∼0.75Sb∼0.25)2 (R =
La, Ce, Pr).30 These compounds serve as evidence for the
ability of group 15 elements such as Sb to induce structural
changes and to stabilize new formations. In this work we report
on the first example of a gold-rich phase, where the group 15
element acts as an independent constituent and allows for the
stabilization of a certain structure type.

■ EXPERIMENTAL SECTION
Synthesis. Starting materials used for synthesis were Au (99.98%),

rare-earth elements (99.9+%) and Bi (99.999%) from the Materials
Preparation Center in Ames Laboratory and Sb (99.99%) from Alfa
Aesar. Extra Au and Bi were also purchased from MaTeck (99.99%)
and Alfa Aesar (99.999%), respectively. A representative of the
R3Au9Pn series was first observed in the Gd-Au-Sb system as the
majority phase in a sample loaded with Gd:Au:Sb in a 2:5:1 ratio that
was reacted in a sealed tantalum ampule jacketed in fused silica at 1000
°C for 3 h, followed by annealing at 850 °C for 12 h. Different
synthetic conditions were then tested to replicate results, obtain phase-
pure R3Au9Pn, or test for formation with other rare-earth elements (Y,
La−Nd, Sm−Lu tested with Au and Sb) or group 13−15 elements (Al,
Ga, In, Sn, Sb, and Bi tested with Gd and Au). The general strategy
was to react the starting materials at high temperatures either by
heating in an electrical-resistance furnace until at least one component
reached liquid state or by arc melting, followed by annealing at lower

temperature to create higher quality single crystals for X-ray structure
analysis. Samples were typically furnace-cooled as opposed to being
quenched back to room temperature. The total mass of samples
prepared was 0.5−2.0 g, and all samples were handled under inert
conditions (gloveboxes and other similar chambers) using standard
techniques (such as oxide removal by surface filing of rare-earth
metals).

For the arc-melted samples, ∼6% extra mass of Sb or Bi was added
in order to compensate for their loss occurring due to their relatively
high vapor pressures. The starting materials (in the form of filings or
small chunks) were pressed into a pellet with group 13−15 element
pieces placed on one side, which was positioned away from direct
contact with the arc. The sample was arc-melted under an inert Ar
environment for short periods (∼5 s or until the surface appeared fully
molten) and flipped three to four times between each remelting to
improve homogeneity. The arc-melted samples were sealed by arc
welding into tantalum tubes under an inert Ar atmosphere and then
enclosed under vacuum in fused silica tubes and set in a tube furnace
for annealing at 850 °C for 2 days, followed by 700 °C for 5 days.

For reactions in resistance furnaces, amounts of R elements, Au, and
Sb (or Bi) in the stoichiometric ratio 3:9:1 were sealed by arc welding
in Ta tubes, closed under vacuum in fused silica casings before high-
temperature reaction, and annealing in a tube furnace. The goal of
most self-flux reactions is to melt a low-melting component to initiate
the reaction with higher melting temperature components such as the
rare-earth elements. We note that the temperatures required to initiate
reactions are well beyond the melting points for most of the group
13−15 elements tested. Preliminary testing for R-Au-Sb (Sb melts at
631 °C) showed that reactions at 850 °C (significantly below the
melting point of Au) were not adequate to combine the components.
Therefore, the temperature was raised to ensure that the main
component, gold, was molten as well. All samples once removed from
their various crucibles appeared dark gray with a metallic luster and
remained stable in air weeks later.

X-ray Analysis. Samples were examined by X-ray powder
diffraction for phase analysis by using either a STOE STADI P
diffractometer with a STOE image plate detector or a STOE GmbH
Guinier photographic camera with Cu Kα1; λ = 1.54059 Å (Si as an
internal standard, a = 5.4308(1) Å). Powders were prepared by
grinding, sieved to 38 μm particles, and either dispersed onto vacuum
grease between Mylar sheets and fixed by Al rings or placed on a
single-crystal Si zero background plate (depending on the instrument).
Data were analyzed using the WinXPow 3.06 and LAZY PULVERIX
software packages.31

Table 1. Crystallographic Details and Refinement Parameters for Y3Au9Sb, Gd3Au9Sb, Dy3Au9Sb, and Gd3Au9Bi

Y3Au9Sb Gd3Au9Sb Dy3Au9Sb Gd3Au9Bi

structure type Gd3Au9Sb Gd3Au9Sb Gd3Au9Sb Gd3Au9Sb

formula wt 2381.95 2366.20 2161.18 2453.43

space group P63/m (No. 176) P63/m (No. 176) P63/m (No. 176) P63/m (No. 176)

Z 2 2 2 2

a (Å) 8.127(2) 8.1641(4) 8.127(2) 8.242(2)

c (Å) 9.036(2) 9.0344(6) 8.998(3) 9.055(3)

V (Å3) 516.9(3) 521.49(6) 514.7(3) 532.7(4)

calcd density (g/cm3) 13.885 15.069 15.370 15.295

abs coeff μ (mm−1) 146.260 147.278 151.670 158.126

F(000) 1758 1908 1920 1972

θ range for data collection (deg) 2.894−29.961 2.881−31.886 2.894−28.997 2.854−29.889
index ranges −11 ≤ h, k ≤ 11, −12 ≤ l ≤ 12 −11 ≤ h, k ≤ 11, −13 ≤ l ≤ 13 −11 ≤ h, k ≤ 11, −12 ≤ l ≤ 12 −11 ≤ h, k ≤ 11, −12 ≤ l ≤ 12

no. of intensity data collected 9542 7512 6642 4449

no. of indep rflns (Rint) 483 (0.0819) 521 (0.0238) 411 (0.0335) 404 (0.0102)

no. of data/restraints/params 537/0/24 618/0/24 489/0/24 548/0/24

goodness of fit (F2) 1.132 1.120 1.109 1.035

R1; wR2 (I0 > 2σ(I)) 0.0325; 0.0624 0.0238; 0.0446 0.0335; 0.0731 0.0354; 0.0678

R1; wR2 (all data) 0.0399; 0.0644 0.0327; 0.0466 0.0421; 0.0759 0.0604; 0.0749

largest diff peak and hole (e Å−3) 3.889 and −3.558 4.770 and −2.926 3.666 and −3.341 5.192 and −3.856
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The microstructure and homogeneity of the Tb representative of
the series were characterized by optical and scanning electron
microscopy (OM and SEM), the latter equipped with an electron
microprobe (energy dispersive X-ray analysis, EDS) for semi-
quantitative elemental analysis. A Leica Cambridge 360 microscope,
equipped with an Oxford X-Max 20 analyzer, was used with Oxford
Aztec software, utilizing an extra high-tension voltage of 20.0 kV and
probe current of 220 pA. EDS analyses were performed on at least
three small areas to identify the phase composition (counting time of
60 s); the accuracy from the EDS is within 1 atom %. The
semiquantitative atomic concentration data were also used as a check
of results from single-crystal refinement.
Single crystals were selected from crushed sample pieces and affixed

to a glass fiber with grease. They were tested at room temperature on
either a Bruker APEX CCD diffractometer or a Bruker D8 VENTURE
diffractometer (both with Mo Kα radiation; λ = 0.71073 Å), utilizing
the APEX 2 and APEX 3 software suites (for the former and latter
diffractometers, respectively) for data collection, integration, polar-
ization, and empirical absorption correction.32,33 Scans typically
covered the 2θ range of ∼5−63°. The XPREP algorithms in the
SHELXTL suite were used to check the intensity data sets for
extinction conditions and E statistics necessary, allowing for the
assignment of the proper P63/m space group. Direct methods were
used for the structure solution (SHELXS-97).34 Structure refinement
(refined atomic position, mixed site occupancy, and anisotropic
displacement parameters) was carried out with APEX 3 software. For
details on the data collection, structure solution, and refinement see
Table 1. Table 2 contains the atomic coordinates for Y3Au9Sb,
Gd3Au9Sb, Dy3Au9Sb, and Gd3Au9Bi. We will discuss the structure of
Gd3Au9Sb in detail as a representative of the series.
Thermal Analyses. Differential thermal analysis (DTA) was

performed on 0.7−0.9 g portions of samples, in either the as-cast or
annealed form. Each sample was enclosed in an outgassed Mo crucible
by arc welding under an Ar atmosphere and then transferred to the
DTA equipment (Netzsch 404 thermal analyzer). Mo crucibles were
chosen because of their better refractory properties with respect to Au
at the higher temperatures of DTA. Thermal cycles were carried out
with rates of 20 °C/min on heating and 10 or 5 °C/min on cooling,
under an Ar atmosphere. The accuracy in the temperature measure-
ments was ±5 °C.
Electronic Structure Calculations. Calculations were performed

in order to understand the structural preferences, physical properties,
and stability ranges of the compounds under investigation. The Vienna
ab initio simulation package (VASP)35−39 was utilized to perform

structural optimizations (unit cell volume, shape, and atomic
coordinates) prior to any band structure calculations until the energy
difference between two iterations fell below 0.01 meV/cell. The DFT
(density functional theory) computations in the generalized-gradient
approximation (PBE-GGA)40 were carried out utilizing the projector-
augmented wave (PAW) method of Blöchl,41 as adapted in the VASP
code. The energy cutoffs of the plane wave basis sets were set to 500
eV, while starting meshes of up to 8 × 8 × 8 k points were used to
sample the first Brillouin zones for reciprocal space integrations.

A chemical bonding map of Y3Au9Sb was accomplished on the basis
of crystal orbital Hamilton population (COHP) analysis. COHP and
its corresponding integrated values (ICOHP) were obtained in two
waysusing the tight-binding linear-muffin-tin orbital (TB-LMTO)
method with the atomic sphere approximation (ASA) in the Stuttgart
code.42,43 For the TB-LMTO-ASA calculations Wigner−Seitz spheres
(WS) and empty spheres (ES) were automatically assigned, in order to
best approximate the overlapping potentials in line with the full
potentials. The following orbitals were utilized in the basis set
(downfolded44 orbitals in parentheses): Au 6s/6p/5d/(5f); Y 5s/(5p)/
4d/(4f); Sb 5s/5p/(5d)/(4f). The corresponding WS radii were as
follows (Å): Au, 1.60, 1.60 and 1.62; Y, 1.85; Sb: 1.82. Reciprocal
space integrations were performed with the tetrahedron method45

using 312 irreducible k points.
Physical Property Measurements. dc magnetization data for the

Ho3Au9Sb single-phase sample was collected in a Quantum Design
MPMS (magnetic property measurement system) SQUID (super-
conducting quantum interference device) magnetometer. A powder
specimen of ∼20 mg was placed in a fused silica sample holder that
was made gastight using Teflon tape. The sample was first tested in a
DC field of 1 kOe over a temperature range of 2−300 K in order to
determine the magnetic behavior and possible critical temperature
locations. Isothermal magnetization measurement at 2 K followed with
fields up to ±70 kOe. Finally, further DC measurements in fields of 5,
15, and 40 kOe were performed (temperature ranges of 2−250, 2−
300, and 2−300 K, respectively).

■ RESULTS AND DISCUSSION

Crystal Chemistry. Crystals of sufficient quality for single-
crystal X-ray diffraction analysis could be obtained for Y3Au9Sb,
Gd3Au9Sb, Dy3Au9Sb, and Gd3Au9Bi. Structure analysis for
Gd3Au9Sb reveals a complex 3D gold network comprised of
Au@Au6+2 bicapped trigonal prisms and Sb@Au6 trigonal

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters for R3Au9Pn

atom name Wyckoff site x y z Ueq

Au1 12i 0.36854(7) 0.03302(7) 0.09038(5) 0.0065(2)
Au2 4f 1/3 2/3 0.0801(1) 0.0091(2)
Au3 2c 2/3 1/3 1/4 0.0083(3)
Y 6h 0.2877(2) 0.3219(2) 1/4 0.0043(3)
Sb 2b 0 0 0 0.0049(4)
Au1 12i 0.37176(5) 0.03425(5) 0.08975(4) 0.0039(1)
Au2 4f 1/3 2/3 0.08137(7) 0.0035(1)
Au3 2c 2/3 1/3 1/4 0.0054(2)
Gd 6h 0.28498(9) 0.32057(8) 1/4 0.0016(1)
Sb 2b 0 0 0 0.0010(3)
Au1 12i 0.36988(8) 0.03385(8) 0.08978(6) 0.0081(2)
Au2 4f 1/3 2/3 0.0826(1) 0.0083(3)
Au3 2c 2/3 1/3 1/4 0.0093(3)
Dy 6h 0.2864(1) 0.3214(1) 1/4 0.0063(3)
Sb 2b 0 0 0 0.0072(5)
Au1 12i 0.3754(1) 0.0338(1) 0.09165(8) 0.0108(2)
Au2 4f 1/3 2/3 0.0802(1) 0.0110(3)
Au3 2c 2/3 1/3 1/4 0.0139(4)
Gd 6h 0.2879(2) 0.3238(2) 1/4 0.0087(3)
Bi 2b 0 0 0 0.0093(4)
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antiprisms as the most characteristic features (Figure 1). Layers
of alternating edge-sharing Au@Au6 and Sb@Au6 trigonal
antiprisms are connected through the layers of interchanging
Au atoms (which are the capping atoms of the Au@Au6
trigonal antiprisms) and R triangles. The interatomic Au−Au
distances within the central Au@Au6 cluster range between
2.8242(4) and 2.8955(7) Å, being consistent with the sum of
corresponding covalent radii, and are similar to those found in
other Au-rich intermetallics.2,3 It is worth noting that the Au−
Au contacts between the central position and the surrounding
trigonal prism in Au@Au6 are the shortest gold contacts in the
structure, while the distances to the Au atoms capping the
trigonal prism are fairly long (2.9937(6) Å). The distances
between the capping gold atoms of the Au@Au6+2 prism and
the Au vertices of other, nearby Sb@Au6 antiprisms (2.8758(5)
Å) are also appropriate distances for Au−Au interactions. Thus,
a rather extended network of gold atoms is formed. The only
known formations similar to the Au@Au6+2 prisms appear to be
Au@Au8 clusters that are stabilized with phosphine and form
different conformations.46 A noncentered, “naked” Au9 cluster

has also been predicted by density functional theory (DFT) to
be stable in the gas phase.47

Gadolinium atoms cap all three rectangular faces of the Au@
Au6+2 polyhedra with a distance of 3.0654(6) Å from the central
gold atom and 3.1175(6) Å to the gold atoms on the
rectangular faces. In summary, a fully capped trigonal prism
Au@Au6Au2Gd3 is formed around the central gold atom. The
Au@Au6Au2Gd3 units similarly form layers through Au vertex
sharing with Sb@Au6 antiprisms. The Sb−Au distances are
fairly long at 3.0165(4) Å (in comparison to the sum of their
theoretical covalent radii, 2.850 Å50). However, the Au−Au
distances along the edges of the Au antiprism around the
central Sb atom are, within values of 3.3274(5) and 5.0323(2)
Å, even longer in comparison to the sum of the covalent radii
for gold, 2.880 Å. The second coordination sphere of Sb
includes two Gd triangles (3.3578(5) Å), resulting in an overall
coordination number of 12 and an icosahedron as the
coordination polyhedron. The gadolinium atoms themselves
form a slightly distorted triangular network (due to inclusion of
Au atoms), with three different interatomic distances

Figure 1. Representation of the crystal structure of Gd3Au9Sb. The three main fragments characterizing the structure are noticeable. The green
bicapped trigonal prisms denote Au@Au8 units. The red polyhedra denote Sb@Au6 trigonal antiprisms that share vertices with the basal planes of
the bicapped trigonal prisms. Trigonal planes of Gd are in plane with the center atom of the bicapped trigonal prisms, as shown in the following
figures.

Table 3. Lattice Parameters (a and c), Observed Unit Cell Volume (Vobs), and Formation Volume (ΔV%) for R3Au9Pn (Pn = Sb,
Bi)

lattice parameters

R3Au9Sb a (Å) c (Å) Vobs (Å
3) ΔV% from Gd3Au9Sb PXRD obtained by

Gd3Au9Sb 8.1641(4) 9.0344(6) 521.49(1) SCXRD
Gd3Au9Sb 8.1809(1) 9.0751(1) 526.00(9) 0 PXRD
Tb3Au9Sb 8.1432(3) 9.0345(7) 518.83(9) −7.17 PXRD
Dy3Au9Sb 8.127(2) 8.998(3) 514.6(8) −11.3 SCXRD
Ho3Au9Sb 8.1083(3) 9.0059(7) 512.76(4) −13.25 PXRD
Er3Au9Sb 8.0800(1) 8.9773(3) 507.57(4) −18.44 PXRD
Tm3Au9Sb 8.079(1) 8.977(1) 507.4(3) −18.61 PXRD
Y3Au9Sb 8.1327(6) 9.0486(1) 518.30(1) −7.71 PXRD
Y3Au9Sb 8.1274(2) 9.036(2) 516.9(3) SCXRD
Gd3Au9Bi 8.242(2) 9.055(3) 532.7(4) +12.7 SCXRD
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(4.3036(2), 4.5904(2), and 5.3094(3) Å); see Figure S2 in the
Supporting Information. The longest distance refers to the
Gd−Gd distances of a triangle surrounding the Au3 position,
while the two shorter distances refer to Gd−Gd distances of
two other triangles not centered by atoms. However, all three
distances are noticeably longer than the covalent radii sum of
3.580 Å.50

Unit cell parameters of the other isotypic R3Au9Pn
compounds were derived from X-ray powder diffraction data.
Their values are in line with the expectations from the
lanthanide contraction, as well as with the increase in atomic
size from Sb to Bi (Table 3). The average covalent radius48 of R
atoms used in forming R3Au9Pn is 1.92 Å, somewhat below the
average of 1.96 Å forming the structurally similar R3Au7Sn3
phase, while the radii of Au, Sn, and Sb are all nearly identical
(1.36, 1.39, and 1.39 Å, respectively). However, R3Au9Pn only
formed for covalent radii ratios of R/Au between 1.40 and 1.44
but allowed for more variation with R/Pn: from Y/Sb (1.28) to
Gd/Bi (1.41).
The R3Au9Pn structure is closely related to the structure

reported for the R3Au7Sn3 series,
2,3 where both can be viewed

as ordered representatives of the Cu10Sn3 structure type.49 If
one rewrites the formula of R3Au7Sn3 as R3Au7Sn′2Sn″, the
compositional relationships become more evident; replacing
Sn′ by Au and Sn′′ by Sb leads to R3Au9Sb. The Au
substitution also leads to some decrease in the unit cell volume
(∼4%) followed by a rather large increase (∼22%) in density.
However, upon substitution of Sn by Au, the atomic position of
the latter shifts slightly farther away from the center plane of
the slab. Figure 2 displays a comparison of the common

building unit in the crystal structures of Cu10Sn3, R3Au7Sn3,
R3Au9Pn, and Gd14Au51. From this viewpoint, the Gd3Au9Sb
type appears to be a missing link connecting the two known
binary types Cu10Sn3 and Gd14Ag51 and the recently discovered
Gd3Au7Sn3. On the other hand, R3Au9Pn is compositionally
situated between R3Au7Sn3 and R14Au51 or, more importantly,
its ternary representatives R14(Au,M)51 (M = group 13−
15).50,51 The latter is known with all rare earths and several
transition metals and may accommodate the majority of post-
transition metals. The crystal structure of R14(Au,M)51, due to a
slightly different R content, contains similar Au-centered and
noncentered fully capped trigonal prisms complemented by
interpenetrated Frank−Kasper polyhedra centered on the R
sites along the z axis. A representation outlining similar
polyhedra between Gd14Au51 and Gd3Au9Sb structures is found
in Figure S3 in the Supporting Information. Indeed, it was
found that the R14(Au,M)51 phase is a strong competitor of
R3Au9Pn, melting congruently at much higher temperatures,

and being just a few atom % away compositionally (having
visible homogeneity ranges). In fact, 12 of 15 unique elemental
combinations used in attempts to synthesize R3Au9Pn yielded
R14(Au,M)51, and 9 of those cases formed R14(Au,M)51 as the
majority component, as evidenced by PXRD.
Scanning electron microscopy analysis for a sample of

nominal Tb3Au9Sb, revealed two similar but distinct phases: the
phases appear discrete within the micrographs (Figure 3), and

the dark and light phases correspond to Tb3Au9Sb and
Tb14(Au,Sb)51, respectively. The EDS data are collected and
summarized in Table 4. These values support the proposed

formula for the Tb3Au9Sb compound and indicate the existence
of the compositionally similar ternary Tb14(Au,Sb)51 solid
solution phase (as well the amount of Au−Sb mixing within). It
is expected that the R3Au9Pn phases (Pn = Sb, Bi) do not form
(or have very restricted and as yet unobserved existence ranges)
for all rare earths. For example, no lanthanides lighter than Gd
formed R3Au9Sb, often preferring the R14(Au,M)51 structure,
allowing the R3Au9Pn phases to play a role as a structural
connection between R3Au7Sn3 and R14(Au,M)51. In this view,
R3Au7Sn3 appears as a byproduct, which is stabilized by
insertion of a heteroatom in the center of the other systems’
Au@Au6 trigonal prisms.

Physical Properties. To elucidate on the magnetic
properties, the magnetization for phase-pure Ho3Au9Sb
(PXRD pattern shown in Figure S4 in the Supporting
Information) was measured as a function of temperature,
M(T), in applied magnetic fields of 1 kOe (between 2 and 250
K). A sharp peak at around 10 K in the magnetization curve can
be associated with a paramagnetic (PM) to antiferromagnetic
(AFM) transition (inset of Figure 4). The isothermal
magnetization, M(H), was measured at T = 2 K (below the
critical temperature) and between ±70 kOe (Figure 5). The
data show a peculiar behavior for this compound: from 0 to

Figure 2. Variation of the common building unit in the crystal
structures of Cu10Sn3, R3Au7Sn3, R3Au9Pn, and Gd14Au51.

Figure 3. (a) SEM micrograph (backscattering mode) of a sample
with nominal composition Tb3Au9Sb. (b) Portion of sample, at higher
magnification, used for EDS analysis. Data corresponding to the
phases A (Tb3Au9Sb) and B (Tb14(Au,Sb)51) can be found in Table 3.

Table 4. EDS Data Corresponding to the SEM Images of a
Tb DTA Sample with Nominal Composition Tb3Au9Sb (See
Figure 3)a

average (overall) dark phase (A)
light phase (B)
(≤3 vol %)

element wt % atom % wt % atom % wt % atom %

Tb 18.93 21.78 19.23 22.08 17.67 20.75
Au 75.87 70.41 75.39 69.86 80.24 76.04
Sb 5.2 7.8 5.38 8.06 2.09 3.21

aThe phase with higher terbium content shows a composition similar
to the expected atomic percentages for the Tb3Au9Sb phase, while that
with the lower terbium content suggests the Tb14(Au,Sb)51 phase.
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about 10 kOe the behavior is typical of an AFM material, with
the magnetization weakly and almost linearly increasing with
increasing magnetic field. Then, two field-induced metamag-
netic transitions take place at 10.5 kOe (H1) and 20 kOe (H2),
as determined from the maxima of the first derivative of the
magnetization versus the applied magnetic field, dM/dH
(Figure S5 in the Supporting Information). A small, though
noticeable, hysteresis is also present after the first transition
(Figure S5). Even at the highest applied field of 70 kOe, the
magnetization keeps increasing without reaching gJ = 10 μB/
Ho3+. This implies that either the ferromagnetic state is not
collinear or crystalline electric field effects are quite substantial.
Neutron diffraction investigation as a function of magnetic field
would be necessary to shed light on the complex magnetic
behavior of this compound.
The two transitions noted in the isothermal magnetization

data prompted further field-cooled (FC) and zero-field-cooled
(ZFC) M(T) measurements at fields congruent with the three
regions separated by the transitions: 5 kOe (before H1), 15 kOe
(before H2), and 40 kOe (after H2). The first was measured
between 2 and 250 K, while the latter two were between 2 and

300 K (Figure 4). The data in both the 1 and 5 kOe curves
show a trend typical of an AFM behavior where the
magnetization approaches nearly zero value below TN.
Meanwhile, the data at 15 and 40 kOe better represent the
behavior of a FM-like material due to the much higher
magnetizations below TN.
The inverse magnetic susceptibility, 1/χ, plotted against

temperature was used to determine the Weiss temperature
(ΘP) and the effective moment (μeff) using the Curie−Weiss
law, χ = C/(T − ΘP), as illustrated in Figure 6. The Weiss

temperature is slightly positive (4.0 K), pointing to a
ferromagnetic ground state. The effective moment per rare-
earth atom (10.80 μB/Ho

3+) is close to the expected theoretical
value calculated from Hund’s rule for noninteracting Ho3+ ions
(10.60 μB/Ho

3+).52

Analogous to the R3Au7Sn3 structure, the triangular R lattice
in R3Au9Pn does not indicate geometrical spin frustration. For
R3Au7Sn3, the low-temperature, low-field ordering predicted on
the basis of total energy calculations is spin-up across a layer
and spin-down in the opposite layer as described for
Gd3Au7Sn3.

2 Possible ferrimagnetic (FIM) ordering in
R3Au9Pn appears unlikely, due to a single R site and its
triangular lattice. Reported low-field measurements for
R3Au7Sn3 compounds all similarly show low-temperature
transitions from a PM state to AFM.2,3 Nd3Au7Sn3 and
Tb3Au7Sn3 also appear to undergo metamagnetic field induced
transitions from an AFM state to FIM/FM. However, these
transitions are less sharp than either of the transitions observed
in Ho3Au9Sb. Transitions from PM to AFM were also noted for
R14Ag51 compounds (for R = Gd, Tb)53,54 which, despite the
comparable centered and noncentered fully capped trigonal
prisms, do not share the triangular, planar rare-earth structure
because of the additional R positions at the centers of the
interpenetrated Frank−Kasper polyhedra.

Electronic Structures. The existence of two structurally
related but compositionally different R3Au7Tt3 and R3Au9Pn
series of compounds with tetrels and pnictogens points toward
a strong influence of electronic factors, while formal electron-
counting rules do not provide any help. In spite of the
significantly lower number of valence electrons in the latter, the
compounds exist, yet with fewer of the rare-earth elements as a
side effect of geometric factors. On the other hand, all attempts
to substitute Pn with triel or tetrels failed. The electronic

Figure 4. Magnetization versus temperature for Ho3Au9Sb measured
in applied magnetic fields of 1 and 5 kOe (top right inset) and 15 and
40 kOe between 2 and 250 K.

Figure 5. Isothermal magnetization measured at T = 2 K between −70
and 70 kOe for Ho3Au9Sb. Transition field values are given alongside
the curves.

Figure 6. Curie−Weiss fitting of field-cooled inverse susceptibility
curve over the 2−300 K temperature range for a 40 kOe field.
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structure of Y3Au9Sb was investigated as a prototype for the
series to obtain a better understanding of this phenomenon and
to predict further possibilities for the extended family.
The electronic density of states (DOS) curves for Y3Au9Sb

reveal broad valence bands reaching −10 eV and large Au 5d
contributions between 2.5 and 6.5 eV below the Fermi level
(EF) (Figure 7a). The Au bands are dominant through the

entire region, while Y contributions become significant starting
from −1 eV and above and Sb contributions remain relatively
small above −8 eV (in accordance with its concentration in the
compound). This picture is rather typical for a number of
related Au-rich phases in the A-Au-E systems (A = active metal,
E = post transition element).2,3,25,55 A more interesting
situation is observed around the Fermi level. The DOS regions
exhibit nonzero values, pointing toward metallic characteristics,
as can also be confirmed by the band structure plot (Figure S6
in the Supporting Information). Despite the presence of many
local minima, there is a clear relatively deep but narrow
pseudogap at EF. This feature of its electronic structure is in
good agreement not only with the strong restriction for post
transition elements but also with the absence of any detectable

mixing in any site of the crystal structure. This LMTO model of
the electronic structure confirms the absence of R3Au9Tt
compounds and suggests the existence of the R3Au9Tr
compounds, which have not yet been detected. On the other
hand, the chemistry of indides and antimonides is very
different, in part due to the 5s2 lone pair in the latter, leading
to the formation of homoatomic fragments and networks.56

Such an electron configuration differs from triels and tetrels, i.e.
indium or tin, and affects Au−Sb and R−Sb bonding, as will be
discussed below.
A closer inspection of the previously reported electronic

structure of the R3Au7Sn3 series2,3 showed a well detectable
local minimum at ∼7 e/fu less with respect to the investigated
composition and rather huge pseudogap starting at the Fermi
level. Our initial attempts to obtain such a compound by
replacing all Au positions in the structure by Pt (1 e/a less)
failed, apparently due to the much higher location of the Pt 5d
band and switch of the potential pseudogap into the regions of
extremely high density of states. The “solution” was
unexpectedly found through the decrease of the post transition
element proportion along with the exchange of the latter.
Finally, the electronic densities of states for the binary Cu10Sn3
exhibit a local minimum at EF and a distinct pseudogap at 3
e/fu, more indication of further possibilities of Cu exchange
with more electron-rich components.
The mystery remains that the existence of each subgroup is

restricted to a specific post transition metal. As we mentioned
above, the crystal structures of R3Au9Pn and R3Au7Tt3 do not
belong to the same structure type but are rather very close
relatives. On the other hand, we know Au10In3

57 to be an
example of a strong distortion of the Cu10Sn3 type. What
factors are the most important for formation and stabilization of
all these modifications? Every structure comes up with its own
valence electron concentration (vec) values, which are not so
close to each other even within the same group. While the
Au10In3 representatives58,59 are restricted to 19 e/fu, the
Cu10Sn3 type spans a wide range from 21 to 28 e/fu. Geometric
factors and electronegativities have also been considered as
possible factors influencing the type preference, but no clear
difference has been detected. Moreover, partial overlap of the
main criteria occurs for all considered cases. Let us consider
changes within three different subgroups on the basis of the
transition element proportion in Cu10Sn3, Y3Au7Sn3, and
Y3Au9Sb. The most affected unit in all of the structures is the
not entirely isolated MI

6M
II cluster (MI = Au, Cu, MII = Sn, Sb,

Figure 7. Plots of (a) total and projected DOS curves for Y3Au9Sb and
(b) average and (c) interaction projected COHP curves. The Fermi
level is represented by dashed lines.

Figure 8. Interatomic Au−Au contacts in Å around Au9 formation as
observed in the crystal structure of Y3Au9Sb.
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Au). The position of the central atom is moving from nearly the
center of the unit closer to the face and finally out of the Au6
trigonal antiprism (Figure 8). Such an atomic rearrangement, in
spite of the same quantity and type of Wyckoff positions, does
not allow us to consider all three examples as representatives of
a single structure type in terms of bonding. This fact may also
explain a lower importance of the vec factor for the group in
general; however, it does not neglect its role in each separate
case.
To learn more about the structural stability and variability

and the role of local changes in these processes, we continued
with COHP analysis of the interatomic interactions. The
COHP curves for the selected contacts are shown in Figure
7b,c, while the corresponding ICOHP values are summarized in
Table 5. The first unexpected result appeared from the bonding

pattern of Au−Sb pairs, showing strong antibonding
interactions at the Fermi level and nearby. The position of
the EF at the local minimum of the antibonding region suggests
some island of stability, but in general a much higher number of
electrons would be required to move this interaction into the
bonding region. A very different picture has been observed for
Y3Au7Sn3, where all Au−Sn and Au−Au interactions were
found to be bonding or optimized up to the Fermi level, and a
larger number of electrons is not anticipated. Such a picture is
indeed in good agreement with the observed Au−Sb bond
lengths and may partially explain the lower proportion of Sb in
the compound in comparison to Sn in the R3Au7Sn3 phases.
The limited number of Au−Sb bonds does not play the major
role in the general picture; however, an increase in Sb
concentration would lead to a higher number of antibonding
interactions and structural instability.
The most interesting question in Y3Au9Sb is the significance

of orbital interactions within the extended Au network,
particularly in the formal Au9 unit. Analysis of the various
Au−Au pairs (Figure 7c) revealed characteristic differences for
both intra- and intercluster separations depending on direction.
The most populated Au−Au bonds occur in the center of the
Au9 unit (a bicapped-trigonal-prismatic Au7 cluster) and
between its vertices and Au(2) positions, axially capping the
neighboring Au7 trigonal prism. Six Au(2) atoms, with the
shortest distances to the central Au7 unit, are common for three
such units, leading to the formulation Au@Au6Au6/3 = Au@Au8
= Au9. Despite the identical look, this formulation proves the

concept of a layered structure normal to the c axis. It is also
worth noting that Au(3)−Au(2) interactions are strongly
antibonding below the Fermi level, are rather nonbonding at
EF, and show the lowest −ICOHP values in comparison to all
others and even longer Au(2)−Au(2) intercluster contacts.
Highly populated homoatomic Au−Au contacts together

with relatively long and less populated Au−M contacts (M =
post transition element) does not constitute the usual picture
for the majority of the investigated A−Au−Tr systems.55,60,61
This bonding picture may serve as an extra proof why no
R3Au9M compound has been observed with In, Ga, or Al.
Another interesting fact is the rather high contributions from
the heteroatomic Y−Au and Y−Sb contacts, showing greater
involvement of rare-earth elements in the covalent interactions.
Such a picture is very atypical for the light active metals;
however, relatively high contributions have been detected for
some phases with Na and Ba.15,62 It is not unexpected that Au−
Au contacts provide the greatest contribution to the total
orbital interactions (Table 5), but the −ICOHP values of 0.6−
0.7 eV/bond for the Y-containing pairs guarantee the second
place for the formal cation-containing pairs, being comparable
to or even exceeding the contribution from the Au−Sb pairs.

■ SUMMARY

The new series of isostructural Au-rich intermetallic com-
pounds with general formula R3Au9Pn has been discovered and
investigated, being restricted to the majority of the heavy
lanthanides or Y and heavy pnictides. The compounds
crystallize in a hexagonal unit cell with its own structure type
(Gd3Au9Sb type), which is closely related to Cu10Sn3 and
Gd3Au7Sn3 and provides an excellent possibility for analyzing
the influence of all possible factors on the phase formation and
stability of Cu10Sn3-related compounds. Au@Au6Au2R3 fully
capped trigonal prisms found within the R3Au9Pn series,
isostructural with those of the R14Au51 series, create a structural
link between the parent structures (Cu10Sn3 and Gd14Ag51),
complementing the compositional similarities between the
R3Au9Pn and R14Au51 series. Structural analysis and electronic
structure calculations revealed Au9 = Au@Au6Au6/3 as the main
building block of the anionic network, in contrast to the more
intuitive Au@Au6Au2 bicapped trigonal prism. The shift of the
Au position with respect to the center of trigonal-antiprismatic
slabs from one type to another, which occurs because of
changing strength and type of interatomic interactions, explains
the failure of electron-counting rules, the lower importance of
electronegativities, and geometric criteria in the hypothetically
common structure type stability. Magnetization measurements
in Ho3Au9Sb revealed antiferromagnetic ordering, with a Neél
temperature of 10 K; metamagnetic transitions observed with
increasing magnetic field at 2 K suggest that a ferromagnetic
state can be stabilized at high fields. Overall, the comparison
with several closely related structure types allows for an
explanation of structural changes, tuning of physical properties,
and simplification of the search for new representatives in
unexplored systems.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
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Table 5. Bond Lengths and ICOHP Values for the Selected
Interactions in Y3Au9Sb

bond type
length
(Å)

−ICOHP/bond
(eV)

no./
cell

−ICOHP
(eV)

contribn
(%)

Au−Au 2.824 1.26 12 15.12 14.04
Au−Au 2.858 1.25 12 15 13.93
Au−Au 2.876 1.08 6 6.48 6.02
Au−Au 2.895 1.27 6 7.62 7.08
Au−Au 2.916 1.08 6 6.48 6.02
Au−Au 2.994 0.78 4 3.12 2.90
Au−Au 3.046 1.10 2 2.2 2.04
Au−Sb 3.017 1.06 12 12.72 11.81
Y−Au 3.044 0.73 26 18.98 17.63
Y−Au 3.117 0.65 20 13 12.08
Y−Sb 3.358 0.64 12 6.4 7.13
Y−Y 4.303 0.07 6 0.42 0.39
Y−Y 4.591 0.02 6 0.12 0.11
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Thermal treatments of various samples, atomic displace-
ment parameters for Gd3Au9Sb, alternate representation
of the layered structure (Au/Sb slabs and Gd/Au
triangular plane), comparison of R3Au9Pn and R14Au51
polyhedra, hysteresis and critical field data for Ho3Au9Sb,
band structure of Y3Au9Sb, PXRD pattern and Rietveld
refinement for Ho3Au9Sb, and DSC data from the
relevant segment for Ho3Au9Sb (PDF)
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(9) Pyykkö, P.; Desclaux, J. P. Relativity and the periodic system of
elements. Acc. Chem. Res. 1979, 12, 276−281.
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