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We use x-ray photoemission spectroscopy to study the electronic structure of new superconductor Li2Pd3B.
Binding energies of the Pd 3p and 3d indicate valency that is intermediate between Pd metals0±d and
PdOs2+d, or effectively Pd 4d 9 configuration. Comparison of satellite features in core level spectra of Li2Pd3B
with that of PdO suggests that a larger hybridization strength of Li2Pd3B than that of PdO. The valence band
spectrum is in excellent agreement with first principle band structure calculations, allowing us to ascribe the
states at the Fermi level responsible for the superconductivity to be mainly Pd 4d hybridized with B 2p and Li
2p. These observations indicate that correlation effects play a negligible role for the physical properties of the
new superconductor.

DOI: 10.1103/PhysRevB.71.092507 PACS numberssd: 74.70.Dd, 71.20.Be, 79.60.2i, 71.20.2b

Very recently, Toganoet al. reported that Li2Pd3B is the
first Pd-based superconductor among metal rich ternary
borides with the transition temperaturesTcd of ,8 K.1

Li2Pd3B has been known to have a cubic structuresspace
group of P4332d consisting of distorted Pd6 octahedra cen-
tered by boron atoms, which share all vertices to form a
unique three dimensional framework.2 Due to the observa-
tion of superconductivity in Li2Pd3B, it is important to study
the electronic structure of this compound.

One of the interesting questions is the role of electron-
electron correlation effects in Li2Pd3B. Electron-electron
correlation effects in 3d transition metal compounds have
been studied extensively due to the fascinating physical
properties, believed to originate from the correlation effects,
e.g., high temperature superconductivity in cuprates,3 colos-
sal magneto resistance in manganites,4 and high thermoelec-
tric power in cobaltates.5 On the other hand, in 4d transition
compounds, while the existence of correlation effects in Pd
metal has already been reported in the early 1980s,6,7 impor-
tance of correlation effects in 4d electrons has increased es-
pecially after the discovery of superconductivity in
Sr2RuO4,

8 where superconducting properties due to the cor-
relation effects has been reported. For Li2Pd3B, very recent
theoretical studies9 have reported that the electronic proper-
ties of this compound are likely to be dominated by strong
correlation effects due to the characteristic crystal structure,
and proposed a possible realization of the first superconduc-
tivity described with a three-dimensionalt-J model.

X-ray photoemission spectroscopysPESd provides direct
information on valence band electronic structure and core
level spectral features and an estimate of physical parameters
such as, charge transfer energyD, hybridization strengthT,
and on-site Coulomb potentialUdd.

10 Therefore PES has
been widely used for studying electron-electron correlation
effects of 3d transition metal compounds and even of 4d
transition metal compounds. In this paper, we show core
level and valence band x-ray photoemission studies of the

new superconductor Li2Pd3B. We found that the satellite fea-
tures in Pd 3p and 3d core levels are very small compared
with those observed in Pd and PdO. We also found that the
valence band spectrum of Li2Pd3B can be well described by
band structure calculations. These results indicate that elec-
tron correlation effects do not play a major role in Li2Pd3B.
In addition, the chemical shift of the core level main peaks
indicates that the valency of the Pd atom takes a value be-
tween Pds0±d and PdOs2+d, that is in effective proximity to
the 4d 9 configuration.

The polycrystalline Li2Pd3B samples used in the present
PES studies were prepared by an arc-melting process in or-
der to attain high-density material, details of which are de-
scribed in Ref. 1. The polycrystalline samples of Pd and PdO
were also measured for comparison. We chose Pd and PdO
for the two main reasons,s1d the valency of these com-
pounds can be estimated from the chemical formula, 0± for
Pd and 2+ for PdO from an ionic picture, ands2d the valence
band and core level PES spectra have been reported already
for both materials.6,7,11 Also, detailed theoretical studies
which provide values for the electronic structure parameters
were available for PdO.12 The core level and valence band
spectra of Pd and PdO discussed latter are consistent with
those reported previously and provide a good reference for
the binding energies of core levels and the valence band
electronic structure of Li2Pd3B. PES experiments were car-
ried out on a Scienta SES200 analyzer using synchrotron
radiation light s1300 eVd from beam line BL25SU at
SPring-8 with an energy resolution of 250 meV. All the
spectra were measured at 20 K under a base pressure of
3.6310−8 Pa. Clean surfaces were obtained byin situ frac-
tures. The cleanliness of the surfaces were checked by the
absence of C 1s signals. We did not observe any spectral
changes during the measurements of a few hours. The Fermi
level sEFd of the spectra was referenced to that of a gold film
mounted close to the samples. Energy calibration has been
performed using the known binding energy of Au 4f of a
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gold film with respect to the Fermi edge, and it was further
confirmed from the good correspondence to the reported
binding energies of Pd 3d5/2 of PdO s336.8 eVd.11

To compare the experimental valence band spectra with
theoretical studies, we also calculated the band structure of
Li2Pd3B with the standard full-potential augmented plane
wavesFLAPWd method. We have carried out this calculation
by using the computer code KANSAI-94 and TSPACE.13 For
the exchange-correlation potential we adopted the local-
density approximationsLDA d, according to Gunnarson and
Lundqvist.14 The calculation of the core states and the va-
lence states are self-consistently carried out by the scalar-
relativistic scheme.15 We used the experimentally found
lattice constants and space group.2 The muffin-tin radius
of each atom is 2.2 bohr for Li, 2.0 bohr for Ni, and
1.4 bohr for B. The basis functions with the wave vector
uk+Gu,Kmax=6.90a, wherek is a wave vector in the Bril-
louin zone sBZd and G is a reciprocal-lattice vector used
resulting in about 1360 basis LAPWs.

Figure 1 shows the Pd 3p core level spectra of Pd,
Li2Pd3B, and PdO measured at 20 K with 1300 eV photon
energy. The sharp peak at 530 eV for PdO is an O 1s core
level. One may find a very weak structure at 529 eV in the
Li2Pd3B spectrum, which can be ascribed to an O 1s signal
from Li2O impurities. We observe Pd 3p1/2 and 3p3/2 spin-
orbit splitting peaks with satellite features at higher binding
energy, more evident for 3p3/2. The intensity of the satellite
compared with that of the main peak depends on the com-
pounds and shows the smallest intensity for Li2Pd3B. We
also find that the binding energy of the main peak varies
systematically. These spectral features can be studied in
more detail with Pd 3d core level spectra because of the
smaller linewidth of the core level spectra of Pd 3d than
those of Pd 3p.

In Fig. 2, we show the Pd 3d core level spectrum of
Li2Pd3B, together with those of Pd and PdO, measured at
20 K with 1300 eV photon energy. Consistent with the Pd 3p
spectra, all the three spectra show weak satellite features at
higher binding energies to the main peaks of the Pd 3d5/2 and
3d3/2 spin-orbit doublet. The spectral line shape of the main

peaks of Li2Pd3B is very narrow and weakly asymmetric
compared to that of Pd exhibiting an asymmetric tail at
higher binding energy. Such a asymmetry of a core level
spectrum are known to originate from a large density of
statessDOSd at EF.16 Indeed, Pd metal has a very large DOS
at EF, as reported previously18 and also observed in the
present study as shown later. Therefore weak asymmetry of
Li 2Pd3B indicates a marked decrease of the DOS atEF com-
pared with that of Pd metal. The symmetric line shape of
PdO is consistent with the existence of a semiconducting gap
at EF in PdO. The narrower linewidth of Li2Pd3B than that of
PdO, which is ascribed to the localized nature of the core
level as confirmed by theoretical studies,12 implies the me-
tallic nature of Li2Pd3B, consistent with transport
measurements.1 The narrow linewidth of Li2Pd3B, which can
be fitted with a single Voigt function, also indicates that the
different Pd-Pd bond lengths2 do not influence the real va-
lency of Pd.

We also found that the binding energy of the main peak
shifts to higher binding energy in the sequence of
Pds335.1 eVd, Li2Pd3Bs336.1 eVd, and PdOs336.8 eVd. The
shift of a core level main peak reflects the chemical environ-
ment of an atom, and Pd and PdO are reference materials
having Pd valence of 0± and 2+, respectively. Therefore the
location of the peak of Li2Pd3B between those of Pd and
PdO indicates that the valency of Pd atoms in Li2Pd3B takes
a value between 0± and 2+, suggesting monovalency. It is
noted that monovalent Pd is considered unstable in Pd
compounds,17 though it is reported in clinoptilolite, which is
the most abundant natural zeolite.18 In addition to a simple
valence description, it is noted that the intermediate binding
energy of Pd 3d core level for Li2Pd3B is consistent with
poorer screening in intermetallic Li2Pd3B compared to Pd
metal, and better screening compared to insulating PdO.

From the energy separation between the main peak and
the satellite feature as well as the intensity of the satellite
feature, important parameters describing physical properties

FIG. 1. Pd 3p core level spectrum of Li2Pd3B compared with
those of Pd and PdO measured with 1300 eV and at 20 K. The
normalization was performed with the intensity of 3p3/2 peak.

FIG. 2. Pd 3d core level spectrum of Li2Pd3B compared with
those of Pd and PdO measured with 1300 eV and at 20 K. The
normalization was performed with the intensity of 3d5/2 peak.
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can be extracted.11,12 Here we compare the spectral features
of Li2Pd3B with those of PdO, where theoretical studies for
the satellites have been already reported. For PdO, the satel-
lites in the core level and valence bands are ascribed to
charge transfer satellites due to a strong hybridization be-
tween Pd and O.12 The satellite features in the Pd 3d PES
spectrum of PdO could be described with an impurity Ander-
son model with a Pd 4d-O 2p charge transfer energyD of
5.5 eV, an on-site 4d correlation energyUdd of 4.5 eV sa
corresponding Coulomb potential between a core hole and a
valenced electron ofQ=Udd/0.7d, and a 4d-2p transfer in-
tegral pds of 2.1 eV corresponding to the effective hybrid-
ization strengthT fgiven by sqrts6d3pdsg =5.1 eV.12 Using
available theoretical results reporting a relation between the
separation energy and intensity of satellites with respect to
2Q/T sRef. 19d as a general trend, we understand that the
very small satellite intensity in Li2Pd3B compared to PdO
suggests a smaller 2Q/T value for Li2Pd3B than for PdO.
This leads to a largerT value for Li2Pd3B than for PdO
assuming the sameQ value for both compounds, consistent
with the covalent bonding of Pd and B in Li2Pd3B from the
structural analysis.2

Figure 3 shows the valence band spectrum of Li2Pd3B,
compared with Pd and PdO, normalized with the highest
intensities of the valence bands. The valence band spectrum
of Li2Pd3B has smaller intensity features aroundEF with a
clear Fermi edge structure, two prominent peaks around 2.5
and 4.5 eV with a shoulder around 5.5 eV, and a weak fea-
ture around 9 eV. We label those features asA, B, C, D, E,
respectively, as shown in Fig. 3. The valence band spectrum
of Pd has the highest intensity atEF with a Fermi edge and
with a satellite feature around 8.5 eV ascribed to the two-
hole bound states originating from electron correlation ef-
fects as confirmed from resonance PES studies.6 The valence
band spectrum of PdO has structures around 2.5 eV and
6.5 eV with negligible intensity atEF and a weak satellite

feature around 12 eV. The intensity atEF of Li2Pd3B is
smaller than that of Pd, while PdO is a semiconductor with-
out a Fermi edge. Thus the valence band spectral intensities
at EF are consistent with the line shapes of the core-level
spectra.

For Li2Pd3B, we also found a weak higher binding energy
feature around 9 eV in the valence band spectrum, like the
satellites in Pd and PdO. The weak features in Pd and PdO
valence band spectra are not present in one-electron band
structure calculations.11,20 To confirm the origin of the 9 eV
feature of Li2Pd3B, we compare the experimental valence
band spectra of Li2Pd3B with a calculated spectrum added
with an integrated background, as shown in Fig. 3. The cal-
culated spectrumsa dotted lined was obtained by carrying out
an energy-dependent Lorentzian broadening21 and a Gauss-
ian broadeningsFWHM of 0.25 eVd of the band structure
calculation results after taking ionization cross sections22

into account. We find that the prominent valence band fea-
tures, the small intensity around theEF region, as well as the
weak feature around 9 eV can all be reproduced with the
broadened calculated DOS fairly well. This indicates that the
weak feature at 9 eV of Li2Pd3B is derived from the struc-
ture in DOS and has a different origin compared to satellites
in Pd and PdO. To investigate the character of observed elec-
tronic structures, we look at the calculated partial DOS
shown in Fig. 4. We findA is hybridized states of Pd 4d, B
2p, and Li 2p with larger Pd 4d contribution, and the struc-
turesB andC are dominant Pd 4d states. The structureD has
Pd 4d and B2p characters. The weak featureE is B 2s states
hybridized with Pd 4d states. The states atEF per formula
unit of Li2Pd3B is 32.6sstates/Ry/ f .u.d, smaller than that of
MgCNi3, which is a superconductor with CNi6 octahedra
squalitatively similar to the BPd6 octahedra in Li2Pd3Bd and
is reported to have a sharp peak in DOS nearEF giving rise
to a ferromagnetic instability.23 The smaller DOS atEF of
Li2Pd3B suggests weaker ferromagnetic correlations. The
good agreement with the experimental and calculated va-
lence bands indicates that the electronic structure of Li2Pd3B
can be well described by the one particle approximation, and
therefore electron correlation effects may not play an impor-
tant role for physical properties. Therefore, the superconduc-
tivity of Li 2Pd3B is most likely phonon mediated. We hope

FIG. 3. Valence band spectrum of Li2Pd3B compared with those
of Pd and PdO measured with 1300 eV and at 20 K. The normal-
ization was performed with the highest peak intensity in each spec-
trum. Valence band spectrum of Li2Pd3B is compared with the band
structure calculations broadened by an energy-dependent Lorentz-
ian as well as a Gaussiansa dotted line, see textd.

FIG. 4. Calculated total and partial DOS of Li2Pd3B.
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the present results motivates further thermodynamic and
transport measurements to confirm the origin of supercon-
ductivity in this Pd-based superconductor.

In conclusion, we have performed x-ray photoemission
spectroscopy of the new superconductor Li2Pd3B to study
the electronic structure and possible correlation effects pro-
posed theoretically. The Pd 3p and 3d core level spectra
show a satellite feature at 7.8 eV higher binding energy from
the main peak with very small intensity compared with that
of Pd metal and PdO. The valence band spectrum shows a
prominent two-peak structure at 2.5 and 4.5 eV with smaller
intensity nearEF and a weak feature around 9 eV, consistent
with the first-principles band structure calculations. The
comparison also shows that states nearEF, which is respon-

sible for the superconductivity, are derived from Pd 4d orbit-
als hybridized with B 2p states. These results indicate corre-
lation effects play a negligible role in the new
superconductor. In addition, the location of the core level
main peaks of Li2Pd3B between those of Pd and PdO sug-
gests that the valency of Pd atoms in Li2Pd3B takes a value
between 0± and 2+.
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