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Electronic structure and electron-phonon coupling in stoichiometric
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On the basis of electron transfer from the divalent element to the; RdHties, the perovskite structure
MPdH; (M=Sr, Eu, YD are expected to have similar electronic states at the Fermi energy as superconducting
Pd-H, and Pd—noble-metal-sHand 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 thab 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 contribujipto the electron-phonon
coupling are presented. Similar studies for the hydrogen defective material GaRd#lso included. We have
found that all these compounds are metallic with essentially filled Bdnds and a small density of states at
Fermi level as in PdH. Nevertheless, the calculated valuegaf which govern the contribution of the
hydrogen atoms to the electron-optical phonon coupling parame#dthough sizeable, are lower than in PdH.

This would indicate that these compounds, if superconducting, would have lower values of the superconduct-
ing transition temperatureb. than in PdH[S0163-18206)06146-2

. INTRODUCTION metals is CgPd,H,,'>® for which the intermetallic com-
pound CaPd, exists.

To date, only a small number of metal hydrides have been CaPdH along with SrPdH, EuPdH, and YbPdH, were
found to be superconductifigThe most investigated system recently synthesized by Bronger and co-workeér€ The
is PdH, (for x=0.8) which has a maximum superconducting three compound$ PdH; (M =Sr, Eu, YB crystallize in a
critical temperatureT, of 9 K with a remarkable inverse cubic perovskite structure, the Pd-H distances are however
isotope effect sinc& ~11 K for PdD. The critical tempera- shorter than in Pdkisee Table)l It is interesting to note that
ture can be further increased up to about 17 K in hydrogeihe complex quaternary hydride PdSHg (Ref. 19 has
charged Pd—noble-metal alloys such ag 28y 44Ho 7. For been_synthesized; _it can be _vieweo_l as resulting fr_om the
the Pd-HD) system, neutron scatteridgsuperconducting Stacking of two cubic perovskites units, the already investi-
tunneling? temperature dependence of the resistiditys ~ 9ated phase SrLiki(Ref. 20 and the defective SrPgHy-
well as theoretical resuftsdemonstrated that the electron- dride. In our previous study of the electronic properties of
optical phonon coupling is primarily responsible for this high PASELiH5, ™ we havg also ana_lyzed the subunits Si.iH
value of T.. The substantial value of. arises due to the (Ref. 23 and SrPdH (with the lattice parameter of the qua-

i : : rnary hydridg
?g:\;?yeggﬁsg:fgggosqg?;Zr:ngr;?zr?é?;;n(cg;fv\?hzﬁeabfg In the present work, we have investigated the electronic

) : . 4 structure and the electron-optical phonon coupling in the se-
insures the coupling to the hydrogen vibrations. The systemz . of hydridesM PdH, (M =Spr, Eu,pYb and the?r e\g/]olution

atic calculation of the electron-optical phonon coupling CON-35 a function of the internal pressure effect associated with
stant\ in a series of transition-metal hydrides showed thaty o |attice contraction. In fact. thed PdH, (M=Sr, Eu, Yb

ny (Eg) is substantial essentially in metal hydrides with hydrides are slightly substoichiometfic(x=2.7, 2.9, and

filled d bands’ These ideas have guided the synthesis of new 7 respectively but we assume these hydrides to be fully
hydrides with filledd bands which could possibly be super- stojchiometric crystals. This is not the case for CapdH
conducting. Palladium-based hydrides have thus been invegshich is surprisingly hydrogen defective. Comparing the lat-
tigated. Palladium reacts with monovaldatkali) and diva-  tice constants oM PdH; to that of CaPdH, there is appar-

lent (alkaline and rare earthmetal hydrides under hydrogen

atmosphere to form complex hydrides. However, the search
for superconducting hydrides has led to positive results only()u
in a very limited number of compounds such as N#Rd
which can be viewed as a distorted sodium substituted pal-

TABLE I. Lattice parameters and Pd-H distar(@e A) for vari-
s Pd-based hydrides.

ladium hydride, it is metallic and superconducting below 2 2 dPdH
K.”® Among the recently synthesized compounds, LiPdH SrPdH 3.839(Ref. 18 1.920
(x<1) (Refs. 9—1] shows metallic behavior down to 4 K; EuPdH 3.806(Ref. 18 1.903
Li,PdH, and NgPdH, which are both characterized by linear YbPdH; 3.710(Ref. 18 1.855
PdH, complexes have a metallic conductivi*® while  caPdH 3.690(Ref. 17) 1.841
K,PdH, is an insulator with square planar Pgthits!* An-  pgH 4.095(Ref. 31 2.042

other example of hydrides containing palladium and divalent
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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
CaPdH could be prepared under adequate thermodynamic
conditions. For this reason, we undertook also the study of
the hydride CaPdkalong with the defective, experimentally
observed, phase CaPgHn the following sections we give a
short summary of the technical aspects of the method and weg
discuss the results of the band structure, total density ofg
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.
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II. DETAILS OF THE CALCULATION (@)

We have used the augmented plane-faveAPW)
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 SlaterX, form which has proved to be adequate to study
these types of materiaf$-2* We sampled 1/48 of the cubic
Brillouin zone with 20k points calculatedhb initio with a z
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 scherffeThe valence 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 CaPgHhe effect of disorder in the FIG. 1. Energy bands dg) SrPdky and(b) CaPdH.

hydrogen sublattice was simulated by taking a weighted av- ] ) )
erage of the structure factor over the 3H sites. 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 R§M =Sr) to 0.284 Ry(M =Eu) and
lll. RESULTS AND DISCUSSION 0.302 Ry(M =Yb) 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
In Figs. Xa), 2(a)—2(c), 3(a) we show the energy bands narrow peak of high intensity due to the essentially nonbond-
along some high-symmetry directions of the cubic Brillouining narrow Pddtzg bands. The width of this structure in-

zone, the total DOS, and the partial wave analysis of th%reases also somewhat from 0.053 =S to 0.055 R
DOS inside each muffin-tin for the hydrid&sPdH; (M =Sr, (M=Eu) and 0.066 Ry(M =Yb) with c(li?éreasing lattice pya-

Eu, .Yb)' At the center c_)f th? (_:ubic B_riIIouin ZONE, we rameter. Finally, the last structure in the DOS is wide and of
obtain for the three hydrides in increasing order of energy, Fow intensity: it is due to the two antibonding metal-
state of bonding H/Pd-s/M-s character followed by doubly hydrogen bar,1ds

degenerate bonding Ftdje-g/H-s states. The next triply de- Since the hydrides under study have 15 valence electrons,
generate level df is formed essentially by the Pdy, non-  the first six bands up to the Rdl; narrow manifold are
bonding orbitals having lobes pointing away from the next-entirely filled, the remaining three electrons fill partially the
nearest nEighborS of palladium. At hlgher energies, a dOUblbveﬂapping antibonding meta|-hydrogen bands. The hy_
degenerate antibonding Ril; /H-s state is found at the drides are found to be metallic with a low DOS B¢, re-
Brillouin-zone center. The energy difference between thispectively, 9.93, 10.03, and 9.13 states of both spins/Ry unit
antibonding state and its bonding counterpart at low energgell for M =Sr, Eu, Yb. The total DOS 4 is dominated by
increases from 0.598 to 0.660 Ry as the lattice parameteéhe contribution of the Pd- states, however, in this metal-
contracts by 3.36% fromM =Sr to M =Yb. hydrogen antibonding region, the $i-states are non-

(b) T X M r R M

A. Electronic structure
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FIG. 2. Total density of states ¢d8) SrPdH;, (b) EuPdH;, (c) YbPdH;, (d) CaPdH, and(e) CaPdH. The zero of the energy scale
corresponds to the Fermi level.

negligible since they represent more than 10% of thedPd- nated by the Pdi/H-s bonding interaction with a much
dominant contribution. A small contribution of the 8r- smaller contribution of the Sd; Pd, and Sis and p states.
states aEg is also present in these compounds, which is ofThe next three narrow bands correspond to the nonbonding
same order of magnitude as thesttontribution. The value Pd-d states with a small Sr contribution. As just discussed,
of the DOS atEg is similar to that found for PdH, another the two wide antibonding bands crossing the Fermi level
hydride with filled Pde bands as shown in the DOS plot in result essentially from Pd-states with non-negligible K-
Fig. 4. and Srd contributions. At higher energies, from band 9 and
The partial wave analysis shows very clearly the compo-up, the structure in the DOS is essentially due to the divalent
sition of the different bands. The first three bands are domimetald states.
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FIG. 3. Partial wave analysis of the density of statega@fSrPdH, and (b) CaPdH 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.

In Figs. 1b), 2(d), 2(e), and 3b) we show the energy trihydrides; their width is only 0.243 Ry and they are located
bands, total DOS and the partial wave analysis of the DOS afit higher energies closer to the peak of thed?zcg—states.

the cubic hydrides CaPdtand CaPdH. In these figures, it

This feature can be understood in terms of a weakening of

can be clearly seen that the low-energy metal-hydrogeg,q pq_hydrogen interactions with decreasing hydrogen con-

bonding bands of CaPdthre much more narrow than in the

70.0
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Energy (Ry)

FIG. 4. Total density of states of PdiRef. 6.
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tent and thus with a destabilization of the palladium hydro-
gen bonding bands. The partial wave analysis of the DOS
reveals also that the Gh-states participate in the bonding
with hydrogen. They give rise to a structure in the DOS of
CaPdH around—0.16 Ry, above the narrow th[-zg peak.

Such interaction between the divalent elemé@trd the Hs
orbitals is not observed in this energy range in the series of
hydrides MPdH (M =Sr, Eu, Y. This is due to the fact that
the Cad 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}hzg bands are filled and the Fermi
level crosses the two Pd-H antibonding bands hybridized
with Cad states. The Fermi level of the defective hydride is
however closer to the Pdr29 peak of the DOS than in the

trinydrides since CaPdfthas only 14 instead of 15 valence
electrons. The total width of the antibonding bands is smaller
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TABLE Il. Density of states at Fermi energy(Eg) (in states of both spins/Ry unit cgllelectronic
specific-heat coefficieny (in mJ K~2mol™1) and Pauli susceptibilityp (in mJ T-2mol™Y) for the ternary
hydrides under study and PgH

n(Eg) Y Xp
SrPdH 9.934 1.721 0.0236
EuPdH; 10.030 1.738 0.0238
YbPdH; 9.131 1.582 0.0217
CaPdH 9.500 1.646 0.0226
CaPdH 10.440 1.809 0.0248
PdH, (calculated, Ref. 33 6.602 1.144 0.0157
PdH, (experimental 1.53(x=0.89 (Ref. 32 0.016(x=0.71) (Ref. 39

in CaPdH than in the MPdH hydrides. This feature, which spectra as well as a low-energy structure of weaker intensity
is correlated with the weak Pd-H interaction in the defectivecentered around 6.8 eV belo#: which results from the
hydride, results in a slight increase in the value of the totaH-H and metal-hydrogen interactions. The x-ray emission
DOS atEg which is found to be 10.44 states of both spins/spectroscopy can provide further information on the site and
Ry unit cell in CaPdH. We find that the Hs contribution at  angular momentum dependence of the occupied states. Since
Er is slightly larger than in the trihydrides, due to an en-the electronic transitions from the occupied conduction band
hanced Hs/M-d interaction in this energy range. The @a- to the core hole are governed by the dipole selection rule, our
contribution atEg in CaPdH and CaPdHlis also larger than calculated Pdt (1=2) partial wave analysis of the DOS can
in the other divalent elementd! =Sr, Eu, YBH. This is as- be considered, for example, as a prediction of the shape of
sociated with the lower position of the @bstates and can be the PdkL, ;, spectrum. To sample the unoccupied states
clearly seen in the partial wave DOS curve corresponding tevhich we predict to be dominated by the divalent elentnt-
1=2 at the Ca site. partial wave contribution, it would be useful to obtain the
As mentioned previously, the stoichiometric hydride divalent elementd.,, ,, near edge absorption spectra. We
CaPdH has not yet been synthetized. In the present elechope that our calculations will stimulate further experimental
tronic structure calculation we find that the DOS of CaRdH work.
is rather similar, for the width and position of the bonding
bands as well as the Fermi energy position, to that of
YbPdH; which has almost the same lattice parameter. The B. Electron-phonon coupling

only small differences between these two trihydrides are The electronic states at the Fermi energy of the metals
found in the composition of the statestt and will resultin — ynder study present some similarities with those of supercon-
subtle variations in the electron-optical phonon coupling disducting PdH. As in PdH, we find that the methbands are
cussed below. filled and we obtain a small but sizeable contribution of H-
Thus there is no obvious electronic factor which couldstates a€. since the Fermi level cuts as in PdH the metal-
prevent the formation of this tl’lhydrlde We hope that thiShydrogen antibonding states.
point will be confirmed experimentally by using different ~ The most direct experimental evidence of the applicability
thel’modynamic conditions during SyntheSiS. Let us recall Il’bf the electron_optica' phonon Coup"ng mechanism in pa”a_
this connection that although stoichiometric PdH exists, hy(ium hydrides(deuteride} stems from the superconducting
drogen loading in PdHabovex~0.7 is rather difficult. tunneling experiments performed on the PO systent
Besides the structural data, no experimental determinatioprom tunneling current-voltage characteristics the Eliashberg
of other observables are yet available to date on the hydrideggnction functiona®(w)F (w) has been derived, wheFd w) is
under Study. From our calculated value of the density Ofthe phonon density of states aaaw) an averaged electron-
states at the Fermi energy we can obtain in the noninteracbhonon coupling constant. The maxima obtained in the
ing electron approximation, the unenhanced values of thejiashberg function, which determines essentially the
electronic specific-heat coefficienptand the Pauli suscepti- electron-phonon coupling constant are well correlated
blllty Xp - The Corresponding results are listed in Table ”WIth the position of the optic phonon peak in the phonon
These are of the same order of magnitude as the calculatefnsity of states derived from the neutron-scattering data.
and experimental values obtained for Rdihich are also  This is a direct demonstration of the importance of the optic
given for comparison. The bare calculated values afidxr  mode contribution to superconductivity in this material.
are expected to be enhanced by the electron-phonon interaghese results have been confirmed by an analysis of the tem-
tion and a variety of other factors. perature dependence of the resisti/iag well as by theoreti-
The shape of the total DOS of the occupied states, plottega| evaluations:® The role of anharmonic phonon contribu-
in Figs. 2a)-2(e), could be compared to the results of pho- tions and of larger zero-point motion of H compared to D has
toemission experiments. We predict for the MBdebm-  peen invoked to interpret the inverse isotope effect observed
pounds(M=Ca, Sr, Eu, Ybthat the Fermi energi falls  petween PdH and PdD in terms of a stiffening of the force
in a region of weak and slowly varying portion of the DOS. gnstant<®
A large and narrow peak associated with the ded-bands The analysis on the Pd{B) system revealed the impor-
should appear around 3.7 eV bel@&y in the photoemission tance of two factors: the low average value of the frequency
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TABLE lll. Electronic part of the electron-optical phonon cou- E. and of the angular momentum sum lead to equal values

pling constanty, (in eV A™?) of 7, for SrPdH, and YbPdH. The value of, obtained for
EuPdH; is slightly smaller than for the other compounds of
Y 7pd 7H the series. This difference is enhanced by the larger value of
the total DOS at;, which appears in the denominator of
ELF;ZE 8:82 8;2 g:gg the prefactor in Eq(2). The hypothetical trihydride CaPgH
YbPdH, 0.05 023 0.43 is found to have_ the_ smallest valug of, . T_h|s is due to a
CaPdH 0'07 0'20 0'35 smaller Hs-contribution atEg associated with a larger Gh-
: : ' hybridization. The value o#y obtained for CaPdHlis even
CaPdh 0.12 0.28 0.51 larger than that of SrPdHand YbPdH. This is due to the
PdH 0.87 0.64Ref. 6

increased Hs-contribution atE; since in the defective com-
pound, the energy difference between bonding and antibond-
ing metal Hs states decreases. However, this valuengf
remains smaller than that calculated for PdH cited previ-
tously.

The trihydrides under study are thus quite similar to PdH;
owever the calculated values gf, 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 MPdH
compounds, they have only twofold colinear coordination.
This substantially weakens the interaction of the H atoms
” with Pd atoms in MPdkl and hence reduces the values of
x-}a‘, xa—Ea‘, TROER 1 ™

of the optic mode$fiw,,~56 meV in PdH(Ref. 2] and the
presence of Hs states atEg which enhance the electronic
contribution of the electron-optical phonon coupling constan
Ay . These states are a sizeable fraction of the total DOS eht
E only for hydrides with filledd bands such as PdH and the
five hydrides investigated here.

We have thus calculated the electronic contribution to
denoted hereafterp, by means of the Gaspari-Gyorffy
model developed in the framework of McMillan's
approximatiorf.”-2®

Although the experimental lattice parameters of substo-
ichiometric hydrides have been used in the present calcula-

Er ) N N tions, we expect very small changes in the predicted values
%ZW EI: 2(1+1)sire( 87 1= 67) of ny because the Fermi energy falls in a very flat and slowly
varying portion of the density of states. The electronic states
NY(Ep)nfy1(Ep) will thus be very midly affected by a small modification of
nEn)n S (Ep) (2 the lattice parameter. The optic phonon frequencies, not con-

sidered here, are expected to be more sensitive #hato
changes in the Pd-H bond lengths.

We have no experimental data on the average frequencies
of the optic modegw?),,; 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 ofn,,. However, since in BCS theory the prefactor

In Table Ill we summarize the results gfcalculated for . : . o
the five hydrides. The rather weak valugg for the divalent in the expression of the superconducting transition tempera-
ture T, is proportional to the average phonon frequencies, we

metal yield, after being weighted by the atomic mass, a neg- .
ligible contribution to\. Slightly larger values of the elec- cannot further speculate on the possible valued offor

tronic contribution 74 are found for the Pd atom in these th_ese hydr_ides. N_everthelgss, we believe that these_ trihy-
compounds, however, these values as in the case of PdH andes are interesting candidates for Id'\e/su_percqndu.ctlv-
much smaller than those obtained for superconducting tra ty and we hc_>pe that the present investigation will stimulate
sition metal2®3 and should lead to small values Bg,. urther experimental work in this direction.

In contrast, we find that the hydrogen contributiomsg,
are sizeable for the five compounds, although lower than in IV. CONCLUSIONS
superconducting PdHz,=0.64 eV A .° The difference
between the values aof, found between the three hydrides  The electronic properties of the cubic perovskite hydrides
of the series MPdkican be explained as follows. The con- MPdH; (M =Sr, Eu, YD, hypothetical CaPdiland the de-
tribution atE; of the Hs density of states decreases consis-fective hydride CaPdkpresent great similarities since the
tently with the lattice contraction frofl =Sr to Eu and Yb. occupied electronic states result mostly from thedfd-s
This leads to a corresponding decrease in the value of thend Hs/H-s interactions which are very similar in these iso-
angular momentum sum appearing in E2). However, the structural systems. The divalent elemsnp, andd orbitals
value of the Fermi energlf which appears in the prefactor participate also in the bonding but give a much weaker con-
of Eq. (2) varies in the opposite way since it increases fromtribution and a large fraction of the two electrons of the
Sr to Eu and Yb relative to the bottom of the conductiondivalent element are essentially transferred to the Pd and H
band. This feature is due to the energy lowering of the metalstates located at lower energies. In the seNEBdH;, the
hydrogen bonding bands accompanying the decrease of tlibserved differences stem essentially from the chemical
Pd-H distances. The interplay of the antagonist variations opressure effect associated with the lattice contraction. This

In Eq.(2), N, is the total DOSfor one spin andn " is the
partial DOS of angular momentuhmprojected at the atomic-
site a. The label ss stands for single site scatterers, &hd
are the phase shifts for the atam All these quantities are
evaluated at the Fermi enerdyy .



16 130 EMILIO ORGAZ, VINCENT MAZEL, AND MICHELE GUPTA 54

effect is responsible for the larger width and the energy lowpresence of Hs states aEg. However the values obtained
ering of the three metal-hydrogen bonding bands, for thdor 7, remain somewhat smaller than those calculated within
slight broadening of the Pdfzg peak and for some subtle the same model for superconducting PdH. We could not give
differences in the character of the states at Fermi energy. estimates oh,, due to the lack of experimental data on the

The calcium Compound CanHJresents |arger differ- phonon frequenCieS, however these metallic perOVSkite hy-
ences with the other hydridéd PdH; due to the weakening drides could be considered as possible candidates foff jow-
of the Pd-H interactions in this substoichiometric system anguperconductivity. It is our hope that the present work will
to a larger contribution of Ca-states to the bonding, a fea- Stimulate further experimental investigations concerning the
ture expected in view of the relative position of the atomichature of superconductivity or lack of it in these compounds.
unoccupied divalent elemedt states.

In all cases, the Pd-bands are essentially filled and the
Fermi energy crosses the antibonding metal-hydrogen bands
as in superconducting PdH. The densities of statds-abf We would like to thank IDRIS(Institut de Deeloppe-
these metallic perovskites are low, as in PdH and noble mement de Recherches en Informatique ScientifiqpfeCNRS
als. (Centre National de la Recherche Scientifigfoe providing

The electronic contributiomy, to the electron-optical pho- us the computing facilities for the work presented in this
non coupling constank,, have sizeable values due to the paper.
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