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Abstract

A series of ternary aluminide intermetallics with a new structure type were formed from the reaction of gold and rare-earth metals

in aluminum flux. The REAu3Al7 structure was obtained with all rare earths RE with the exception of La and Eu. These materials

crystallize in the rhombohedral space group R-3c, with unit cell parameters a ¼ 8:0922ð6Þ (A and c ¼ 21:066ð2Þ (A for PrAu3Al7 as an

example. The variation in cell edges with rare-earth size is regular with the exception of the Yb analogue. The possible mixed valency

indicated by this result was confirmed by magnetic susceptibility measurements. Density functional theory-based band structure

calculations on YbAu3Al7 indicate the ytterbium f -orbitals are located just below the Fermi level, further supporting the mixed

valence description of this material.

r 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

Aluminide intermetallics are ubiquitous. In commer-
cial aluminum alloys (many of which also contain
silicon), rare earths or transition metals are included to
improve their properties, forming both known as well as
yet unexplored multinary intermetallics within the
aluminum matrix [1]. The study of possible multinary
compounds formed during the alloying process is vital
to understanding how to optimize the bulk material.
Rare-earth aluminide binary and ternary compounds
often possess complex structures and interesting mag-
netic and electronic behavior [2]. In our ongoing
investigations of the use of aluminum flux as a growth
medium for aluminide and silicide intermetallics, a
number of new phases have been discovered. Examples
of novel quaternary compounds containing a rare-earth
element, a first or second row transition metal,
aluminum, and silicon include Sm2NiðNixSi1�xÞAl6Si4
[3], RE8Ru12Al49Si9ðAlxSi12�xÞ [4], and RE4Fe2þx

Al7�xSi8: [5].

Recently, our explorations with third row transition
metals revealed the intriguing finding that most of the
flux-grown RE/Au/Al/Si structures contain building
blocks of antifluorite-type AuAl2: This is exemplified
in the Th2½AuAl2�nðAuxSi1�xÞSi2 series of compounds
[6]. To clarify the possible role of silicon in the
formation/promotion of these moieties, similar reactions
were carried out without including this element. In
addition to the known BaAl4-type ternaries REAuAl3
[7], a new structure was found. The REAu3Al7 structure
is very complex, shows little similarity to other known
RE/Au/Al ternaries, and notably does not contain
AuAl2 slabs. Magnetic susceptibility studies and band
structure calculations indicate that the ytterbium analo-
gue is primarily in a 2+ state at room temperature, and
in a mixed valent state at low temperatures.

2. Experimental procedure

2.1. Synthesis

The REAu3Al7 compounds were synthesized by
combining the elements in a 1:2:15 molar ratio. In a
nitrogen atmosphere glove box, 0.07–0:08 g rare-earth
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metal (Cerac, 99.99%), 0:197 g gold (1 ounce gold coin,
99.99%), and 0:203 g aluminum (Cerac, 99.99%)
were combined in an aluminum crucible which was
sealed in a fused silica tube under a vacuum of
10�4 Torr: The reaction vessel was heated to 10001C in
12 h; held at this temperature for 15 h; then cooled to
8601C in a day. It was annealed at 8601C for 60 h; then
cooled to room temperature in 3 days. The excess
aluminum flux was removed by soaking the crucible in
5 M NaOH for 24 h:
To investigate other possible synthetic routes to this

compound, reactions were also attempted with the
oxides of Sm, Gd, Ho, Yb, and Lu (Sylvania, 99.9% ),
in a ratio of RE2O3=Au=Al of 0.5:2:25. The heating
profile and isolation mechanism were identical to that
described above for the non-oxide reactions. Arc
melting was also explored, in particular for the La and
Eu analogues which could not be isolated from the flux
synthesis (vide infra). Pellets comprised of 0:5 mmol
rare-earth metal, 1 mmol Au, and 3:5 mmol Al were
pressed in a nitrogen-filled glove box, and then arc
melted. The buttons were flipped and remelted four
times to ensure homogeneity. Fragments of each were
crushed and analyzed by powder X-ray diffraction; the
remaining portions of pellet were annealed at 8001C for
1 week and then analyzed in the same manner.
Elemental analysis on the products was carried out

using a JEOL JSM-35C scanning electron microscope
with energy dispersive spectroscopy (EDS) capabilities.
Ten to 20 crystals of each analogue were analyzed using
a 20 kV accelerating voltage and an accumulation time
of 50 s: In most cases the REAu3Al7 crystals were non-
uniformly coated with a reflective reddish-purple film.
EDS indicates this film is rich in rare earth and gold; it is
possibly a binary such as RE2Au7; or a degradation
product due to leaching of the aluminum in the
compound by the NaOH solution. EDS on the interior
of these samples indicates a stoichiometry of REAu3Al6:
A slightly low reading for aluminum is not uncommon
for this instrument.

2.2. X-ray diffraction

Single-crystal X-ray diffraction data for each com-
pound were collected at room temperature on a Bruker
AXS SMART CCD diffractometer. Data processing
was then performed using the program SAINT; an
absorption correction was applied to the data using the
SADABS program [8]. The structure was solved using
direct methods and refined with the SHELXTL package
of programs [9]. The data collection parameters for
three representative REAu3Al7 compounds are listed in
Table 1; additional crystallographic refinement para-
meters can be found in the supporting material. Powder
diffraction was carried out on the arc-melted pellets
using an INEL powder diffractometer.

2.3. Magnetic susceptibility measurements

Magnetic susceptibility measurements were carried
out with a Quantum Design MPMS SQUID magnet-
ometer at temperatures between 3 and 300 K: For each
analogue, EDS-analyzed crystals were ground into
powder; this was sealed in kapton tape and placed into
the magnetometer. Field-cooled and zero-field-cooled
temperature dependence data were collected at 1000 G;
and field dependence data were collected at 3 K:
Magnetic susceptibility characteristics for the
REAu3Al7 series are summarized in Table 6.

2.4. Band structure calculations

The electronic structure calculations for YbAu3Al7
was performed within density functional theory (DFT)
using the self-consistent full potential linearized aug-
mented plane wave (LAPW) [10] method implemented
in WIEN 97 code [11]. For the exchange and correlation
parts of the potential, the Perdew–Burke–Ernzerhof
model was used, which incorporates a generalized
gradient approximation (GGA) [12]. The atomic radii
values (in atomic units 1 a:u: ¼ 0:529 (A) used in the
calculations are as follows: 2:5 a:u: for ytterbium,
2:5 a:u: for gold and 2:3 a:u: for aluminum. Self-
consistent iterations were performed with 28 k points
in the reduced Brillouin zone with a cutoff between
valence and core states of �6:0 Ry; convergence was
assumed when the total energy difference between cycles
was within 0:0001 Ry: Scalar relativistic corrections
were included and spin–orbit interaction was incorpo-
rated using a second variational procedure [13].

Table 1

Crystallographic collection parameters for three of the REAu3Al7
analogues

PrAu3Al7 TmAu3Al7 YbAu3Al7

Formula weight (g/mol) 920.67 948.69 952.80

Space group R-3c R-3c R-3c

a ð (AÞ 8.0922(6) 7.998(1) 8.0272(9)

c ð (AÞ 21.066(2) 20.922(4) 21.111(4)

V ð (A3Þ 1194.7(2) 1159.1(3) 1178.1(3)

dcalc ðg=cm3Þ 7.678 8.154 8.058

Temperature (K) 293 293 293

Radiation MoKa MoKa MoKa
2ymax 74.64 55.98 55.98

Index ranges �11php13 �10php10 �10php10
�11pkp13 �10pkp10 �10pkp10
�33plp35 �27plp26 �27plp27

Reflections collected 3673 3428 3483

Unique data/parameters 662/20 314/20 321/20

m ðmm�1Þ 61.776 34.425 34.175

R1=wR2 ½I42sðIÞ� 0.0330/0.0765 0.0309/0.0725 0.0317/0.0783

R1=wR2 (all data) 0.0383/0.0783 0.0357/0.0746 0.0341/0.0791

Residual peaks ðe= (A3Þ 5:779=� 7:043 5:694=� 2:410 3:552=� 3:002

R1¼
P

ðjFoj � jFcÞ=
P

jFoj; wR2¼½
P

½wðF 2
o � F2

c Þ
2�=

P
ðwjFoj2Þ2�1=2:
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2.5. Transport measurements

Single crystals of YbAu3Al7 were embedded in
thermoset and sanded down to remove the reddish-
purple film and roughly shape the crystals into bars.
Conductivity measurements were performed using the
conventional four-probe technique [14]. Thermopower
measurements were made using a slow AC technique as
described elsewhere [15].

3. Results and discussion

3.1. Synthesis

Initial syntheses with RE: Au : Al reactant ratios of
1:1:10 produced low yields (less than 10% based on the
amount of rare earth used) of REAu3Al7; more
prevalent products included the BaAl4-type REAuAl3;
and binary aluminides such as REAl3: Increasing the
amount of gold in the reaction (using a reactant ratio
of 1:2:15) increased the yield of the title compound to
20–40%, with the yields for late rare earths being higher
on average than those with early rare earths. This new
ternary phase was not obtained from reactions with
lanthanum and europium.
The REAu3Al7 materials can be distinguished from

other byproducts not only due to the aforementioned
purplish-red film, but also by their crystal habit. Binary
aluminide compounds grow from the aluminum flux
with distinctive crystal shapes such as hexagonal rods
ðGdAl3Þ and cubes ðTmAl2Þ; the ternary BaAl4 analo-
gues REAuAl3 (especially prevalent for RE ¼ La; Ce,
Nd, and Eu) crystallize as large bevelled rectangular
plates. The REAu3Al7 materials, on the other hand,
form as glassy-looking silvery shards for the early rare
earths (see Fig. 1a), and facetted blocks or conglomer-
ates for the late rare earths. The purple film present in all
cases (shown in Fig. 1c) can be scraped off or removed
by sonication.

The facility of aluminum flux to reduce rare-earth
oxide reagents has been utilized in the synthesis of
compounds ranging from Sm2NiðNixSi1�xÞAl6Si4 to
LaB6 [2,16]. In this work, synthesis from the oxides
was successful with Sm2O3; Gd2O3; and Ho2O3; but not
with Yb2O3 or Lu2O3: The products of the successful
reactions consisted of oxide powder, small gold crystals,
and several large, facetted REAu3Al7 crystals, an
example of which is shown in Fig. 1b. The crystals
obtained from successful syntheses with oxide reagents
are larger and more well-formed than those obtained
from the use of rare-earth metal reactants. Again, these
crystals were coated with a purplish-red film.
The arc-melting synthesis from a stoichiometric

mixture of the elements was also successful in the
formation of the REAu3Al7 phase. The powder diffrac-
tion pattern of the lutetium product indicates that the
pellet was pure LuAu3Al7: The Sm, Gd, Ho, and Yb
syntheses resulted in a mixture of phases. Predominant
in the powder diffraction pattern of these pellets were
the reflections from the REAu3Al7 phase, but the
presence of small amounts of AuAl2 (10–20%) and
REAuAl3 was also indicated. The opposite is true of the
arc-melting attempts using lanthanum and europium;
AuAl2 and REAuAl3 were the predominant products
and there was no indication of REAu3Al7 in the powder
patterns. Further evidence of the presence of AuAl2 in
the arc-melted pellets is the purple coloration of the La,
Sm, Eu, Gd, and Ho products, caused by the AuAl2
which is itself purple. The LuAu3Al7 pellet did not show
such coloration. Annealing the pellets at 8001C for 1
week did not result in any significant change in the
powder patterns.
The fact that this structure does not form with La and

Eu may be due to size effects. Europium appears to
favor the divalent state in many flux-grown aluminide
intermetallics, and La3þ and Eu2þ have larger radii than
the other rare-earth ions. These large cations may
promote the growth of the BaAl4-type REAuAl3 (which
is known for RE ¼ La–Tb); indeed, these phases were

Fig. 1. Scanning electron micrographs of flux-grown REAu3Al7 crystals. (A) YbAu3Al7; (B) HoAu3Al7 product from oxide reaction and (C) a

closeup of the reddish film on a crystal of SmAu3Al7:
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the predominant product isolated from the La- and Eu-
containing reactions. Additional evidence of the im-
portance of cation size is the larger yields obtained for
the later (smaller) rare earths.

3.2. Structure description

The REAu3Al7 compounds seem to possess a new
structure type in the rhombohedral space group R-3c:
The structure is depicted in Figs. 2 and 3 and the local
environments for each crystallographic site are shown in
Fig. 4; the atomic positions, anisotropic displacement
parameters, and bond lengths for the YbAu3Al7
analogue are listed in Tables 2–4. The apparent
complexity of the atomic arrangement in this structure
type can be reduced if we consider the structure as a
combination of layers. The gold atoms and Al(1) atoms
form a monatomic layer, with each Al(1) atom being
coordinated to three Au atoms in a trigonal planar
fashion; this is shown in Fig. 3a. The Au–Al bond
distance of 2:6069ð6Þ (A is in agreement with that seen in
other intermetallics containing these elements, although
the planar configuration is unusual. The aluminum site
in AlAu4 is in an almost trigonal planar configuration,
with the three nearest gold atoms at a distance of
2:592 (A and Au–Al–Au angles of 115:61: However,
there are other gold atoms within close bonding range
ð2:699 (AÞ; so this aluminum site in AlAu4 cannot be
accurately described as trigonal [17].

Another feature of interest, the layer of aluminum
triangles and rare-earth ions, is highlighted in Fig. 3c.
Layers comprised of this Al triangle moiety interspersed
with rare-earth ions have been observed in other
intermetallic structures such as YNi3Al9; Y2Co3Al9;
and Gd3Ru4Al12 [18]. However, in these compounds,
the RE ions and Al triangles all lie in the same plane. In
REAu3Al7; the RE ions are sandwiched in between two
staggered layers of triangles roughly 1:2 (A apart. The
Al–Al bond length in these triangles ð2:831ð5Þ (AÞ is
relatively long compared to those seen in this structural
motif in other intermetallics, which range from 2.64 to
2:75 (A: This may indicate a weakened interaction
caused by withdrawal of bonding electrons by the gold
atoms. It should be noted, however, that Al–Al bond
lengths in other intermetallics can range up to 2.9–3:0 (A:
It is notable that this structure does not show

similarities to other known RE=Au=Al ternary com-
pounds. REAuAl3 and REAu2Al2 both form in the
tetragonal BaAl4 structure (or ordered variants thereof)
[7,19]; RE3Au2Al9 forms in the a-La3Al11 structure type,
which is related to the BaAl4 type [20]. Despite the fact
that the REAu3Al7 stoichiometry is the sum of
REAuAl3 and 2AuAl2 (and the failed arc-melting
reactions of LaAu3Al7 resulted in these two compounds
in a 1:2 ratio), there is little evidence of antifluorite
AuAl2 slabs or BaAl4-related motifs in the structure.
Considering that several quaternary RE=Au=Al=Si
compounds can be regarded as intergrowth structures

(A) (B)

RE

Au

Al(1)

Al(2)

Fig. 2. (A) The structure of REAu3Al7 viewed down the a-axis and (B) a section of the structure, viewed down the c-axis.
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of AuAl2 slabs and layers of other known structures
such as BaAl4 or CeNiSi2; it is possible that the presence
of silicon promotes the growth of the antifluorite AuAl2
layer [6,21].

The rare-earth ions in this structure are octahedrally
coordinated to six gold atoms. Including the nearest
aluminum atoms, it is apparent in Fig. 4a that the
coordination geometry about the RE ions is roughly
spherical. The variation of the unit cell parameters with
rare earth is listed in Table 5 and plotted in Fig. 5. The
decrease in both cell parameters and unit cell volume as
the rare-earth radius gets smaller is regular, with the
exception of ytterbium. This indicates that the ytterbium
ions in YbAu3Al7 may be divalent, or in a fluctuating
valence state. A valence bond sum calculation, based on

(A)  layers comprised of 
Au and Al(1) atoms

  layers comprised of 
RE and Al(2) atoms

  RE and Al(2) atom layer 
viewed down c axis

(B) (C)

Fig. 3. Highlighted sections of the REAu3Al7 structure. (A) Layers comprised of Au and Al(1) atoms viewed down the a-axis, (B) layers comprised

of the rare-earth atoms and the triangles of Al(2) atoms viewed down the a-axis and (C) a section of the structure viewed down the c-axis, showing the

rare-earth atoms and the Al(2) atoms. The black Al(2) triangles are above the RE atom plane; the gray triangles are below the RE plane.

Au

Au

Au

Al(1)Al(2)

Al(2)

Al(2)
Al(2)Al(1)

(A) (B)

(C) (D)

Fig. 4. Local coordination environment for sites in the REAu3Al7
structure. The coordination environment of (A) the rare-earth site, (B)

the Au site, (C) the Al(1) site and (D) the Al(2) site.

Table 2

Atomic positions and equivalent isotropic displacement parameters

ð (A2Þ for YbAu3Al7a

Atom Wyckoff site x y z Ueq

Yb 6b 0 0 0 0.0062(4)

Au 18e 0.32476(6) 0 0.25 0.0069(3)

Al(1) 6a 0 0 0.25 0.009(1)

Al(2) 36f 0.0111(4) 0.2089(4) 0.1371(1) 0.0078(6)

aUeq is defined as one-third of the trace of the orthogonalized Uij

tensor.

Table 3

Anisotropic thermal parameters ð (A2Þ for YbAu3Al7a

Atom U11 U22 U33 U23 U13 U12

Yb 0.008(1) 0.008(1) 0.002(1) 0 0 0.004(1)

Au 0.009(1) 0.009(1) 0.002(1) �0:001ð1Þ 0.001(1) 0.004(1)

Al(1) 0.013(2) 0.013(2) 0.001(3) 0 0 0.007(1)

Al(2) 0.014(1) 0.010(1) 0.002(1) �0:002ð1Þ �0:003ð1Þ 0.008(1)

aThe anisotropic factor exponent takes the form �2p2½h2a* 2U11 þ
?þ 2hkanbnU12�:

Table 4

Bond lengths for YbAu3Al7

Bond Length ð (AÞ

Yb–Au 3:2317ð4Þ 	 6
Yb–Al(2) 3:324ð3Þ 	 6

3:328ð3Þ 	 6
Au–Al(2) 2:576ð2Þ 	 2

2:586ð3Þ 	 2
2:659ð3Þ 	 2

Al(1)–Au 2:6069ð6Þ 	 3
Al(1)–Al(2) 2:890ð3Þ 	 6
Al(2)–Al(2) 2:831ð5Þ 	 2

2:854ð5Þ 	 1
2:868ð5Þ 	 1
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the bond lengths between the ytterbium ion and its
neighboring atoms (see Fig. 4a), indicates a valence of
1.92 at room temperature [22]. Further information
about this is found in magnetic susceptibility measure-
ments and band structure calculations.

3.3. Magnetic susceptibility studies

None of the REAu3Al7 compounds show any
evidence of magnetic ordering down to 2 K: Because
of the large separation of magnetic species in this
structure (the closest RE–RE distance is 5.7–5:9 (A), the
lack of magnetic transitions observed in the suscept-
ibility data of these materials is not unexpected. The
temperature dependence of the inverse susceptibility can
be fit to the Curie–Weiss law for most of these
compounds (see Fig. 6), resulting in the Weiss constants
and magnetic moments per RE ion listed in Table 6. The
Weiss constants are low, another indication of little to
no interaction between the magnetic ions. The
SmAu3Al7 analogue does not obey the Curie–Weiss

law at high temperatures; this is likely due to the
complex van Vleck paramagnetism often associated with
samarium atoms [23].
The magnetic moments of the rare-earth ions are in

agreement with the theoretical values, indicating that
gold is in a diamagnetic state in these compounds.
Diamagnetic late transition metals are a common
feature of many ternary and quaternary aluminum-rich
intermetallics [2–5]. Electrons are transferred from the
electropositive rare earth and aluminum atoms to fill the
d shell of the more electronegative transition metal,
resulting in a diamagnetic atomic configuration.
The magnetization properties of the REAu3Al7

compounds vary from nearly linear M vs H behavior
(for RE ¼ Pr; Nd, Sm, Gd and Tb) to strongly
plateaued data (for RE ¼ Tm; Er). The data are shown
in Fig. 7. The Er and Tm analogues show a saturation
occurring at a field of 1:5 T; the moment per ion at this
point is however only 70% of its maximum value,
indicating the material may be in a metamagnetic state.
A field higher than 5:5 T is necessary to achieve
complete saturation of the magnetization. It is notable
that these two samples are the only ones to have a
positive Weiss constant, indicative of ferromagnetic
coupling between spins. They also possess the smallest
unit cells (with the exception of the non-magnetic Lu
analogue). The RKKY coupling between magnetic
moments in metallic samples, a function of the distance
between the unpaired spins and the DOS at Ef ; possesses
an oscillating factor. Accordingly, as the distance
between spins in a given structure is changed, the
coupling can change from antiferromagnetic to ferro-
magnetic [24]. We speculate that this might be the
reason for the switch from negative Weiss constants for
RE ¼ Ce–Dy (indicative of antiferromagnetic coupling)
to the positive values of y seen for Er and Tm.
The magnetic susceptibility behavior of YbAu3Al7

indicates that the ytterbium ions in this compound may
be in a mixed valent state at low temperatures. The 1=w
vs T data shown in Fig. 6 does not display Curie–Weiss
behavior, instead indicating a very low and almost
constant susceptibility at high temperatures, and an
increasing of the magnetic moment per ion as the
temperature drops below 150 K: This is evidence of a
divalent Yb2þ state at high temperatures—resulting in
Pauli paramagnetic behavior—changing to a mixed
Yb2þ=Yb3þ state as the temperature is lowered. The
previously mentioned anomalously large cell parameters
(see Fig. 5) and the results of the valence bond sum
calculation support the possibility of a divalent state at
room temperature.

3.4. Transport properties

The low-temperature mixed valent state does not
appear to have dramatic effects on the conductivity and

Table 5

Unit-cell parameters and fits for the RAu3Al7 compounds

Rare earth a ð (AÞ c ð (AÞ Volume ð (A3Þ R1=wR2

Ce 8.1050(7) 21.100(3) 1200.4(2) 0.0332/0.0768

Pr 8.0922(6) 21.066(2) 1194.66(18) 0.0330/0.0765

Nd 8.0892(6) 21.044(2) 1192.52(18) 0.0526/0.1379

Sm 8.0560(9) 20.974(3) 1178.8(3) 0.0411/0.1010

Gd 8.0384(6) 20.947(2) 1172.15(18) 0.0345/0.0830

Tb 8.0333(4) 20.9645(16) 1171.66(12) 0.0268/0.0623

Dy 8.0314(8) 20.952(3) 1170.4(2) 0.0391/0.1053

Ho 8.0056(16) 20.909(6) 1160.5(5) 0.0403/0.0935

Er 8.0058(6) 20.920(2) 1161.18(17) 0.0229/0.0551

Tm 7.9982(10) 20.922(4) 1159.1(3) 0.0309/0.0724

Yb 8.0272(9) 21.111(4) 1178.1(3) 0.0317/0.0783

Lu 7.9906(8) 20.913(3) 1156.4(2) 0.0272/0.0638

Fig. 5. The variation of REAu3Al7 unit cell parameter and volume

across the rare-earth series.
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thermopower of YbAu3Al7: The temperature depen-
dence and magnitude of the conductivity (Fig. 8) are
characteristic of a metal, rising from a room tempera-
ture value of 35; 000 S=cm to a maximum of
167; 000 S=cm at 4 K: The thermopower (not shown)
is extremely low, below �1 mV=K at all temperatures.
The small magnitude of the thermopower is also
indicative of a metallic system; the negative sign suggests
an n-type conductor.

3.5. Band structure calculations

Band structure studies were carried out on YbAu3Al7
to further investigate the mixed valency of this system.
Immediately evident in the total density of states

diagram (Fig. 9a) are the two sharp peaks, one just
below the Fermi level, and one 1:5 eV below Ef : These
are due to the narrow, non-disperse 4f -orbitals of Yb;
the splitting of these orbitals results from spin–orbit
coupling. Also evident in the total DOS are the bands
derived from the gold d-orbitals, located between �4
and �7 eV; well below Ef : This indicates that the gold
atoms in the structure possess a diamagnetic filled d-
shell electronic configuration, in agreement with the
magnetic susceptibility data for all the REAu3Al7
compounds which show no paramagnetic contribution
besides that of the rare-earth ions. Filled d-bands
located several eV below Ef are a common feature of
intermetallics formed from late transition metals com-
bined with more electropositive elements.

Fig. 6. Temperature dependence of the molar susceptibility wm (open circles) and inverse molar susceptibility 1=wm (filled diamonds) for GdAu3Al7;

TmAu3Al7; SmAu3Al7 and YbAu3Al7:

Table 6

Magnetic susceptibility data for REAu3Al7 compounds

Rare earth meff ðmBÞ mtheo ðmBÞa y (K) Formal charge Comments

Ce 2.56 2.54 �29.6 +3

Pr 4.15 3.58 �13.8 +3

Nd 3.79 3.62 �10.8 +3

Sm 0.85 +3 Non CW behavior

Gd 7.90 7.94 �19.4 +3

Tb 10.29 9.72 �2.5 +3

Dy 9.98 10.65 �7.7 +3

Ho 10.34 10.61 �2.9 +3

Er 9.33 9.58 9.0 +3 Metamagnetic; meff ¼ 6:5 mB
Tm 7.87 7.56 20.9 +3 Metamagnetic; meff ¼ 5:5 mB
Yb 4.54 þ2=þ 3 Mixed valent below 150 K

aRef. [23].

S.E. Latturner et al. / Journal of Solid State Chemistry 170 (2003) 48–5754



In Fig. 9b, the bands derived from Yb 5d orbitals are
shown. These range from �2 eV to around 10 eV; and
overlap with the narrow 4f bands located just below Ef :
This energy overlap between the rare earth f and d

bands is a characteristic feature of mixed valent systems,

Fig. 7. Magnetization behavior at 3 K for the REAu3Al7 compounds.

(A) Data for the early rare-earth analogues (B) data for the Gd, Tb,

Dy, and Ho analogues and (C) data for the Tm and Er analogues.

Fig. 8. Variable temperature single-crystal conductivity data for

YbAu3Al7:

Fig. 9. Density of states diagrams for YbAu3Al7: The Fermi level is set

at 0 eV and is indicated by the dotted line. (A) The total density of

states. The two intense narrow peaks are due to the f -orbitals of Yb.

(B) partial density of states of Yb d-orbitals, (C) partial density of

states of Au p orbitals (D) partial density of states of Al(1) and Al(2) p

orbitals.
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allowing the electronic configuration of the Yb ions to
vary from the divalent ½Xe�4f 14 to the trivalent ½Xe�4f 13

state by transfer of an electron into the delocalized 5d

band. Achieving the mixed valent state is contingent
upon the relative energies and amount of overlap
between the d band and the f levels, which can be
modified by the application of pressure, addition of
dopants, or (as is the case with YbAu3Al7) changing the
temperature [25]. Below 150 K as the cell volume
naturally contracts, a small effective pressure is applied
so that the band overlap at Ef is optimized, allowing the
ytterbium ions to exist as a mixture of Yb2þ and Yb3þ:
Also notable within the total DOS is a pseudogap at

ca. 0:7 eV above Ef : This could possibly be due to
hybridization of the Yb d-bands with s- or p-orbitals
from gold or aluminum. In several intermetallic
semiconductors such as FeSi, RuAl2 and Fe2VAl; the
observed band gap at the Fermi level has been attributed
to hybridization of the d-orbitals of the transition metal
with the broad sp bands of the main group element [26].
In YbAu3Al7; the primary contribution to the density of
states near the pseudogap is bands derived from the d

orbitals of Yb and p orbitals of Au and Al. The partial
densities of states of the latter atoms are shown in
Fig. 9c and d. Comparison between these partial DOS
diagrams indicate strong hybridization between Yb d-
orbitals, Au p-orbitals, and the p-orbitals of Al(2). The
local coordination environment of Yb is comprised of
these particular atoms; interaction with their orbitals
could result in the opening of a gap in the d-orbital
manifold, producing a pseudogap in the density of
states.

4. Conclusions

A new ternary intermetallic structure has been
discovered with a complex atomic arrangement. This
points out the utility of synthesis in aluminum flux for
finding new compounds, even in systems which have
been previously investigated by traditional methods.
REAu3Al7 forms with all rare-earth metals except La
and Eu. The structure bears little resemblance to other
known RE=Au=Al compounds, and also does not
possess the AuAl2 slabs which characterize
RE=Au=Al=Si systems. Magnetic susceptibility studies
show no magnetic transitions in any analogue, and
indicate that gold is diamagnetic in these compounds.
The ytterbium analogue contains divalent ions at high
temperature, becoming mixed valent below 150 K:

Supporting information available: Additional crystal-
lographic data such as anisotropic thermal parameters
and complete tables of bond distances and angles for all
REAu3Al7 analogues are available. This information
can be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany

(Fax: (49) 7247-808-666; E-mail: crysdata@fiz.karlsru-
he.de); the depository numbers for the 12 REAu3Al7
compounds are 39,1101–39,1112.
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