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Electronic structure of RAuSn (R=Sc, Ce, Gd, Er, and Lu) investigated with x-ray photoelectron
spectroscopy and band structure calculations
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We have investigated the electronic structure of the intermetallic compounds ScAuSn, CeAuSn, GdAuSn,
ErAuSn, and LuAuSn using x-ray photoelectron spectroscopy and band structure calculations. We find good
general agreement between the experimental and calculated valence band spectra, provided that the spin-orbit
interaction in the Au bands as well as correlation effects in the open rare-earth 4f shell are included in the
calculations. The rare-earth 4f and Au 5d have well identified spectral features far away from the Fermi level.
The spectral weight in the vicinity of the Fermi level is built up of mainly Au/Sn sp and rare-earth spd bands.
We find an extremely low or vanishing spectral weight at the Fermi level for ScAuSn and LuAuSn, consistent
with their semiconducting behavior as revealed by temperature dependent resistivity measurements.
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The crystal chemistry and physical properties of the equi-
atomic rare-earth (R) gold stannides RAuSn have been sub-
ject to a large number of studies in the past 30 years.! They
crystallize in two different structures, depending on the R
sizes. For the larger rare earths (R=La-Nd, Sm, Gd-Dy) the
hexagonal NdPtSb type?? is adopted, which is a ternary or-
dered variant of the AIB, structure with two-dimensional
networks of puckered Au-Sn hexagons (see Fig. 1). For the
smaller R (R=Sc, Tm, and Lu), RAuSn crystallize in the
cubic MgAgAs type* or half-Heusler structure. In this struc-
ture, Au and Sn form a zinc blend substructure with the R
ions filling the octahedral voids. For R=Ho and Er, both
types of structure can be adopted.’8 The RAuSn compounds
with R=Ce-Nd, Gd-Er order antiferromagnetically with Neél
temperatures ranging from 2.8 K for PrAuSn up to 35 K for
GdAuSn.>14

In view of the large number of investigations on this class
of intermetallic materials, it is rather surprising that only few
experimental'*~!7 efforts have been made to determine the
electronic structure. We have therefore performed x-ray
photoelectron spectroscopic measurements on RAuSn for
R=Sc, Ce, Gd, Er, and Lu, thereby encompassing the two
different crystal structures as mentioned above. We also have
calculated the band structure of these materials using the
local density approximation (LDA) and local density ap-
proximation + Hubbard U (LDA+ U) scheme,'® where the U
is used to account for correlation effects in an open atomic
like 4f shell. It turned out that it was necessary to include the
Au 5d spin-orbit coupling as well for obtaining good agree-
ment with the observed valence band spectra. Special atten-
tion was paid to the density of states in the vicinity of the
Fermi level and the predicted semiconducting character of
the cubic compounds.!%?

The starting rare-earth, noble metal, and tin materials
were mixed in the ideal 1:1:1 atomic ratios and arc-melted as
described previously.! The polycrystalline samples with di-
mensions of about 2X2 X2 mm?® are silvery with metallic
luster and are stable in air over months. All samples were
pure phases on the level of x-ray powder diffraction. The
photoemission spectra were recorded at room temperature in

1098-0121/2008/77(3)/035103(4)

035103-1

PACS number(s): 71.20.Eh, 79.60.—1

a spectrometer equipped with a Scienta SES-100 electron
energy analyzer and a Vacuum Generators twin crystal
monochromatized Al Ka (hv=1486.6 e¢V) source. The over-
all energy resolution was set to 0.4 eV, as determined using
the Fermi cut off of an Ag reference which was also taken as
the zero of the binding energy scale. As an alternative and
convenient energy reference, the Au 45, core level of poly-
crystalline Au metal at 84.00 eV binding energy was re-
corded before and after each measurement of the intermetal-
lic samples. The base pressure in the spectrometer was
1 X107 mbar, and the pressure raised to 2 X 1079 mbar
during the measurements due to the operation of the x-ray
source. The samples were cleaved in situ to obtain clean
surfaces.

The left panels of Fig. 2 show the experimental valence
band photoemission spectra of the hexagonal compounds
CeAuSn, GdAuSn, and ErAuSn (from top to bottom) and the
right panels those of the cubic compounds ScAuSn and Lu-
AuSn (from top to bottom). The spectra of all compounds
have in common that they show a doublet structure between
4 and 7 eV binding energies. Using the results from a previ-
ous study on the RAuMg system,”! we can assign this dou-
blet structure to the Au 5d levels, split up by the spin-orbit
interaction. For GdAuSn, ErAuSn, and LuAuSn, the contri-
bution of the rare-earth 4f orbitals is clearly visible. In
GdAuSn, a broad peak appears at 8.8 eV binding energy,
typical for the photoemission from the 4f” configuration of
Gd3*. The width of the peak is much broader than the ex-
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FIG. 1. Crystal structure of the intermetallic compounds RAuSn.
On the left-hand side, the cubic MgAgAs type and on the right-hand
side, the hexagonal NdPtSb type are drawn.
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FIG. 2. (Color online) Experimental valence
band photoemission spectra and calculated va-
lence band density of states of the hexagonal
compounds CeAuSn, GdAuSn, and ErAuSn (left
panels) and of the cubic compounds ScAuSn and
LuAuSn (right panels). A Gaussian broadening of
0.5-0.7 eV has been included in the calculated
density of states.
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perimental resolution and reflects the multiplet structure of
the 4f° final state.”>>* In ErAuSn, the triplet structure be-
tween 8 and 11 eV binding energies and some weight super-
posed on the Au 5d peak at 5.6 eV binding energy can be
attributed to the photoemission from a 4f'! ground state of
Er’** leading to a 4f'° final state.””?* In LuAuSn, the doublet
structure at 8.1 and 9.5 eV binding energies is characteristic
for the spin-orbit split 4f57, and 4f%, final states of Lu** with
a 4f* ground state.”>* In CeAuSn, the 4f contribution
(around 2 eV binding energy) is not as obvious as in the
other compounds. For Ce, a 4f' configuration is expected,
resulting in much less spectral weight compared to the other
rare earths with 7, 11, or 14 4f electrons since the total 4f
spectral weight is roughly proportional to the number of 4f
electrons.?

To extract further information from the experimental
spectra, we performed LDA and LDA+U band structure
calculations using the full-potential augmented plane
waves plus local orbital method.?® The crystal structures
were taken from x-ray diffraction measurements.'%!4%7
The muffin-tin sphere radii were chosen to be
3.2/2.5/2.5 bohr for Ce(Gd)/Au/Sn, and 2.7/2.5/2.5 bohr
for Sc(Er,Lu)/Au/Sn. The choice of the larger Ce and Gd
muffin-tin spheres is associated with the longer Ce(Gd)-Au
and Ce(Gd)-Sn bond lengths in their layered structures. The
cut-off energy of 16 Ry is set for the plane-wave expansion
of the interstitial wave functions. 5000 (2500) k points are
used for integration over the Brillouin zone of the cubic
(hexagonal) cell. Spin-orbit coupling of the valence electrons
is included by the second-variational method with scalar
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relativistic wave functions. The deep-level core electrons are
treated fully relativistically.

The LDA/LDA+ U results are also shown in Fig. 2. One
can observe that the calculations reproduce well the line
shape of the Au 5d levels but underestimate systematically
their binding energy by about 0.6—0.8 eV which is indicated
by the angulated lines. This can be attributed to the inherent
limitation of the mean-field method to describe excitation
spectra. Nevertheless, the relative shifts of the Au 5d in the
RAuSn series are quantitatively well reproduced, with the
Au 5d of the hexagonal compounds (R=Ce, Gd, and Er) at
consistently lower binding energies as compared to those of
the cubic compounds (R=Sc and Lu). This could well be due
to the stronger electric field of the R3* cations with the
shorter R—Au bond lengths in the closely packed fcc struc-
ture of the latter. The same can be observed for the Au4f
core levels which are shifted by the same amount as the
Au 5d levels. Figure 3 displays the experimental Au 4f core
levels together with the results from the LDA+U calcula-
tions. As a reference we have also included data from Au
metal. We can clearly see that the relative shifts between the
Au metal, the hexagonal, and the cubic compounds are well
reproduced by the calculations.

To capture the energy positions of the rare-earth 4f orbit-
als, the Hubbard U correction has to be included in the band
structure calculations to account for correlation effects that
occur for these atomiclike orbitals. The applied U values are
5 eV for the Ce4f and 7 eV for the 4f of Gd, Er, and Lu.
The implementation of U has the effect of shifting the occu-
pied R 4f levels to higher binding energies by %U , and in this
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FIG. 3. (Color online) Experimental (top panel) and calculated
(bottom panel) Au 4f core-level photoemission spectra of Au metal,
the hexagonal compounds CeAuSn, GdAuSn, and ErAuSn, as well
as the cubic compounds ScAuSn and LuAuSn.

way the energy positions of the 4f in the LDA+U calcula-
tions can be well tuned to the experimental values, see Fig.
2. However, in the case of the partially filled 4f shells of the
Gd and, in particular, the Er, the line shape of the spectra is
determined by the multiplet structure in the photoemission
final states and these cannot be described by a one-electron
theory.

The LDA/LDA+U is highly adequate to treat the band
structure of spatially extended states. In the present case,
these are the rare-earth 6s, 6p, and 5d and the Au and Sn
s and p bands. Their densities of states are lumped together
and denoted as “rest” in the calculated partial density of
states in Fig. 2. They are spread from the Fermi level up
to 10 eV binding energy and can be seen in the experi-
mental spectra most clearly as a broad hump between the
Fermi level and 3 eV binding energy and, for ScAuSn
and CeAuSn, at about 9 eV as well. The weight of these
broadbands relative to those of the Au 5d and the rare-earth
4f levels is smaller in the experiment than in the calcula-
tions, in accordance with the tabulated photoionization cross
sections.?

A close-up of the experimental photoemission spectra in
the region near the Fermi level is shown in the top panel of
Fig. 4. One can clearly observe that the spectral weight of all
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FIG. 4. (Color online) Close-up of the experimental photoemis-
sion spectra (top panel) in the vicinity of the Fermi level together
with the calculated density of states (bottom panel).

compounds becomes smaller and almost vanishes upon ap-
proaching the Fermi level. This is in contrast to the spectrum
of a reference Au sample (also included in Fig. 4) which
clearly shows a distinct cut off at the Fermi edge. Interest-
ingly, the LDA/LDA+U calculations also show extremely
low density of states near the Fermi level, see the bottom
panel of Fig. 4. In fact, the calculations even find a tiny band
gap of less than 0.2 eV for ScAuSn and almost a gap for
LuAuSn.

The formation of the band gap in the cubic compounds
such as ScAuSn was already found by previous band struc-
ture calculations.'®?° RAuSn can be written as R** and
(AuSn)*~, the latter forming a zinc blend structure in which
both Au and Sn are tetrahedrally coordinated by each other.
Disregarding the ten Au 5d electrons which can be consid-
ered as almost core-like states, each (AuSn)*~ unit has eight
valence electrons leading to completely filled bonding sp
bands while the antibonding counterpart is unfilled, provided
that the bonding-antibonding splitting is sufficiently large
and that the bandwidth is not large enough to close the gap.
Since the Au-Sn distance is shorter in ScAuSn (2.78 A) than
in LuAuSn (2.84 A), one would expect the bonding-
antibonding splitting to be larger in ScAuSn than in LuAuSn.
As a result, the band gap is manifest in ScAuSn but not quite
in LuAuSn.

To investigate to what extent the physical properties of
these cubic and hexagonal intermetallics are influenced by
the small or vanishing density of states at the Fermi level, we
measured their resistivity as a function of temperature. The
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FIG. 5. (Color online) Temperature dependence of the resistivity
of cubic ScAuSn and LuAuSn and hexagonal GdAuSn and ErAuSn.

results are shown in Fig. 5. The resistivity decreases weakly
with increasing temperature for ScAuSn and, to a lesser de-
gree, also for LuAuSn, indicating a semiconducting or near-
semiconducting character for these cubic compounds, in
agreement with the finding that there is a gap or almost a gap

PHYSICAL REVIEW B 77, 035103 (2008)

in the electronic structure. For the hexagonal GdAuSn and
ErAuSn, we observe that the resistivities are an order of
magnitude lower and increase with temperature, indicating
that indeed they are more metalliclike.

To conclude, we have determined the electronic structure
of the cubic intermetallic compounds ScAuSn and LuAuSn,
as well as the hexagonal CeAuSn, GdAuSn, and ErAuSn,
using x-ray photoelectron spectroscopy and band structure
calculations. The rare-earth 4f and Au 5d have well identi-
fied spectral features far away from the Fermi level. The
spectral weight in the vicinity of the Fermi level, of mainly
Au/Sn sp and rare-earth spd characters, is found to be van-
ishingly small. For the cubic compounds, we even find that a
band gap can be opened in the electronic structure, in agree-
ment with the semiconducting or almost semiconducting
temperature dependence of the resistivity.
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