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We have investigated the electronic structure of the equiatomic EuAuMg, GdAuMg, YbAuMg, and
GdAgMg intermetallics using x-ray photoelectron spectroscopy. The spectra revealed that the Yb and Eu are
divalent while the Gd is trivalent. The spectral weight in the vicinity of the Fermi level is dominated by the mix
of Mg s, Au/Ag sp, and R spd bands. We also found that the Au and Ag d bands are extraordinarily narrow,
as if the noble metal atoms were impurities submerged in a low density sp metal host. The experimental results
were compared with band structure calculations, and we found good agreement provided that the spin-orbit
interaction in the Au an Ag d bands is included and correlation effects in an open 4f shell are accounted for.
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Many equiatomic rare-earth �R� transition-metal �T� mag-
nesium intermetallics have been synthesized in the last
decade.1–12 RTMg materials with Yb and Eu as rare-earth
elements crystallize in the orthorhombic TiNiSi structure,13

while those with the other rare earths adopt the hexagonal
ZrNiAl structure,14–16 see Fig. 1. A wealth of interesting
magnetic properties has been observed. CePdMg, CePtMg,
and CeAuMg show long-range magnetic ordering below 2–
3 K.9 EuAgMg and EuAuMg order ferromagnetically with
TC of 22 and 37 K, respectively.6 Also the Gd materials
GdPdMg, GdPtMg, and GdAgMg are ferromagnetic, with
relatively high TC of 96, 98, and 39 K, respectively.10

GdAuMg, by contrast, orders antiferromagnetically, with
TN=81 K.12

Not much is presently known about the electronic struc-
ture of these materials. Basic spectroscopic determination of
the 4f valence of the rare earths is lacking, and it is also
unclear how band structure effects will play out for the T d
bands in view of the rather peculiar crystal structure. We
have therefore set out to perform valence band and core level
photoelectron spectroscopy measurements. Here we choose
for EuAuMg, GdAuMg, YbAuMg, and GdAgMg as model
materials, since with the d shell of the Au and Ag constitu-
ents being closed, we can avoid complications which other-
wise could occur as a result of the intricate interplay between
band formation and correlation effects usually present in an
open T d shell system. We also have calculated the band
structure of these materials using the local density approxi-
mation �LDA� and local density approximation+Hubbard U
�LDA+U� scheme,17 where the U is used to account for
correlation effects in an open atomiclike 4f shell. As it turns
out later, it was necessary to include as well the spin-orbit
coupling for the Au and Ag d shells.

The starting rare earth, noble metal and magnesium ma-
terials were mixed in the ideal 1:1:1 atomic ratios and sealed
in niobium or tantalum tubes under an argon pressure of
�800 mbar. These tubes were first rapidly heated to
�1370 K and subsequently annealed at �870 K for 2 hours.
The samples were separated from the tubes by mechanical
fragmentation. No reaction with the metal tubes was ob-
served. The polycrystalline samples with dimensions of
about 2�1�1 mm3 are light grey with metallic luster. All
samples were pure phases on the level of x-ray powder dif-

fraction, and their transport and thermodynamic properties
have been analyzed recently.18

The photoemission spectra were recorded at room tem-
perature in a spectrometer equipped with a Scienta SES-100
electron energy analyzer and a Vacuum Generators twin
crystal monochromatized Al-K� �h�=1486.6 eV� source.
The overall energy resolution was set to 0.4 eV, as deter-
mined using the Fermi cutoff of a Ag reference, which was
also taken as the zero of the binding energy scale. The base
pressure in the spectrometer was 1�10−10 mbar, and the
pressure raised to 2�10−10 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-hand panels of Fig. 2 show the valence band
photoemission spectra of �from top to bottom� YbAuMg,
EuAuMg, GdAuMg, and GdAgMg. A weak but clear cutoff
at the Fermi level �0 eV binding energy� can be observed,
consistent with these materials being metals.18 The three Au
samples have in common that their valence bands contain a
two-peak structure at 5.0 and 6.4 eV binding energy. We
therefore can assign these two peaks to the Au 5d. Conse-
quently, the other peaks in the spectra can be attributed to the
rare-earth 4f . YbAuMg shows a very sharp two-peak struc-
ture at 0.5 and 1.9 eV binding energy. The line shape as well
as the energy separation of these two peaks is characteristic
for the Yb 4f7/2 ,4f5/2 spin-orbit split 4f13 photoemission fi-

FIG. 1. The two structures of the intermetallic RTMg �from Ref.
5�. On the left-hand side, the ZrNiAl structure which is adopted by
the materials with trivalent rare earth and on the right-hand side, the
TiNiSi structure for those with divalent rare earths.
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nal states,20–22 indicating that the Yb in the ground state is
4f14, i.e., divalent, in agreement with the magnetic
susceptibility.23The EuAuMg has a somewhat broader peak
at 1.5 eV binding energy, very typical for the multiplet struc-
tured 4f6 final states of divalent Eu compounds and interme-
tallics having the high-spin 4f7 ground state.20,21 This assign-
ment is supported also by the fact that the integrated 4f
intensity of the Eu sample is close to half of the Yb 4f , i.e.,
proportional to the number of f electrons. The peak at 8.4 eV
binding energy in the GdAuMg sample is very similar in line
shape and intensity to the 1.5 eV feature of the Eu sample,
indicating that this peak corresponds also to a 4f6 final state,
and thus to a ground state having the high-spin 4f7

configuration.20,21 In other words, the Gd is trivalent.
In comparing the two Gd samples, i.e., GdAuMg and

GdAgMg, one can clearly see that the line shape differs

mainly in the spectral range between 5 and 7 eV binding
energy. We then can ascribe the flattened peak at 6 eV in the
GdAgMg to the Ag 4d band. Remarkable is that the line
shapes of both the Au 5d and the Ag 4d bands in these ma-
terials are vastly different from those Au 5d and Ag 4d
bands of the elements, as shown in Fig. 3. The noble metal d
bands in these rare-earth magnesium intermetallics are so
narrow that one can clearly observe the splitting due to the
spin-orbit interaction. The bands are much less than 1 eV
wide, i.e., about a factor of 5 smaller than in the correspond-
ing elements.

To facilitate the interpretation of the experimental results,
we have carried out band structure calculations using the
LDA and LDA+U methods,17 where the U refers to the on-
site Coulomb energy in an open 4f shell. We have also in-
cluded the spin-orbit coupling for the Au and Ag d shells.

FIG. 2. �Color online� Experimental valence band photoemission spectra �left-hand panels� and calculated valence band density of states
�right-hand panels� of polycrystalline YbAuMg, EuAuMg, GdAuMg, and GdAgMg �from top to bottom�.
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Our calculations were performed by using the full-potential
augmented plane waves plus local orbital method.19 We took
the crystal structure as determined by x-ray diffraction.4,10,12

The muffin-tin sphere radii are chosen to be 3.2, 2.5, 2.6, and
2.7 Bohr for rare-earth, gold, silver, and magnesium atoms,
respectively. The spin-orbit coupling is included by the
second-variational method with scalar relativistic wave
functions.19 We calculated the EuAuMg and GdAgMg in the
ferromagnetic, the GdAuMg in the antiferromagnetic and the
YbAuMg in the paramagnetic state. The easy magnetization
direction is set along the c axis.

The right-hand panels of Fig. 2 depict the results of the

LDA and LDA+U calculations. One can clearly see that the
density of states reproduces all the spectral features quite
well, including the very narrow and spin-orbit split bands of
the Au 5d and the Ag 4d. Apparently, the crystal structure is
such that the overlap between the noble metal d orbitals is
negligible. This can indeed be related to the fact that the
Ag-Ag or Au-Au nearest-neighbor distances are more than
4.0 Å, i.e., much larger than the 2.8 Å in elemental Ag or
Au. The line shape of these narrow bands is in fact reminis-
cent of that of noble metal impurities submerged in a low
density sp metal host.24 The calculations indeed indicate the
presence of such an extremely broad sp like band. This band,
which extends from 7 eV binding energy all the way to
above the Fermi level, is labelled as rest in Fig. 2, and con-
sists of Mg s, Au/Ag sp, and R spd bands. They in fact build
up the relevant states in the vicinity of the Fermi level. The
contribution of the R 4f bands to these is negligible, with the
exception perhaps for the Yb system.

To address the issue concerning the 4f shell, we used the
LDA method for the Yb system in which we also include the
spin-orbit interaction in the 4f . The calculation finds cor-
rectly the closed shell 4f14 configuration for the Yb, and the
peak positions are in good agreement with the experiment.
For the Eu and Gd system, however, we must resort to the
LDA+U method, in which U in the 4f shell is set to 6 eV for
the Eu and 7 eV for the Gd. This is necessary to account for
correlation effects in the open atomiclike 4f shell: both Eu
and Gd have the 4f7 configuration as found from experiment
and calculation. If U were set to zero, the Eu and Gd 4f
states would move sizeably to the Fermi level, and the ex-
perimental peak positions would not have been reproduced.

Despite the apparent successes of these band structure cal-
culations, we also can observe small deviations between

FIG. 3. Experimental valence band photoemission spectra of
elemental Au �top panel� and Ag �bottom panel�.

FIG. 4. �Color online� Left-hand panels: experimental Au 4f and Ag 3d core level spectra of YbAuMg, EuAuMg, GdAuMg, GdAgMg,
and elemental Au and Ag. Right-hand panels: simulated spectra based on the calculated Au 4f and Ag 3d energy positions.
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theory and experiment. A closer look at the calculated posi-
tions of the closed shell Au and Ag d bands as well as of the
closed shell Yb 4f orbitals, reveals that they are too close to
the Fermi level by several tenths of an eV. We attribute such
deviations as being caused by the inherent limitations of
these mean-field methods to calculate the dynamical re-
sponse of a system.

The left-hand panels of Fig. 4 show the Au 4f and Ag 3d
core levels of the YbAuMg, EuAuMg, GdAuMg, and
GdAgMg samples �solid and long dashed lines�. As reference
we have also measured the corresponding core levels in el-
emental Au and Ag �short dashed lines�. One can clearly
observe that the Au and Ag core levels in the intermetallics
have substantially higher binding energies than those in the
elements, i.e., �0.7 eV for the Au 4f and �0.5 eV for the
Ag 3d. This may indicate that in the intermetallics the elec-
tron density around the Au and Ag sites are more diluted and
thus giving a weaker static electric field. LDA band structure
calculations confirm this picture. We have calculated that the
energies of the Au and Ag core levels of the intermetallics
are indeed lower �i.e., at higher binding energy� than in the
elements, as shown in the right-hand panels of Fig. 4 where
we have simulated the spectra based on these calculated en-
ergy positions. We note that there exist two inequivalent Au
�Ag� sites in GdAuMg �GdAgMg�. The calculations show,
however, that the Au 4f of the two sites differs by only
40 meV, and that the Ag 3d by only 20 meV. The influence
of different local environments25 is thus negligible here. The
Au and Ag sites in EuAuMg, YbAuMg, EuAgMg, and
YbAgMg are all equivalent. We also note that comparing the

calculations for the intermetallics with the elements reveals
that there is hardly any difference in the total amount of
charge inside the Au or Ag muffin tin spheres, i.e., less than
0.05 electrons. The core level shifts are thus consistent with
the rather open crystal structure: the Au and Ag atoms in the
intermetallics could be considered as impurities submerged
in a low density sp metal host.

To conclude, we have investigated the electronic structure
of the equiatomic EuAuMg, GdAuMg, YbAuMg, and
GdAgMg intermetallics by x-ray photoelectron spectroscopy
and LDA/LDA+U band structure calculations. We found a
closed shell 4f configuration for the Yb �divalent� and a 4f7

for the Eu �divalent� and Gd �trivalent�. The states in the
vicinity of the Fermi level are given by a broad sp-like band
consisting of Mg s, Au/Ag sp, and R spd states. The contri-
bution of the R 4f is negligible, except perhaps for the Yb
system. We also found that the Au and Ag d bands are ex-
traordinarily narrow, as if the noble metal atoms were impu-
rities submerged in a low density sp metal host. This calls for
a follow-up study of the electronic structure of equiatomic
intermetallics in which the noble-metal atoms are replaced
by transition-metal atoms with an open d shell, since in view
of the extremely narrow bandwidth even modest electron
correlation effects could already play an important role for
the properties.
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