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Electronic structures of intermetallic borides RPd;B, (R=rare-earth metals)
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The electronic structure and the theoretical lattice parameters for the intermetallic antiperovskites RPd;B (R
from La to Yb) are calculated within the density-functional theory using the LSDA+U functional (LSDA is
local spin density approximation) to include strong electronic correlations at the R site. Exemplarily, the
electronic structure of LaPd;B is discussed and compared with the isoelectronic and isostructural supercon-
ductor MgCNis. The coherent potential approximation is applied to calculate the lattice parameters of RPd;B,,
where R=La and Lu, as a function of the boron content x. Contrarily to what was reported by Dhar et al.
[Mater. Res. Bull. 16, 1557 (1981)], a regular increase is observed in the whole range x € [0, 1]. Moreover, the
calculated lattice parameters obtained for the whole family RPd;B, with R from La to Yb, are much higher than
the experimental lattice parameters published by Dhar er al., questioning their synthesis of stoichiometric
compounds RPd;B. Attempts to synthesize RPd;B with R=La, Yb failed for LaPd;B. Instead, in the case of
exposure to air, LaPd;0, is obtained. On the contrary, YbPd;B, could be obtained (0 <x<0.6). For this phase,
the LSDA+U calculations indicate a valence instability. Thus, boron insertion in RPd; seems eased by the

tendency of the rare earth to become divalent.
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I. INTRODUCTION

Antiperovskites MXT; (M=Mg,Cu,La,..., X=B,C,N,
and T a transition metal) have the same structure as the per-
ovskite CaTiO;, except for the exchanged positions of the
light atom and the transition metal. Among the family of
antiperovskites, the superconductor MgCNi; (7.=8 K) has
received considerable attention (see Ref. 1 for a recent re-
view). Due to the high amount of Ni, magnetic interactions
are present in MgCNi; and their influence on the supercon-
ductivity mechanism is not fully understood yet. It has been
shown that MgCNi; is near a ferromagnetic instability,>*
which can be reached, for example, by hole doping at the Mg
site. Unfortunately, it has been impossible so far to investi-
gate the effect of enhanced spin fluctuations on the supercon-
ductivity in doped compounds such as Mg;_Li CNi; or
Mg,_,Na,CNi; because all attempts to prepare such samples
failed.

Intermetallic antiperovskites closely related to MgCNijy
are therefore subject to investigations, both in the search for
new superconductors and in the pursuit of a better under-
standing of the interplay between superconductivity and
magnetism. It was suggested that boron-containing antiper-
ovskites may be good candidates.>”’

LaPd;B is a particularly interesting representative of these
boron-containing antiperovskites because it is isostructural
and isoelectronic to MgCNijs. Its synthesis has been reported
by Dhar et al.,? but to our knowledge, neither its electronic
nor its magnetic properties have been investigated yet. In the
present work, the electronic structures of LaPd;B and
MgCNij; are compared and the tendencies toward ferromag-
netism or superconductivity are discussed. Since La itself
carries no 4f magnetic moment, replacing Ni by Pd should
reduce the tendency toward magnetism in favor of supercon-
ductivity. LaPd;B may be easier to hole dope than MgCNis,’
and one may expect a variety of electronic structures while
changing the boron content and the rare-earth metal R from
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lanthanum to lutetium. In fact, the whole row of RPd;B,
shows interesting features, and the experimental data avail-
able on RPd;B, (Refs. 8—12) raised several questions.

(i) X-ray-diffraction (XRD) patterns of RPd;B, clearly
indicate a cubic symmetry, but x-ray-absorption near-edge-
structure (XANES) spectra of EuPd;B, lead to some discus-
sion on the position of the boron.!* This question is ad-
dressed in Sec. III A, where the two models for the crystal
structure of RPd;B, are discussed. The results of our theo-
retical calculations strongly favor the classical antiperovskite
picture.

(ii) Intriguingly, the experimental lattice parameter of
LaPd;B, reported by Dhar et al. does not depend on the
amount of boron.’ For the other lanthanides, Dhar er al.®
suggest that the lattice parameter of RPd;B, increases for
low boron content (x<0.3) and saturates for 0.5<x or 0.8
=<x. In a different interpretation, the lattice parameter of
RPd;B, increases almost linearly with the boron content x
until the solubility limit of boron in the perovskite is
reached.>”!* Indeed, various solubility limits have been re-
ported for different antiperovskite borides.»'>!¢ To clarify
this question, Sec. III presents theoretical results on calcu-
lated lattice parameters of RPd;B, and Sec. IV presents the
experimental results on YbPd;B, and LaPd;B,. Special care
has been taken in the determination of the boron content.

(iii) Finally, the XANES and XRD spectra of EuPd;B,
and CePd;B, (Refs. 6 and 9-12) indicate a transition in the
valence state of europium or cerium when boron is inserted.
Section III presents theoretical results on the valence of the
lanthanide in RPd;B, for R from lanthanum to lutetium.

The present paper is organized as follows: In Sec. II, the
theoretical and experimental methods are detailed. Section
IIT is dedicated to theoretical results, while Sec. IV reports
the experimental results. Finally, both experimental and the-
oretical data are comparatively discussed.
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II. METHODS
A. Calculations details

We performed the electronic structure calculations using
the density-functional theory within the local spin density
approximation (LSDA) with the exchange and correlation
functional proposed by Perdew and Wang.!” The electronic
structures have been obtained by the FPL0O4.00 band-structure
calculation code (full-potential nonorthogonal local
Orbital'®!?) using a minimum basis set including semicore,
valence, and polarization orbitals: R(4f5s5p)(6s6p5d),
B(2s2p3d), and Pd(4s4p)(5s5p4d). All these states are cal-
culated self-consistently, the core state fully relativistically,
and the semicore and valence states scalar relativistically.
The long-range part of the Ewald summation was decom-
posed in 1000-2500 Fourier components. The k convergence
of the total energy within 10~ hartree was achieved for 243 k
points in the full Brillouin zone.

The localized nature of f electrons and their subtle many-
body effects are generally badly described by the LSDA
functionals. The LSDA+ U formalism in which a Hubbard-
like interaction term is included for the f electrons is a mean-
field approach to treat this problem. This approach has
proven to be meaningful in investigating valence transitions
in lanthanide compounds.?>?' The two main parameters in
the LSDA+U are the Hubbard U and the interatomic ex-
change J. They were treated as parameters, U was set to
7 eV [typical for the lanthanides®? and consistent with x-ray-
absorption near-edge-structure spectra of EuPd;B, (Ref. 11)]
and J to 0. A change of U from 6 to 9 eV and J from
0 to 1 eV did not change our conclusions. The double count-
ing term was chosen with the atomic limit.

For the calculations with nonstoichiometric RPd;B,, we
have used the coherent potential approximation®3-23 (CPA)
implemented in FPLO.!” The calculations include an empty
site E at the boron position to model RPd;B.E,_.. The basis
set for this empty site was (152p3d) without optimization of
the FPLO compression factor.*” For the ordered cases (x=0
and x=1), the CPA calculations were checked with usual
ordered structure calculations wusing the Blackman-
Esterling-Berk?® potential. In order to evaluate the reliability
of the CPA approach for these compounds, we applied it to
the isostructural compound ScRh;B,, where experimental
and theoretical data are well documented (see Sec. III C).
Following FPLO4.00 notations, the basis set used was
Sc(3s3p)(4s4p3d),  Rh(4sdp)(5s5p4d),  Bls(2s2p3d),
E(1s2p3d).

B. Experimental methods

Samples were prepared from La and Yb (pieces, Hunan
Rare Earth Metals Materials Company, 99.9 wt %; Ames
99.95 wt %), Pd (foil, Chempur, 99.95 wt %), and crystalline
B (pieces, Chempur, 99.995 wt %). Master alloys of Pd;B,
were arc-melted together with La metal. All manipulations
were performed inside an argon filled glovebox (O, and H,O
partial pressures lower than 1 ppm). For homogeneity an-
nealing, each sample was welded inside a Ta ampoule which
was then sealed in quartz ampoules and kept at 800 °C for
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7 days followed by 10 days at 1000 °C. Finally, the am-
poules were quenched in cold water. Due to the rather high
volatility of Yb metal, YbPd;B, samples were prepared from
Yb filings which were mixed with powdered Pd;B,, pressed
into pellets, welded into Ta ampoules, slowly heated to
800 °C, and kept there for 2 days. After this prereaction
step, the samples were arc-melted and subjected to homog-
enization annealing similar to the La-containing samples.

All samples were characterized by powder XRD per-
formed on a HUBER G 670 imaging plate Guinier camera,
equipped with a Ge monochromator and CuKa; (A
=1.540 56 A) or Co Ka, radiation (\=1.789 01 A). For the
powder XRD, the samples were crushed and powdered in-
side an argon-gas filled glovebox. The samples were then
loaded between two polyimide foils in an aluminum holder
with a rubber sealing to exclude air and moisture, and sub-
jected to XRD analysis immediately afterward. The lattice
parameters were refined by least-squares fitting of Guinier
powder data with LaBg as an internal standard, a
=4.156 92(1) A, by using WINXPOW (STOE) and the WINCSD
program package.?’” For metallographic examination, pieces
of about 3 mm diameter were cut from the annealed samples.
They were embedded in an epoxy resin. Grinding was per-
formed on abrasive papers (500 and 1000 grit silicon car-
bide) and an alcohol-based lubricant. Polishing was done us-
ing slurries of 9- and 3-micron diamond powder in alcohol-
based lubricants. The microstructures were examined
optically (Zeiss Axioplan 2) and with a scanning electron
microscope (Philips SL 30). All experimental steps were car-
ried out in an argon filled glovebox system. The composi-
tions of the observed phases were analyzed by energy dis-
persive x-ray spectroscopy (Philips XL 30) and wavelength
dispersive x-ray spectroscopy (Cameca SX 100) using PdsB,
as boron and palladium, YbsPd as ytterbium, and LaPt, as
lanthanum standards. These standards were prepared as
single phase materials and subjected to chemical analysis
(inductively coupled plasma-optical emission spectroscopy).
Chemical analysis on oxygen was carried out on a LECO
TCH 600 hot gas extractor.

III. THEORETICAL RESULTS
A. Crystal structure

The structure of RPd; belongs to the cubic AuCuj type
(space group Pm3m, No. 221) with a lattice parameter
slightly larger than 4 A for all lanthanides. The rare-earth
metal occupies the position 1a (0,0,0), the palladium the po-
sition 3c. In general, in RPd;B,, the boron insertion is at the
position 1b (1/2,1/2,1/2), leading to the CaTiO; type of
structure [see Fig. 1(a)]. For EuPd;B,, an alternative model
with the boron in position 3d (1/2,0,0) has been proposed
[see Fig. 1(b)].!* This second model has been inspired by
Mossbauer spectra indicating a changing environment of the
boron with the temperature. To estimate the most favorable
structure, the total energies of the two models have been
calculated and the lattice parameters optimized, keeping the
cubic symmetry and the crystallographic positions fixed. No-
ticeably, in model B, the full stoichiometry EuPd;B corre-
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(A)

FIG. 1. (Color online) Two models for the cubic crystal struc-
tures of EuPd;B: (A) with the boron in the center of the cell and (B)
with the boron on the edge of the unit cell.

spond to a partial occupation of the 3d position by the boron.
Using CPA calculations, we took into account the disorder
due to the partial occupation but neglected the local distor-
tions. The three equivalent (d) positions are then occupied by
B, 3E,/3. Within these approximations, the energy of model
A (ag=4.29 A) is 3 eV lower than the one of model B (a,
=4.36 A). Such a high energy difference could not be com-
pensated by local distortions, which energies are typically in
the order of phonon energies and thus lower than a few hun-
dred meV. Furthermore, the calculated lattice parameter for
model B deviates even more from the experimental data.®
Therefore, the following sections consider only model A.

B. LSDA +U electronic structures

The influence of the Hubbard term on the electronic den-
sities of states of RPd; and RPd;B is illustrated in Fig. 2.
Considering the atomic configuration of erbium (4 12 652),
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FIG. 2. (Color online) Electronic density of states of ErPd; with
lattice parameter ay=4.03 A and ErPd;B with lattice parameter a,
=4.29 A. The Fermi level is at 0. Positive DOS correspond to spin
up, negative ones to spin down. The partial densities of f states are
filled in gray.
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FIG. 3. (Color online) Lattice parameter of ScRh3;B, as a func-
tion of x, in A; experimental results are from Ref. 16, while theo-
retical results are from Ref. 31 and from this work.

its 4f shell is neither empty, half-filled, nor full, and is then
typical for the lanthanide row.

In LSDA calculations, 4f orbitals of erbium hybridize
strongly with other bands, and some are located at the Fermi
level. Non-4f orbitals are also spin polarized. These results
are typical for LSDA functionals, but not physically correct.
With U=7 eV, the fully occupied 4f bands are shifted to-
ward lower energies, and become invisible in Fig. 2. The
partially occupied 4f band which was located at the Fermi
level is split into two peaks far from the Fermi level. They
are approximately 7 eV apart, which corresponds as ex-
pected to the U value. The Hubbard term permits one to get
the correct description of the system near the Fermi level,
without any 4f bands.?

Noticeably, the convergence of the calculations is some-
times difficult because of the valence instabilities. In some
cases, the self-consistent LSDA+ U solutions depend on the
initial electronic density or on the convergence procedure.*®
This is a known problem of the method.”® For example, a
metastable self-consistent solution was obtained for SmPds:
the 4f states do not split at U=7 eV, they are only broad-
ened. Moreover, these 4f states interact with the other states,
and some of them remain at the Fermi level. Besides, non-4f
states are highly spin polarized. We considered a self-
consistent solution as trustworthy if it fulfills the following
criteria: (i) the 4f density of states at the Fermi level is
low,2?30 (ii) the 4f states are highly localized, and (iii) the
spin polarization of non-4f states is low. In fact, either all of
these criteria were fulfilled, or none of them. Unfortunately,
no solutions following these criteria could be obtained for
SmPd;, TbPd;, DyPds;, and DyPd;B.

C. Test of the CPA approach

The CPA approach was tested by calculating the evolution
of the lattice parameter as a function of boron content for
ScRh;B,. This compound is isostructural to RPd;B,, with
similar atom types, and some experimental and theoretical
data have been published already.'®3! In this compound, the
lattice parameter increases almost linearly with the amount
of boron. As can be seen in Fig. 3, the theoretical lattice
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FIG. 4. Density of states and projected density of states of
LaPd;. The Fermi level is at 0. The vertical dotted line corresponds
to the position of the Fermi level if three electrons were added
within the rigid-band approximation.

parameters are 1%—2% lower than the experimental results in
the whole range of composition. Such systematic deviation is
well known for the LSDA. The application of CPA is thus
well justified for the class of compounds investigated here. It
was applied to distinguish between the two models of
EuPd;B (see Sec. III A) and to calculate the lattice param-
eters of LaPd;B, and LuPd;B, as a function of the boron
content x (see Sec. Il E).

D. LaPd;B compared to MgCNi;

For LaPd;B,, no f electrons are present so that the results
of the LSDA+U and LSDA calculations are very similar.
According to our calculations, neither LaPd; nor LaPd;B are
magnetic.

Figure 4 shows the density of states (DOS) and projected
densities of states of LaPd;. It shows principally two broad
peaks, with a pseudogap of about 2 eV above the Fermi
level. The broad valence band just below the Fermi level is
mainly composed of palladium 4d states. The broad unoccu-
pied band is a hybridization of both palladium (5s,5p,4d)
and lanthanum states (mostly 5d). In between, the density of
states is uniformly low, without any singular shape around
the Fermi level. Adding the three electrons of the boron
within the rigid-band approximation would shift the Fermi
level by about 2 eV (see the vertical dotted line in Fig. 4).
However, Fig. 5 shows that the DOS of LaPd;B is not just a
rigid shift of the DOS of LaPds, because the boron 2s and 2p
states hybridize with the two principal bands (grossly Pd 4d
band and Pd+La d band). The DOS details are changed and,
in particular, the Fermi level is situated just above a rela-
tively narrow peak (Pd 4d, La 5d, and B 2p). In the case of
only partial occupation of the B position, the Fermi energy
would lie right in the pseudogap. In Fig. 6, the densities of
states of MgCNi; and LaPd;B around the Fermi level are
compared. Both structures show a relatively high peak near
the Fermi level, and the density of states at the Fermi level is
very similar. On the other hand, the peak of LaPd;B is much
further away from the Fermi level than MgCNi; (0.25 eV
compared to 0.06 eV) and it is broader. This difference may
result in different magnetic behaviors of the two compounds.
It was shown that MgCNi; is close to itinerant
magnetism®>*32 and should become ferromagnetic under Li
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FIG. 5. Total density of states and projected densities of states of
LaPd;B. The Fermi level is at zero energy. The vertical dotted line
corresponds to the position of the Fermi level if three electrons
were removed within the rigid-band approximation.

doping.* With the exchange interaction [/~0.3 eV of
MgCNi; and the sharp peak in the density of states very
close to the Fermi level N(Ey), the Stoner factor

Xo 1-N(EI M

(x is the observed magnetic susceptibility and x, the Pauli
susceptibility) diverges if the Fermi level is lowered by a few
meV upon hole doping. For LaPd;B, the exchange interac-
tion / of Pd is expected to be considerably smaller than for
Ni,* and the density of states at the Fermi level N(Ey) would
not change much under doping. As a consequence, no mag-
netic effect is expected in LaPd;B, even under hole doping.

To confirm this assumption, we investigated the effect of
Sr doping by calculating the electronic structure of
La,Sr,_,Pd;B within virtual-crystal approximation.** In such
calculations, one diminishes the number of valence electrons
and the charge of La nucleus, mimicking Sr doping. In our
case, for 73% of Sr, the Fermi level reaches the maximum of
the DOS peak, which is even sharper than for pure LaPd;B.
However, even a density of states at the Fermi level as high
as 10 states/eV/unit cell is not sufficient to induce ferromag-
netic instability. The minimum of the total energy of
La,Sr;_,Pd;B for a spin moment of 0 was carefully checked
using fixed-spin-moment calculations.

The superconductivity of MgCNijy is due to the electron-
phonon coupling for a rotating mode of the nickel

15—
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--- MgCNi,| |

DOS (states /eV /unit cell)

0

1 -0.5 0
Energy (eV)

FIG. 6. (Color online) Electronic density of states of LaPd;B
and MgCNi3 (U=0). The Fermi level is at zero energy.
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FIG. 7. (Color online) Lattice parameter (in A) of RPd;B, (R
=La,Lu) as a function of x.

octahedra.> Such a strong coupling may be present in the
isostructural and isoelectronic LaPd;B. In this case, the sup-
pression of the magnetic fluctuations in LaPd;B relative to
MgCNi; may favor the appearance of a superconducting
state.?> These theoretical results stimulated us to prepare and
investigate samples of LaPd;B. Experimental results are pre-
sented in Sec. IV.

E. Lattice parameters upon boron insertion

In this section, the calculated lattice parameters of RPd;
and RPd;B are discussed. The reported lattice parameters
(ap) correspond to the minima of parabolic fits of the total
energy as a function of ag using about 10 values within +5%
around the minimum.

We first discuss the theoretical results for La and Lu,
which 4f shells are either empty or full, so that no particular
behavior due to f electrons is expected. The theoretical lat-
tice parameters as a function of boron content of LaPd;B,
and LuPd;B, are plotted in Fig. 7 with filled squares. The
evolution is approximately linear in the range 0.3<x<1,
without any saturation for high x. These behaviors are very
similar to the experimental and theoretical results obtained
for ScRh;B,. However, they disagree with the experimental
results published by Dhar er al. (empty circles). The differ-
ence of lattice parameters at x=1 for LaPd;B and LuPd;B
can be attributed neither to the LSDA (it underestimates «)
nor to the CPA treatment (in these ordered cases the usual
calculations give the same results). The anomalously low
value of the experimental lattice parameter suggests that the
saturation of the lattice parameter observed experimentally is
due to the limit of solubility of the boron in RPds.

For the other lanthanides, the lattice parameters were only
calculated for x=0 and x=1, but the conclusions are similar.
Figure 8 compares the lattice parameter reported by Dhar
et al. (circles) to the calculations (squares). For RPd; (filled
symbols), the calculated lattice parameters are a few percent
smaller than the experimental ones, which is the typical un-
derestimation obtained with LSDA calculations. The relative
differences of lattice parameters found with U=0 and U
=7 eV are less than 0.5%, even if the valence of the rare
earth is not properly described with U=0. Additionally, the
results of the calculations are in agreement with the lan-
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Ce Pr NdPmSmEu Gd Tb DyHo Er TmYbLu

FIG. 8. (Color online) Lattice parameters (in A) of RPd; (filled
symbols) and RPd;B (empty symbols). The experimental data from
Dhar er al. (Ref. 8) are plotted with open circles (RPds) and filled
circles (RPd;B). The calculated parameters are plotted with open
squares (RPd;) and filled squares (RPd;B), respectively. Lines rep-
resent the linear fit for the lanthanide contraction rules. The divalent
cases (SmPd;B, EuPd;B, TmPd;B, and YbPd;B, see Sec. III F),
depicted by black symbols, were excluded for the fitting procedure.

thanide contraction, showing a linear decrease of the lattice
parameter with the nucleus charge. For RPd;B, the calculated
lattice parameters are about 5% higher than the experimental
ones. Such a discrepancy is not typical for the LSDA calcu-
lations, with or without the Hubbard U. Two interpretations
may explain the discrepancy between the experimental and
theoretical lattice parameters: (i) a substoichiometry in the
synthesized compounds and (ii) mixed valence states which
cannot be reproduced by the LSDA+U calculations. Both
interpretations may be valid, depending on the rare earth. For
LaPd;B, and LuPd;B,, a mixed valence state can be ruled
out. In fact, for most of the lanthanide compounds no va-
lence transition is expected upon boron insertion (see the
next section for a detailed discussion). Thus, we suggest that
the samples of Dhar et al. were substoichiometric, i.e., with
x<1 (see also Sec. IV). This can be easily deduced from the
experimentally observed variation of the lattice parameter
with increasing boron content, which rises to certain values
and keeps constant despite further boron addition. These
findings can be explained in terms of solubility limits of
boron incorporation in the RPd; compounds well before the
intended stoichiometric RPd;B compositions are reached.

F. Valence transitions upon boron insertion

In solids, the rare earth metals mostly favor a trivalent
state. In a simplified local orbital picture, the 5d and 6s of
the rare earth participate at the conduction band, while the 4f
orbitals remain localized.?® However, Ce and Sm, Eu, Yb, or
Tm have been found also in tetravalent and divalent states,
respectively, or in more complicated configurations such as
mixed or intermediate valences.>*38 In these states, the 4f
shell contains one electron more, and is for example, stabi-
lized through a full or half-full state. The valence of the
rare-earth metal depends therefore on the fine tuning between
the energy of interaction between localized f electrons and
the cohesive energy of more delocalized electrons participat-
ing to the conduction bands of the metals.?*30-39-41
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FIG. 9. (Color online) Occupation of the 4f orbitals of RPd;B
relative to the trivalent case for U=0 and U=7 eV. The lattice

parameter are optimized for each compound and are those plotted in
Fig. 8.

An anomaly in the unit-cell volume of the compound rela-
tive to the lanthanide contraction rule for trivalent ions often
points out an unusual valence state.® In the present case, both
experimental results and our calculations clearly indicate an
atypical behavior of EuPd;B, (see Fig. 8), which is inter-
preted as a tendency toward a mixed or divalent state. The
valence state can be investigated in more detail by measuring
the magnetic susceptibility, Mossbauer spectra,'>*? or x-ray
photoemission and x-ray-absorption spectra, respectively.®
Experimental results show that the insertion of boron may
have different effects on the valence state of the lanthanoid
in RPd5: though the valence of R seems to be unchanged for
most of the compounds, for europium® and ytterbium, the
addition of boron is followed by a change of valence from 3
to 2. EuPd; also shows valence instabilities at surfaces.*> On
the contrary, the valence of cerium changes from a mixed
valence state to a trivalent state.” 24443

From the theoretical point of view, the valence can be
deduced from the occupation number 1, of the 4f orbitals. As
the FPLO code uses local orbitals as a basis set, the occupa-
tion number is easy to define and is directly obtained during
the calculation of the Kohn-Sham eigenstates. In this formu-
lation, n; depends only slightly on the optimized basis set,
but with LSDA+U, they are close to an integer number n
(Jnf—n|=<0.2). The interpretation in terms of divalent or
trivalent states is then unambiguous. Note that the present
calculations base on the hypothesis of a homogeneous and
unique valence for the rare earth. They do not model a mixed
valence state, neither inhomogeneous nor dynamical. There-
fore, the calculations give us the most stable among different
integer valence states. For RPd;, the occupancies reveal only
trivalent ions. For RPd;B, the occupation numbers of the 4f
relative to the trivalent state [n,—(Z-57), where Z is the
nuclear charge] are plotted in Fig. 9: they vary from zero for
the trivalent state to 1 for the divalent state. According to the
LSDA+U calculations, most of the rare-earth metals are
trivalent in RPd;B. Clearly Sm, Eu, and Yb are divalent. The
case of Tm is unclear. For Ce and Dy, we did not get any
valid results (i.e., fulfilling our convergence criteria de-
scribed in Sec. II). The results obtained with the LSDA (U
=0) are plotted for comparison. They give only a rough ten-
dency of the valence of the rare earth, and the calculation
yields unphysical electronic densities of states. This shows
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FIG. 10. Metallography picture of the results of the synthesis of
LaPd;B,_,. Cubic crystals of LaBy are embedded in a LaPdj
matrix.

again the necessity to use LSDA+U to treat the f states in
this case. The LSDA+U calculations confirm the valence
transition triggered by the boron insertion proposed for
EuPd;B,. To our knowledge, no valence transition could yet
be experimentally observed for SmPd;B, or YbPd;B,.

IV. EXPERIMENTAL RESULTS

In respect of such discrepancy between the observed and
calculated lattice parameters, we have chosen LaPd; and
YbPd; to investigate the boron incorporation experimentally.
LaPd; was selected since the valence fluctuating behavior of
La can be ruled out and due to the fact that, according to
results of Dhar et al., the lattice parameter of LaPd;B,
shows, in contrast to all other RPd;B, compounds, no in-
crease with increasing amount of incorporated boron. Since
the theoretical calculations predict a change in valence of Yb
from trivalent Yb in YbPd; to divalent Yb in YbPd;B, we
studied experimentally the boron uptake in YbPds. For this
purpose, annealed samples were investigated by metallogra-
phy and powder XRD.

LaPd;B. Several LaPd;B, samples with a nominally in-
creasing boron content were synthesized. Due to the refrac-
tory nature of LaBg (T,,=2715 °C), direct synthesis from the
elements was avoided in favor of the reaction of La metal
with homogeneous prereacted Pd;B,. Metallographic analy-
sis of the air sensitive materials revealed almost no incorpo-
ration of boron into the LaPd; structure. Instead, formation
of crystals of LaBs embedded in a LaPd; matrix could be
observed (see Fig. 10). Despite the fact that all experimental
steps were carried out in a glovebox, evaluation of the lattice
parameters revealed a significant time-dependent lattice ex-
pansion (see Fig. 11). This can be explained by a slow dif-
fusion of oxygen through the protective foil which covers the
x-ray sample holder (see Sec. II B). This contamination with
air obviously leads to incorporation of oxygen. The expan-
sion of the cubic lattice proceeds from a=4.1861(2) A for
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FIG. 11. Time-dependent evolution of the observed powder
XRD pattern for LaPd;. A, pattern taken after 10 min exposure
time. Both cubic and tetragonal distorted phases I and II are seen
(arrows 1 and 2). B, pattern taken after 90 min exposure time. Note
the significant decrease in the content of the cubic phase I and
transformation of the tetragonal intermediate phase II into cubic
phase III (arrow 3) with enlarged lattice parameter. The Bragg (221)
reflection of LaBg which was used as internal standard is indicated.

the freshly prepared powder via a tetragonal distorted inter-
mediate state [a,b=4.2248(2), ¢=4.2068(2)] to a
=4.2368(2) A found for samples which were exposed to air
(see Fig. 12). Noticeably, the value for the oxidized sample
corresponds to the value of the lattice parameter observed by
Dhar et al.'® Upon oxidation, the cubic volume expansion is

140
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=
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FIG. 12. Theoretical and observed powder XRD pattern for
LaPds. a, theoretical pattern depicting the cubic (220) reflection for
phase I (arrow 1); b, theoretical pattern depicting the tetragonal split
(220) and (202) (arrows 2) reflections of intermediate phase II; c,
observed pattern containing both cubic and tetragonal distorted
phases I and II; d, Theoretical pattern depicting the cubic (220)
reflection (arrow 3) for a cubic phase III with larger unit cell; and e,
observed pattern containing the cubic phase III with enlarged lattice
parameter.
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about 3.7%. Besides the fundamental reflexes corresponding
to the expanded cubic unit cell, several weak superstructure
reflexes are observed which can be indexed based on a cubic
unit cell with doubled lattice parameter.

Chemical analysis of these samples reveals an uptake of
up to 1.5 wt % oxygen. A detailed investigation of the oxi-
dation process will be published elsewhere. From these in-
vestigations, we can rule out a significant uptake of boron
into LaPds;. On the other hand, LaPd; can be easily oxidized
in air, which results in a slightly expanded lattice.

YbPd;B,. In the case of the boron incorporated in YbPd;,
we could reach a maximum content of 11 at % boron which
results in YbPd, g92)Bg 45(1) With a cubic lattice parameter
a=4.0938(2) A. Different from the La-containing samples,
no formation of binary Yb borides (despite their refractory
nature) as side products was detected. However, we observe
a significant range of homogeneity for the binary compound
YbPd;, namely, from Pd-rich YbPd; 44, [a=4.0317(4) A] to
Yb-rich YbPd, ;5;) [a=4.0506(3) A]. This binary homoge-
neity region, which is observed for many RPd; compounds,*
makes an evaluation of the degree of boron filling solely
based on lattice parameter investigations difficult and ques-
tionable.

These results can be discussed by comparison to the ex-
perimental studies of Takeya and Shishido."> According to
their experimental study concerning the homogeneity range
of numerous intermetallic borides RM;B, (with R a rare
earth, and M Rh, Pd, or Pt), the number of valence electrons
per unit cell gives a good hint about the stability. For the
stable compounds, this number is limited to the range from
31 to 34.5. With three valence electrons for the boron, the
trivalent RPd;B is stable for 0<x=<0.5 and the divalent is
stable in the range 0.33 <x=<0.83. Similar observations were
made in alkaline-earth metal based MPd;B, (M=Mg,Ca),’
where solubility limits of x=0.71 and x=0.76 for Mg and Ca,
respectively, were found. This approach is only phenomeno-
logical, but it helps one to understand that the boron insertion
is facilitated for compounds containing an electropositive
metal which is or can become divalent, such as Mg, Ca, or
Eu, Sm, and Yb. The insertion is much more difficult with
La. We observed that the insertion of oxygen in LaPd; also
leads to a structural instability.

V. SUMMARY

We have investigated experimentally and theoretically
rare-earth intermetallic borides RPd;B, (R from La to Lu).

The electronic structure of hypothetical LaPd;B was com-
pared to the isoelectronic and isostructural superconductor
MgCNi;. A peak in the density of states is present at 0.4 eV
below the Fermi level, but no itinerant magnetism is ex-
pected, even under hole doping. If the compound could be
prepared, this suppression of magnetic fluctuations would fa-
vor superconductivity.

A critical reconsideration of experimental data is
proposed in the light of ab initio results. The CPA approach
was first tested and then applied to calculate the lattice pa-
rameters of LaPd;B, and LuPd;B,, which increase almost
linearly with the amount of boron in the whole range x

8-10,13
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€[0,1]. These results disagree with the experimental data
published by Dhar et al. Additionally, the present contribu-
tion includes the calculated lattice parameters of RPd; and
the stoichiometric RPd;B for R from La to Lu. The lattice
parameters are about 5% higher than what they measured.
We suggest that the discrepancy may be explained by a sub-
stoichiometry of some of their samples (x<<1). On the other
hand, the tendency to valence fluctuation observed experi-
mentally for EuPd;B, (Refs. 10 and 11) is confirmed by the
LSDA+U calculations.

We synthesized RPd;B, with R=La, Yb and investigated
very precisely the homogeneity and boron content of the
products. LaPd;B could not be obtained with the standard

PHYSICAL REVIEW B 75, 205135 (2007)

procedure.!®!! Instead, in the case of exposure to air,

LaPd;0O, is obtained. We synthesized YbPd;B, for 0=<x
=0.45. Further microprobe studies are required to elucidate
this behavior in more detail.
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number of k points: 16X 16X 16; number of Fourier compo-
nents for the electrostatic part: at least 2500; divisions for the
overlap integrals meshes: radial 70, angular 28; confinement po-
tential coefficient: 6; SC iteration with linear progress control
(mixing=0.3); number of loops (SEI options): 50; number of
energy points (SEI options): 30; lowest energy (SEI options):
—2.0. Note that we first used the basis set obtained without CPA,
and reoptimized the basis set only after a first convergence of the
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density. Finally, when an empty state was used, the compression
factor x, of its orbitals (1s2p3d) was kept fixed.

*For the problematic cases, we have first calculated the density

with fixed spin moment (with several spin moments), and then
relaxed the spin. For HoPd;B, TmPd;B, TbPd;, TmPd;, PmPds,
and PrPd;, we have first generated a fictitious solution with a
high U (15 eV), and then diminished in a few steps the value of
Uto7eV.



