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On the basis of electron transfer from the divalent element to the PdH3 entities, the perovskite structure
MPdH3 ~M5Sr, Eu, Yb! are expected to have similar electronic states at the Fermi energy as superconducting
Pd-Hx and Pd–noble-metal–Hx and thus could be potential candidates for superconductivity. With this moti-
vation, we have investigated the electronic structure and some aspects of the electron-phonon coupling in these
hydrides using theab initio augmented plane-wave method, and the results of the energy bands, the total and
partial wave analysis of the density of states, and the electronic contribution,hH to the electron-phonon
coupling are presented. Similar studies for the hydrogen defective material CaPdH2 are also included. We have
found that all these compounds are metallic with essentially filled Pd-d bands and a small density of states at
Fermi level as in PdH. Nevertheless, the calculated values ofhH , which govern the contribution of the
hydrogen atoms to the electron-optical phonon coupling parameterl, although sizeable, are lower than in PdH.
This would indicate that these compounds, if superconducting, would have lower values of the superconduct-
ing transition temperaturesTc than in PdH.@S0163-1829~96!06146-2#

I. INTRODUCTION

To date, only a small number of metal hydrides have been
found to be superconducting.1 The most investigated system
is PdHx ~for x>0.8! which has a maximum superconducting
critical temperatureTc of 9 K with a remarkable inverse
isotope effect sinceTc'11 K for PdD. The critical tempera-
ture can be further increased up to about 17 K in hydrogen
charged Pd–noble-metal alloys such as Pd0.55Cu0.45H0.7. For
the Pd-H~D! system, neutron scattering,2 superconducting
tunneling,3 temperature dependence of the resistivity,4 as
well as theoretical results5 demonstrated that the electron-
optical phonon coupling is primarily responsible for this high
value of Tc . The substantial value ofTc arises due to the
low-energy optic phonons and to the presence of a sizeable
density of hydrogens states at Fermi energynH (EF) which
insures the coupling to the hydrogen vibrations. The system-
atic calculation of the electron-optical phonon coupling con-
stantlH in a series of transition-metal hydrides showed that
nH (EF) is substantial essentially in metal hydrides with
filled d bands.6 These ideas have guided the synthesis of new
hydrides with filledd bands which could possibly be super-
conducting. Palladium-based hydrides have thus been inves-
tigated. Palladium reacts with monovalent~alkali! and diva-
lent ~alkaline and rare earth! metal hydrides under hydrogen
atmosphere to form complex hydrides. However, the search
for superconducting hydrides has led to positive results only
in a very limited number of compounds such as NaPd3H2
which can be viewed as a distorted sodium substituted pal-
ladium hydride, it is metallic and superconducting below 2
K.7,8 Among the recently synthesized compounds, LiPdHx
~x<1! ~Refs. 9–11! shows metallic behavior down to 4 K;
Li2PdH2 and Na2PdH2 which are both characterized by linear
PdH2 complexes have a metallic conductivity,12,13 while
K2PdH4 is an insulator with square planar PdH4 units.

14 An-
other example of hydrides containing palladium and divalent

metals is Ca3Pd2H4,
15,16 for which the intermetallic com-

pound Ca3Pd2 exists.
CaPdH2 along with SrPdH3, EuPdH3, and YbPdH3, were

recently synthesized by Bronger and co-workers.17,18 The
three compoundsMPdH3 ~M5Sr, Eu, Yb! crystallize in a
cubic perovskite structure, the Pd-H distances are however
shorter than in PdH~see Table I!. It is interesting to note that
the complex quaternary hydride PdSr2LiH5 ~Ref. 19! has
been synthesized; it can be viewed as resulting from the
stacking of two cubic perovskites units, the already investi-
gated phase SrLiH3 ~Ref. 20! and the defective SrPdH2 hy-
dride. In our previous study of the electronic properties of
PdSr2LiH5,

21,22 we have also analyzed the subunits SrLiH3
~Ref. 23! and SrPdH3 ~with the lattice parameter of the qua-
ternary hydride!.

In the present work, we have investigated the electronic
structure and the electron-optical phonon coupling in the se-
ries of hydridesMPdH3 ~M5Sr, Eu, Yb! and their evolution
as a function of the internal pressure effect associated with
the lattice contraction. In fact, theMPdHx ~M5Sr, Eu, Yb!
hydrides are slightly substoichiometric18 ~x52.7, 2.9, and
2.7, respectively!, but we assume these hydrides to be fully
stoichiometric crystals. This is not the case for CaPdH2
which is surprisingly hydrogen defective. Comparing the lat-
tice constants ofMPdH3 to that of CaPdH2, there is appar-

TABLE I. Lattice parameters and Pd-H distance~in Å! for vari-
ous Pd-based hydrides.

a d~Pd-H!

SrPdH3 3.839~Ref. 18! 1.920
EuPdH3 3.806~Ref. 18! 1.903
YbPdH3 3.710~Ref. 18! 1.855
CaPdH2 3.690~Ref. 17! 1.841
PdH 4.095~Ref. 31! 2.042
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ently no reason to consider that the missing hydrogen in this
structure results in dramatic changes in the cell volume. For
these rather new compounds, the phase diagram is frequently
poorly determined or unknown. Consequently, it is reason-
able to suppose that the fully stoichiometric compound
CaPdH3 could be prepared under adequate thermodynamic
conditions. For this reason, we undertook also the study of
the hydride CaPdH3 along with the defective, experimentally
observed, phase CaPdH2. In the following sections we give a
short summary of the technical aspects of the method and we
discuss the results of the band structure, total density of
states~DOS! and partial DOS of this series of hydrides. Fi-
nally, we discuss the calculated values of the electronic part
of the electron-optical phonon coupling constant for these
materials.

II. DETAILS OF THE CALCULATION

We have used the augmented plane-wave24 ~APW!
method to calculate the energy bands of these hydrides with
the experimental lattice parameters listed in Table I. The
crystal potential was modelled in the muffin-tin approxima-
tion and the exchange term in the local-density approxima-
tion SlaterXa form which has proved to be adequate to study
these types of materials.21–23We sampled 1/48 of the cubic
Brillouin zone with 20k points calculatedab initio with a
convergence criterion on energy better than 1 mRy. The en-
ergy bands as well as the coefficients of the wave functions
were fitted with a set of symmetrized plane waves. The un-
certainty in this procedure is lower than 2 mRy. The total
DOS as well the partial wave analysis of the DOS at each
atomic site were calculated by means of the linear energy
tetrahedron integration scheme.25 The valencef electrons of
Eu and Yb were obviously considered in the muffin-tin po-
tential calculation but were removed from the APW matrix
elements, since it is well known that highly correlated elec-
trons are not correctly treated by one-electron methods. For
the defective hydride CaPdH2 the effect of disorder in the
hydrogen sublattice was simulated by taking a weighted av-
erage of the structure factor over the 3H sites.

III. RESULTS AND DISCUSSION

A. Electronic structure

In Figs. 1~a!, 2~a!–2~c!, 3~a! we show the energy bands
along some high-symmetry directions of the cubic Brillouin
zone, the total DOS, and the partial wave analysis of the
DOS inside each muffin-tin for the hydridesMPdH3 ~M5Sr,
Eu, Yb!. At the center of the cubic Brillouin zoneG, we
obtain for the three hydrides in increasing order of energy, a
state of bonding H-s/Pd-s/M -s character followed by doubly
degenerate bonding Pd-deg /H-s states. The next triply de-

generate level atG is formed essentially by the Pd-dt2g non-
bonding orbitals having lobes pointing away from the next-
nearest neighbors of palladium. At higher energies, a doubly
degenerate antibonding Pd-deg /H-s state is found at the
Brillouin-zone center. The energy difference between this
antibonding state and its bonding counterpart at low energy
increases from 0.598 to 0.660 Ry as the lattice parameter
contracts by 3.36% fromM5Sr toM5Yb.

The first structure in the DOS at low energy is composed
of the first three metal-hydrogen bonding bands. Its width
increases from 0.279 Ry~M5Sr! to 0.284 Ry~M5Eu! and
0.302 Ry~M5Yb! as the lattice parameter decreases. This is
due to the increased overlap between the orbitals of neigh-
boring atoms. The second structure in the DOS is a very
narrow peak of high intensity due to the essentially nonbond-
ing narrow Pd-dt2g bands. The width of this structure in-
creases also somewhat from 0.053 Ry~M5Sr! to 0.055 Ry
~M5Eu! and 0.066 Ry~M5Yb! with decreasing lattice pa-
rameter. Finally, the last structure in the DOS is wide and of
low intensity; it is due to the two antibonding metal-
hydrogen bands.

Since the hydrides under study have 15 valence electrons,
the first six bands up to the Pd-dt2g narrow manifold are
entirely filled, the remaining three electrons fill partially the
overlapping antibonding metal-hydrogen bands. The hy-
drides are found to be metallic with a low DOS atEF , re-
spectively, 9.93, 10.03, and 9.13 states of both spins/Ry unit
cell forM5Sr, Eu, Yb. The total DOS atEF is dominated by
the contribution of the Pd-d states, however, in this metal-
hydrogen antibonding region, the H-s states are non-

FIG. 1. Energy bands of~a! SrPdH3 and ~b! CaPdH2.
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negligible since they represent more than 10% of the Pd-d
dominant contribution. A small contribution of the Sr-d
states atEF is also present in these compounds, which is of
same order of magnitude as the H-s contribution. The value
of the DOS atEF is similar to that found for PdH, another
hydride with filled Pd-d bands as shown in the DOS plot in
Fig. 4.

The partial wave analysis shows very clearly the compo-
sition of the different bands. The first three bands are domi-

nated by the Pd-d/H-s bonding interaction with a much
smaller contribution of the Sr-d, Pd, and Srs andp states.
The next three narrow bands correspond to the nonbonding
Pd-d states with a small Sr contribution. As just discussed,
the two wide antibonding bands crossing the Fermi level
result essentially from Pd-d states with non-negligible H-s
and Sr-d contributions. At higher energies, from band 9 and
up, the structure in the DOS is essentially due to the divalent
metal-d states.

FIG. 2. Total density of states of~a! SrPdH3, ~b! EuPdH3, ~c! YbPdH3, ~d! CaPdH3, and ~e! CaPdH2. The zero of the energy scale
corresponds to the Fermi level.
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In Figs. 1~b!, 2~d!, 2~e!, and 3~b! we show the energy
bands, total DOS and the partial wave analysis of the DOS of
the cubic hydrides CaPdH3 and CaPdH2. In these figures, it
can be clearly seen that the low-energy metal-hydrogen
bonding bands of CaPdH2 are much more narrow than in the

trihydrides; their width is only 0.243 Ry and they are located
at higher energies closer to the peak of the Pd-dt2g states.

This feature can be understood in terms of a weakening of
the Pd-hydrogen interactions with decreasing hydrogen con-
tent and thus with a destabilization of the palladium hydro-
gen bonding bands. The partial wave analysis of the DOS
reveals also that the Ca-d states participate in the bonding
with hydrogen. They give rise to a structure in the DOS of
CaPdH2 around20.16 Ry, above the narrow Pd-dt2g peak.

Such interaction between the divalent element-d and the H-s
orbitals is not observed in this energy range in the series of
hydrides MPdH3 ~M5Sr, Eu, Yb!. This is due to the fact that
the Ca-d states are the lowest in the divalent element series.

In the defective hydride, as well as in the series of trihy-
drides, the low-energy metal-hydrogen bonding states as
well as the narrow Pd-dt2g bands are filled and the Fermi

level crosses the two Pd-H antibonding bands hybridized
with Ca-d states. The Fermi level of the defective hydride is
however closer to the Pd-dt2g peak of the DOS than in the

trihydrides since CaPdH2 has only 14 instead of 15 valence
electrons. The total width of the antibonding bands is smaller

FIG. 3. Partial wave analysis of the density of states of~a! SrPdH3 and ~b! CaPdH2 inside the muffin-tin spheres. Units are states/
Ry atoms of the same type in the unit cell. The zero of the energy scale corresponds to the Fermi level.

FIG. 4. Total density of states of PdH~Ref. 6!.
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in CaPdH2 than in the MPdH3 hydrides. This feature, which
is correlated with the weak Pd-H interaction in the defective
hydride, results in a slight increase in the value of the total
DOS atEF which is found to be 10.44 states of both spins/
Ry unit cell in CaPdH2. We find that the H-s contribution at
EF is slightly larger than in the trihydrides, due to an en-
hanced H-s/M -d interaction in this energy range. The Ca-d
contribution atEF in CaPdH2 and CaPdH3 is also larger than
in the other divalent elements~M5Sr, Eu, Yb!. This is as-
sociated with the lower position of the Ca-d states and can be
clearly seen in the partial wave DOS curve corresponding to
152 at the Ca site.

As mentioned previously, the stoichiometric hydride
CaPdH3 has not yet been synthetized. In the present elec-
tronic structure calculation we find that the DOS of CaPdH3
is rather similar, for the width and position of the bonding
bands as well as the Fermi energy position, to that of
YbPdH3 which has almost the same lattice parameter. The
only small differences between these two trihydrides are
found in the composition of the states atEF and will result in
subtle variations in the electron-optical phonon coupling dis-
cussed below.

Thus there is no obvious electronic factor which could
prevent the formation of this trihydride. We hope that this
point will be confirmed experimentally by using different
thermodynamic conditions during synthesis. Let us recall in
this connection that although stoichiometric PdH exists, hy-
drogen loading in PdHx abovex'0.7 is rather difficult.

Besides the structural data, no experimental determination
of other observables are yet available to date on the hydrides
under study. From our calculated value of the density of
states at the Fermi energy we can obtain in the noninteract-
ing electron approximation, the unenhanced values of the
electronic specific-heat coefficientg and the Pauli suscepti-
bility xP . The corresponding results are listed in Table II.
These are of the same order of magnitude as the calculated
and experimental values obtained for PdHx which are also
given for comparison. The bare calculated values ofg andxP
are expected to be enhanced by the electron-phonon interac-
tion and a variety of other factors.

The shape of the total DOS of the occupied states, plotted
in Figs. 2~a!–2~e!, could be compared to the results of pho-
toemission experiments. We predict for the MPdH3 com-
pounds~M5Ca, Sr, Eu, Yb! that the Fermi energyEF falls
in a region of weak and slowly varying portion of the DOS.
A large and narrow peak associated with the Pd-dt2g bands
should appear around 3.7 eV belowEF in the photoemission

spectra as well as a low-energy structure of weaker intensity
centered around 6.8 eV belowEF which results from the
H-H and metal-hydrogen interactions. The x-ray emission
spectroscopy can provide further information on the site and
angular momentum dependence of the occupied states. Since
the electronic transitions from the occupied conduction band
to the core hole are governed by the dipole selection rule, our
calculated Pd-d ~152! partial wave analysis of the DOS can
be considered, for example, as a prediction of the shape of
the Pd-LII ,III spectrum. To sample the unoccupied states
which we predict to be dominated by the divalent element-d
partial wave contribution, it would be useful to obtain the
divalent elementsLII ,III near edge absorption spectra. We
hope that our calculations will stimulate further experimental
work.

B. Electron-phonon coupling

The electronic states at the Fermi energy of the metals
under study present some similarities with those of supercon-
ducting PdH. As in PdH, we find that the metald bands are
filled and we obtain a small but sizeable contribution of H-s
states atEF since the Fermi level cuts as in PdH the metal-
hydrogen antibonding states.

The most direct experimental evidence of the applicability
of the electron-optical phonon coupling mechanism in palla-
dium hydrides~deuterides! stems from the superconducting
tunneling experiments performed on the Pd-H~D! system.3

From tunneling current-voltage characteristics the Eliashberg
function functiona2~v!F~v! has been derived, whereF~v! is
the phonon density of states anda2~v! an averaged electron-
phonon coupling constant. The maxima obtained in the
Eliashberg function, which determines essentially the
electron-phonon coupling constantl, are well correlated
with the position of the optic phonon peak in the phonon
density of states derived from the neutron-scattering data.2

This is a direct demonstration of the importance of the optic
mode contribution to superconductivity in this material.
These results have been confirmed by an analysis of the tem-
perature dependence of the resistivity4 as well as by theoreti-
cal evaluations.5,6 The role of anharmonic phonon contribu-
tions and of larger zero-point motion of H compared to D has
been invoked to interpret the inverse isotope effect observed
between PdH and PdD in terms of a stiffening of the force
constants.26

The analysis on the Pd-H~D! system revealed the impor-
tance of two factors: the low average value of the frequency

TABLE II. Density of states at Fermi energyn(EF) ~in states of both spins/Ry unit cell!, electronic
specific-heat coefficientg ~in mJ K22 mol21! and Pauli susceptibilityxP ~in mJ T22 mol21! for the ternary
hydrides under study and PdHx .

n(EF) g xP

SrPdH3 9.934 1.721 0.0236
EuPdH3 10.030 1.738 0.0238
YbPdH3 9.131 1.582 0.0217
CaPdH3 9.500 1.646 0.0226
CaPdH2 10.440 1.809 0.0248
PdH1 ~calculated, Ref. 33! 6.602 1.144 0.0157
PdHx ~experimental! 1.53 ~x50.89! ~Ref. 32! 0.016~x50.71! ~Ref. 34!
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of the optic modes@\vopt'56 meV in PdH~Ref. 2!# and the
presence of H-s states atEF which enhance the electronic
contribution of the electron-optical phonon coupling constant
lH . These states are a sizeable fraction of the total DOS at
EF only for hydrides with filledd bands such as PdH and the
five hydrides investigated here.

We have thus calculated the electronic contribution tol,
denoted hereafterh, by means of the Gaspari-Gyorffy
model developed in the framework of McMillan’s
approximation,27,28

l5(
a

la5(
a

ha

Ma^v2&a
, ~1!

ha5
EF

N↑~EF!p2 (
l
2~ l11!sin2~d l11

a 2d l
a!

3
nl

a~EF!nl11
a ~EF!

nl
ass~EF!nl11

ass ~EF!
. ~2!

In Eq. ~2!, N↑ is the total DOS~for one spin! andn l
a is the

partial DOS of angular momentuml projected at the atomic-
site a. The label ss stands for single site scatterers, andd l

a

are the phase shifts for the atoma. All these quantities are
evaluated at the Fermi energy,EF .

In Table III we summarize the results ofh calculated for
the five hydrides. The rather weak valueshM for the divalent
metal yield, after being weighted by the atomic mass, a neg-
ligible contribution tol. Slightly larger values of the elec-
tronic contributionhPd are found for the Pd atom in these
compounds, however, these values as in the case of PdH are
much smaller than those obtained for superconducting tran-
sition metals29,30 and should lead to small values oflPd.

In contrast, we find that the hydrogen contributions,hH
are sizeable for the five compounds, although lower than in
superconducting PdH~hH50.64 eV Å22!.6 The difference
between the values ofhH found between the three hydrides
of the series MPdH3 can be explained as follows. The con-
tribution atEF of the H-s density of states decreases consis-
tently with the lattice contraction fromM5Sr to Eu and Yb.
This leads to a corresponding decrease in the value of the
angular momentum sum appearing in Eq.~2!. However, the
value of the Fermi energyEF which appears in the prefactor
of Eq. ~2! varies in the opposite way since it increases from
Sr to Eu and Yb relative to the bottom of the conduction
band. This feature is due to the energy lowering of the metal-
hydrogen bonding bands accompanying the decrease of the
Pd-H distances. The interplay of the antagonist variations of

EF and of the angular momentum sum lead to equal values
of hH for SrPdH3 and YbPdH3. The value ofhH obtained for
EuPdH3 is slightly smaller than for the other compounds of
the series. This difference is enhanced by the larger value of
the total DOS atEF , which appears in the denominator of
the prefactor in Eq.~2!. The hypothetical trihydride CaPdH3
is found to have the smallest value ofhH . This is due to a
smaller H-s-contribution atEF associated with a larger Ca-d
hybridization. The value ofhH obtained for CaPdH2 is even
larger than that of SrPdH3 and YbPdH3. This is due to the
increased H-s-contribution atEF since in the defective com-
pound, the energy difference between bonding and antibond-
ing metal H-s states decreases. However, this value ofhH
remains smaller than that calculated for PdH cited previ-
ously.

The trihydrides under study are thus quite similar to PdH;
however the calculated values ofhH are about 35% smaller
than in PdH. In both cases, a palladium atom remains octa-
hedrally coordinated; however, the coordination of H atoms
by Pd atoms is not the same. While in PdH, the hydrogens
are also octahedrally coordinated by the Pd atoms, in MPdH3
compounds, they have only twofold colinear coordination.
This substantially weakens the interaction of the H atoms
with Pd atoms in MPdH3 and hence reduces the values of
hH .

Although the experimental lattice parameters of substo-
ichiometric hydrides have been used in the present calcula-
tions, we expect very small changes in the predicted values
of hH because the Fermi energy falls in a very flat and slowly
varying portion of the density of states. The electronic states
will thus be very midly affected by a small modification of
the lattice parameter. The optic phonon frequencies, not con-
sidered here, are expected to be more sensitive thanhH to
changes in the Pd-H bond lengths.

We have no experimental data on the average frequencies
of the optic modeŝv2&H ; however a hardening of the optic
phonons could be expected from the reduced Pd-H distances
in these trihydrides. Such hardening would further decrease
the value oflH . However, since in BCS theory the prefactor
in the expression of the superconducting transition tempera-
tureTc is proportional to the average phonon frequencies, we
cannot further speculate on the possible values ofTc for
these hydrides. Nevertheless, we believe that these trihy-
drides are interesting candidates for low-Tc superconductiv-
ity and we hope that the present investigation will stimulate
further experimental work in this direction.

IV. CONCLUSIONS

The electronic properties of the cubic perovskite hydrides
MPdH3 ~M5Sr, Eu, Yb!, hypothetical CaPdH3 and the de-
fective hydride CaPdH2 present great similarities since the
occupied electronic states result mostly from the Pd-d/H-s
and H-s/H-s interactions which are very similar in these iso-
structural systems. The divalent elements, p, andd orbitals
participate also in the bonding but give a much weaker con-
tribution and a large fraction of the two electrons of the
divalent element are essentially transferred to the Pd and H
states located at lower energies. In the seriesMPdH3, the
observed differences stem essentially from the chemical
pressure effect associated with the lattice contraction. This

TABLE III. Electronic part of the electron-optical phonon cou-
pling constantha ~in eV Å22!

hM hPd hH

SrPdH3 0.06 0.23 0.43
EuPdH3 0.06 0.23 0.39
YbPdH3 0.05 0.23 0.43
CaPdH3 0.07 0.20 0.35
CaPdH2 0.12 0.28 0.51
PdH 0.87 0.64~Ref. 6!
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effect is responsible for the larger width and the energy low-
ering of the three metal-hydrogen bonding bands, for the
slight broadening of the Pd-dt2g peak and for some subtle
differences in the character of the states at Fermi energy.

The calcium compound CaPdH2 presents larger differ-
ences with the other hydridesMPdH3 due to the weakening
of the Pd-H interactions in this substoichiometric system and
to a larger contribution of Ca-d states to the bonding, a fea-
ture expected in view of the relative position of the atomic
unoccupied divalent elementd states.

In all cases, the Pd-d bands are essentially filled and the
Fermi energy crosses the antibonding metal-hydrogen bands
as in superconducting PdH. The densities of states atEF of
these metallic perovskites are low, as in PdH and noble met-
als.

The electronic contributionhH to the electron-optical pho-
non coupling constantlH have sizeable values due to the

presence of H-s states atEF . However the values obtained
for hH remain somewhat smaller than those calculated within
the same model for superconducting PdH. We could not give
estimates oflH due to the lack of experimental data on the
phonon frequencies, however these metallic perovskite hy-
drides could be considered as possible candidates for low-Tc
superconductivity. It is our hope that the present work will
stimulate further experimental investigations concerning the
nature of superconductivity or lack of it in these compounds.

ACKNOWLEDGMENT

We would like to thank IDRIS~Institut de Développe-
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