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Isotope effects and pressure dependence of the 7', of superconducting stoichiometric PdH
and PdD synthesized and measured in a diamond anvil cell

H. Hemmes, A. Driessen,* and R. Griessen
Natuurkundig Laboratorium der Vrije Universiteit, Amsterdam, the Netherlands

M. Gupta
Institut des Sciences des Materiaux, Universite Paris—Sud, Orsay, France
(Received 6 June 1988)

We have synthesized stoichiometric PAH and PdD in a diamond anvil cell and measured in situ
the pressure dependence of the superconducting transition temperature. From an analysis of the re-
sults and band-structure calculations, we find that both the anharmonicity of the Pd-H potential
and the effect of the large zero-point motion of the hydrogen isotopes are needed to explain the in-
verse isotope effect and the observed pressure dependence of T.

I. INTRODUCTION

Shortly after the discovery of superconductivity in pal-
ladium hydrides by Skoskiewicz,! an isotope effect in T,
was found by Stritzker and Buckel.? Contrary to the ex-
pectations from a simple BCS theory the T, of Pd-D was
higher than that of Pd-H. Recently Schirber et al.*® mea-
sured an even larger inverse isotope effect for Pd-T.

Several mechanisms have been proposed to explain this
inverse isotope effect, including anharmonicity of the
Pd-H potential* and electronic effects resulting from the
large zero-point motion (zpm) of the hydrogen,> which
both affect the electron-phonon coupling parameter.
Papaconstantopoulos et al.®7 combined band structure
calculations for the electronic part (n) and neutron-
scattering results for the phonon part (Mw?) of the
electron-phonon coupling parameter (A). They conclud-
ed that the isotope effect was the result of the anharmoni-
city of the Pd-H potential only. However, Griessen and
de Groot® showed on the basis of thermal expansion, bulk
modulus and point-contact spectroscopy data that anhar-
monic effects in Pd-H and Pd-D are a factor 2 smaller
than was assumed by Papaconstantopoulos et al.,” and
thus is insufficient to explain the observed isotope effect.
This conclusion was recently confirmed by new neutron-
scattering data on palladium hydrogen by Rush et al.’
and on palladium tritium (PdT, ;) by Rowe et al.'

Recently Jena et al.,'! following an idea of Miller and
Satterthwaite,’ calculated the effect of the zpm on the
electronic part (7yp)) of the electron-phonon coupling
parameter for hydrogen (deuterium). They calculated the
electron scattering for several deviations of the H(D)
atom from the equilibrium position and determined an
average 7ypp) The resulting isotope effect in 1y, was,
however, too small to explain the isotope effect (see also
the discussion in Ref. 10). A different approach was tak-
en by Karakozov and Maksimov!? and by Griessen and
de Groot® who proposed that the 7y p), determined from
band structure calculations, should be multiplied by a
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atoms. The Debye-Waller factor can be neglected for
most superconductors since the mean-square displace-
ment of the atoms is small. For hydrogen in Pd-H the
zpm is, however, so large that the Debye-Waller factor
has to be included. Griessen and de Groot® showed that
the anharmonicity and the isotope dependence of the
Debye-Waller factor are sufficient to explain the inverse
isotope effect in 7,. Zhernov and Drekhsler,'® however,
arrived at a smaller Debye-Waller factor and suggested
that Coulomb and spin-paramagnon interactions could
play an important role.

As it is difficult to check the validity of a theory by
comparing only one parameter, the calculated T,, with
experimental data we decided to investigate the pressure
dependence of T, of PdH and PdD. In order to avoid
complications with the interpretation, the experimental
conditions were chosen in such a way that the samples
were stoichiometric.

When loading a metal with hydrogen, the hydrogen
concentration is determined by the thermodynamic equi-
librium condition uy(x, P, T)=%,uH2(P, T). Here py is the

chemical potential of the hydrogen in the metal at a hy-
drogen concentration x and P, is the chemical potential

of the molecular hydrogen surrounding the metal, both at
a pressure P and temperature 7. In general the hydrogen
concentration increases with the hydrogen pressure. For
a more detailed account of the thermodynamics metal-
hydride formation see Refs. 14 and 15.

Palladium-hydride samples with x ~1 can be obtained
at high hydrogen pressures. From the results given by
Driessen et al.'* and the thermodynamic properties of
hydrogen at high pressures from Hemmes et al.!® we es-
timate that, at 7=100 K and P=230 kbar, it is possible to
synthesize PdH, with x £ 0.999. This can be considered
stoichiometric for the purpose of the present work.

In order to study the pressure dependence of the T, of
PdH, we had to develop a new technique for the synthesis
of stoichiometric metal hydrides in a high pressure cell.

4110 ®©1989 The American Physical Society
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II. EXPERIMENTAL

We describe here the technique used to load metal
samples at high pressures with hydrogen in a diamond
anvil cell (DAC) and to make in. situ resistance measure-
ments. Our DAC is similar to that of Silvera and
Wijngaarden.!” The DAC, which is entirely made of a
BeCu alloy (Berylco 25), is mounted in an optical cryostat
for use in the temperature range 2—-300 K. The body of
the cell contains a heat exchanger, which can be operated
with liquid helium. With this we can cool the cell rapidly
to liquid helium temperatures. The force on the dia-
monds can be changed continuously at all temperatures
from outside the cryostat. Details of the DAC and the
cryogenic system are given elsewhere.!® The pressure is
measured using the standard ruby fluorescence technique
and the pressure scale of Mao et al.!’

In the course of the experiment the metal sample is al-
ways surrounded by hydrogen under high pressure. Be-
cause of the large compressibility of hydrogen the sample
volume is loaded with liquid hydrogen which has a
sufficient high density for further compression in the
DAC. To achieve this we built a small chamber around
the diamond tips, as shown in Fig. 1. The diamonds are
mounted in brass rings using an epoxy resin. The resin
also prevents leaking of the chamber. The chamber is
closed by a teflon seal around the brass rings. The hydro-
gen is introduced in gaseous form using a capillary which
enters the chamber through the teflon seal. When filling
the chamber with gaseous hydrogen the DAC is at a tem-
perature just above the triple point of hydrogen ( ~ 14 K)
so that the gas entering the chamber condenses.

The electrical leads for the resistance measurements
enter the chamber through channels that are drilled in
one of the brass rings (see Fig. 1). The channels are
sealed with epoxy resin to keep the chamber leak tight.

In our experiments we used eight-sided diamonds
without bevels and a culet of 1.2 mm diameter and 16-
sided diamonds with bevels of 0.2 mm under an angle of
5° and a culet of 0.8 mm diameter.

It is very difficult to make contacts to samples of the
size typically used in DAC experiments ( ~ 100X 100X 10
um?3). Therefore we used another approach. We eva-
porated a thin film ( ~0.1 um thick) of Pd on the culet of
one of the diamonds and used photolithographic tech-
niques to pattern the Pd film. One of the patterns used is
shown in Fig. 2. The electrical contacts to the sample are
incorporated in the pattern. They go all the way to the

BRASS
RINGS

DIAMOND
SAMPLE CHANNEL

TEFLON > 7
SEAL / .
1Tmm
—
! CAPILLARY
EPOXY RESIN GASKET +
INSULATION

FIG. 1. Cross section of the construction around the dia-
monds. For details see text.
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FIG. 2. Patterned Pd film on one of the diamonds, used to
measure the resistance of the sample. The wedge formed shapes
on the corners form the electrical contacts and extend to the
edge of the culet.

edge of the culet. Using an ultrasonic thermobonding
technique we connect Au wires with a diameter of 25 um
to the pattern. The Au contacts are placed near the edge
of the culet. They do not enter the sample volume
defined by the hole in the gasket, which is ~300 yum in
diameter at the start of the experiment. Contact between
the Au wires and the electrical leads, which enter the
chamber through the channels in the brass ring, is made
on the side of the diamond using a conducting glue. The
sample and the gold contacts are electrically insulated
from the gasket by a 25 um thick poly-Imide foil (Kap-
ton). The insulator has a 300 um large hole at the posi-
tion of the sample space in the gasket. More details can
be found in Ref. 20.

In a typical run we follow the procedure described
below. After assembly, the DAC is cooled down to the
triple temperature of hydrogen (or deuterium). There has
to be a gap between one of the diamonds and the gasket
(as shown in Fig. 1) to allow the condensed hydrogen to
fill the sample space. This process can be monitored
through the diamonds and the windows of the cryostat,
using a microscope combined with a video camera. As
soon as the sample space is filled with liquid hydrogen
sufficient force is applied to the diamonds to bring them
together and seal the sample space.

At the low temperatures where the sample space is
filled with hydrogen, the diffusion of the hydrogen into
the Pd is negligible. To load the Pd with hydrogen we
have thus to increase the temperature. The loading of
the Pd film is monitored by measuring its resistance. In
Fig. 3 we show the resistance of the sample when the
DAC is warmed up with 2 K/min. At first we see an in-
crease in. resistance due to the thermally induced
electron-phonon scattering in pure Pd. Above ~110 K,
where the loading of the Pd with hydrogen starts, we see
a strong increase in the resistance as a result of the disor-
dered distribution of the hydrogen on the interstitial lat-
tice, which causes a strong electron scattering.?! When
the hydride approaches stoichiometry the disorder on the
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FIG. 3. Resistance of the sample during the loading with hy-
drogen. The resistance was measured while heating the DAC at
a rate of 2 K/min. The hydrogen absorption starts at ~110 K,
as can be seen from the strong increase in resistance. When ap-
proaching stoichiometry the resistance reduces again. Note
that the resistance of PdH is then significantly lower than that
of pure Pd.

interstitial lattice is reduced and the resistance decreases
again. As a consequence the resistance shows a max-
imum as can be seen in Fig. 3. Since the loading of the
sample takes place during the heating of the DAC, the
height and the width of the peak in Fig. 3 depend on the
heating rate. When the hydrogen concentration in the
Pd gets in equilibrium with the hydrogen outside the Pd
at the given temperature and pressure, the increase in
electron-phonon scattering with temperature will dom-
inate again over the change due to the electron-disorder
scattering. We see this as.an upturn in the resistance in
Fig. 3. At this point we can cool down again and start
the measurements on the pressure dependence of the su-
perconducting transition temperature of the sample.

At pressures of ~35 kbar and temperatures of ~ 120
K we have synthesized stoichiometric PdH and PdD.
We have measured the pressure dependence of the T, of
PdH and PdD between 0 and ~40 kbar. Typical transi-
tions at several pressures are shown in Fig. 4. The small
widths of the transitions indicate that the sample is load-
ed homogeneously with hydrogen. From an extrapola-
tion to zero pressure we found 7T, =8.80 K for PdH and
T.=11.05 K for PdD, in agreement with data available
from literature.”> The pressure dependence of the 7, of
PdH and PdD is shown in Fig. 5. The points are the
50% values of the transitions and the width of the transi-
tions is indicated by the vertical bars. The uncertainty in
the pressure determination is ~0.7 kbar. From the ex-
perimental data we find a logarithmic pressure depen-
dence dInT,/dP =—6.8%x10"% kbar~! for PdH and
dInT,/dP =—5.0% 1073 kbar!. To compare these re-
sults with theory we convert first the pressure depen-

If we have a sample under hydrostatic compression,
the relation between the pressure and volume dependence
of T, is given by

alnT, 1 9InT,
3P B oV’

where B =— V9P /dV is the bulk modulus. In our exper-
iments the sample is a film which is fixed with one side to
the diamond surface. The lateral dimensions of the sam-
ple (10-100 pm) are much larger than its thickness
(~0.1 um). Therefore even when a hydrostatic pressure
P is applied, the film is essentially strained uniaxially. In
this case the volume change of a cubic crystal (such as
PdH and PdD) is not determined by the bulk modulus B,
but by an effective elastic modulus B’ (Ref. 23)

(1)

"
PdD
X ol
[}
—
PdH
7.—
5 1 | 1 1
-0 10 20 30 40
P( kbar)

FIG. 5. Pressure dependence of the superconducting transi-
tion temperature of PdAH and PdD. The symbols give the mid-
dle and the vertical bars give the width of the transitions. The
theoretical results are given by the drawn curves. They are cal-
culated with ®p; =230 K, ®y =728 K, ®,=485 K, Ap4=0.175,
An=0.3734, Ap=0.4680, 72=2.5, y5=y8=3.5, 7}, =34,
yh=vB=—1.22, y{;=0.88, y£=0.66, u*=0.085, a=4.09 A,
and B’=2.11 Mbar.
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where o is Poisson’s ratio. For the experimental situa-
tion chosen in this work the bulk modulus in Eq. (1) has
thus to be replaced by B’ defined in Eq. (2). To calculate
B’ we need the bulk modulus and Poisson’s ratio for PAH
and PdD. For this we extrapolated the data of Geerken
et al.** on the concentration dependence of the elastic
constants of substoichiometric PdH, and PdD,. We
found B=1.60 Mbar and 0=0.39 and from Eq. (2)
B’=2.11 Mbar. For the experimental volume depen-
dence of T, we find then d1In7, /3 In¥V=14.4 for PdH and
dInT, /3 In¥V=10.6 for PdD.

Until now we have not discussed the effect of elastic
boundary conditions on the volume expansion accom-
panying the loading of the sample with hydrogen. From
measurements of the pressure-composition isotherms of
Pd films evaporated on quartz substrates® 2’ we know,
however, that the sticking of the film to the substrate de-
creases the temperature of the critical point somewhat
but does not lead to a reduction of the maximum hydro-
gen content of the film. For example, the isotherms mea-
sured by Feenstra on 3000 A thick films showed no
significant deviations from those of bulk PdH,.

Furthermore, in high pressure experiments on the Pd-
Ag-H(D) system?® we also measured on a free sample.
The difference in pressure dependence of 7, between
fixed and free samples is well explained by the renormal-
ization of the bulk modulus discussed above.

The above strongly suggests that nonhydrostatic
strains have a negligible influence on the superconducting
properties of palladium hydrides(deuterides).

B'=B3 (2)

III. THEORY

In the first subsection we discuss the superconducting
transition temperature and its pressure dependence.
Then we present the band-structure calculations from
which the electronic part (7)) of the electron-phonon cou-
pling parameter (A) is determined.

A. Superconductivity

For the analysis of the results on the superconducting
transition temperature we start with the Allen and
Dynes?’ modification of McMillan’s*® T, formula

wlog 1.04(1+A)
T,= —~ : (3)
<120 P | T AT v (1+0.620)

where @, is a logarithmic average of the phonon fre-
quencies, A the electron-phonon coupling parameter, and
u* the Coulomb pseudopotential. We neglect strong cou-
pling correction factors since we are not in the strong
coupling limit. Klein and Papaconstantopoulos®! showed
that in the case of the Pd-H(D) system, where the mass of
the metal atom is much larger than that of hydrogen, A
can be written as the sum of contributions from Pd and
H(D), i.e.,

}\:kpd"ih}kH(D) N (4)
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where A, can be written as>®3!

A=n./(M, o)) [k=Pd,H(D)] . (5)

The “electronic” parts (7,) of A can be determined
from band-structure calculations.’®32 The effect of the
large zpm of hydrogen (deuterium) on 7y p, is not taken
into account in these calculations. To incorporate the
zpm, Griessen and de Groot® proposed that 7y, should
be multiplied by a Debye-Waller factor fyp, so that,

Aoy = Mo 1oy / (M yp) 0fip)) - (6)

This factor reduces the electron-phonon coupling
strength. Taking the logarithmic volume derivative of
Eq. (3), we find

9InTc _ dlnA
amy Ve TEM G

with ¥, = —01nw,,, /3 In¥ and
g(A)=1.04A(1+0.38u*)/[A—pu*(14+0.621)]> .

(7

We have taken p* constant since we expect it to have
only a small volume dependence compared to that of A.
Using Eq. (4), the volume dependence of A can be ex-
pressed as

dlnA :ﬂ OlnApy  Ayp) dlnAyp,
dln¥V A 3lnV A dlnV

From Egs. (5) and (6) we find for the volume dependence
Of )\.Pd and )\'H(D):

(8)

9 InApy 28y o
dlny /P VEd> a
dInAyp, ©

szyﬂ(m“?/?um“?’{{(m , (9b)

where the y’s are defined by

d1InM, »?
N T (10a)
37 [k=Pd,H(D)],
Y= 3y (10b)
dInfyp,
?’{UD): _—"*a ny (10c)

All parameters appearing in Eqs. (7)—(10) are available
from literature or can be calculated.

In order to determine the necessary average phonon
frequencies, we need the phonon density of states (PDOS)
F(w). Because of the large mass difference of the atoms,
the acoustic and the optic modes are well separated. We
use a Debye spectrum for the acoustic modes
and an Einstein spectrum for the optic modes due to
the Pd and H(D) atoms, respectively. We then have
F(o)=F,(0)+F,, (o), with

F,.=30%/0}), (020<w,, zero elsewhere) , (11a)
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Fo =8@0—wyy) (0=a,,, zero elsewhere) , (11b)

where w,. is the Debye frequency of the acoustic modes
associated with the Pd vibrations and w,,, the Einstein
frequency of the optic modes associated with the hydro-
gen (deuterium) vibrations.

This approximate PDOS is justified, as far as our appli-
cation is concerned, because the frequency moments of
our model PDOS agree very well with those obtained
from experimental phonon spectra.!®3? Using our model
PDOS and a generalization of McMillan’s “constant a>”
approximation®®3! we can calculate Wy [see Eq. (3)]
analytically, and we obtain

(/AN (R /M)
wlogzwacac “)Op(t)pt/ expl( _kac/ZK) . (12)
Here A, and A, correspond to Apq and Ay p), respective-
ly, and A=A, .+ A, Using Eq. (11) we can also calculate
the mean-square frequencies a_),zc in Egs. (5) and (6).

B. Band-structure calculations

In order to study the influence of pressure on the elec-
tronic part of the electron-phonon coupling constant A of
PdH and PdD we have performed augmented plane wave
band-structure calculations for two different lattice con-
stants. The electronic structure (at zero pressure) of
many metal hydrides have been reviewed recently by
Gupta and Schlapbach.* The lattice parameter for the
uncompressed state is the same as used by Papaconstan-
topoulos et al.” and Gupta and Freeman.’! The two cal-
culations have been carried out following the same pro-
cedure as used by Gupta and Freeman.! For the con-
struction of the crystal potential the Slater local exchange
approximation was used and departures of the potential
from a constant value in the interstitial region, the so-
called warped muffin-tin corrections,*® have been includ-
ed. Since our goal was to focus on the variation of the
electronic part of the electron-optical phonon coupling,
we carefully treated the H sites in the same manner for
the two lattice parameters by using the same muffin-tin
radius for the H spheres. From the energy eigenvalues
generated ab initio at 89 points in the irreducible
wedge of the Brillouin zone, the densities of states (DOS)
have been accurately obtained using the linear-energy
tetrahedron integration scheme®® with 6048 micro
tetrahedra in the fcc Brillouin zone.

We have then evaluated the electronic parts 7py and
Nu(p) of the electron-phonon coupling constant A using
the formulation proposed by Gaspari and Gyorffy,*
which is based on the rigid ion approximation. These au-
thors have shown that for each atomic site «
[«=Pd,H(D)], 7, can be conveniently expressed in terms
of quantities obtained from band-structure calculations

nK:N(EpKI,Z():i-——22(1+1)sin2(8‘,‘+1—6',‘)
N*(EF)Wz fi
ninf
Kil)l::(ll) ’ (13)
nponpv

where 87 is the phase shift of angular momentum charac-
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ter / of the potential at site «, nj and n}!) are, respective-

ly, the DOS and the free scatterer DOS of angular
momentum character / at site k, N*(E) is the total DOS
for one spin direction, and N (Ef) is the total DOS for
both spin directions. All quantities are calculated at the
Fermi energy Ef.

In the rest of this section we first give the results of the
band-structure calculations and then the results for the
electronic parts of the electron-phonon coupling parame-
ter.

1. Electronic structure

A comparison between the energy bands and densities
of states obtained from the calculations at two lattice pa-
rameters can be briefly summarized as follows. Upon
compression of the lattice (Aa /a = —0.02), the transition
metal d-band width (measured from L, to X5) increased
by 10.6%, while the low-energy metal-hydrogen bonding
band width increases only by 5.5%. This behavior is con-
sistent with the a ~> dependence’’ usually assumed for
the tight-binding metal d-d and the @ ~? dependence’® for
the metal-d hydrogen-s interaction parameters which
govern, respectively, the d-band width and the metal-
hydrogen bonding band width.

Upon compression of the lattice, the crystal field split-
ting at I between the metal d states of ¢,, and e, symme-
try (from I'j5 to I'},) increases by 12%. The increased
metal-hydrogen interaction leads to a 6.2% lowering of
the center of the metal-hydrogen bonding band, relative
to the Fermi level position. As the band widths increase,
the total density of occupied states decrease. On
compression, the total DOS at the Fermi energy N (Ej)
decreases by 7.4% from the value of 6.81 states per
Rydberg-unit cell (a=4.090 A) to 6.306 states per
Rydberg-unit cell (¢=4.008 A). The Fermi level of the
hydride with reduced lattice constant lies at higher ener-
gy relative to the top of the d band, hence the energy
difference between X5, which marks the top of the flat
dispersed parts of the d bands, and E increases by about
3.9%. This feature has consequences for the character of
the states at the Fermi energy and for the value of the
“electronic” contribution 7 of the electron-phonon cou-
pling constant. A list of the changes in some of the
relevant energy differences in the band structure is shown
in Table I.

2. Electron-phonon coupling

The hydrogen potential scatters strongly s waves and it
has been observed that for all the metal hydrides, the s
(I=0) scattering phase shift 6{! at the Fermi energy is al-
ways close to a resonance (85!~ /2). The phase shifts of
higher angular momentum components at the H site are
very small. Consequently the value of 7y is dominated
by the s-p scattering mechanism.?® From the results list-
ed in Table II we see that as the lattice is compressed, 8
decreases since the Fermi level lies at higher energies.
The ratios of the partial DOS of s and p type at the H site
to the total DOS value increase. In particular, the larger
p component obtained under pressure at the H site results
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TABLE 1. Energy differences (in Rydberg) in the band structure of PAH(D) for two lattice constants.

Position a=4.090 A a=4.008 A
L,-X;s 0.317 0.3507 d-band width
I'-L5 0.313 0.3303 width of low energy band
5Ty 0.077 0.0863 t,g-e, crystal-field splitting
Xs-Er 0.039 0.0405 position of Ep above the top
of the d bands
0.5565 0.5909 center of the low-energy band

relative to Ep

from a stronger overlap with the tails of the d wave func-
tions of the neighboring Pd atoms having a p symmetry
at the H sites. This increase of n;/N and n,/N is com-
pensated by a concomittent increase of the free scatterer
densities of state n/!) which appear in the denominator of
Eq. (11). The increase of n{! can be understood in terms
of a greater localization of the s and p wave functions in-
side the muffin-tin spheres since the Fermi level has been
shifted upwards and lies in a region of the bands where
the anti bonding character of the wave functions is
larger.

Due to the interplay of the different terms, the value of
Na=N(Eg){I}) is found to decrease by 7.2% as Aa/a
decreases by 2%. This decrease is almost equal to the de-
crease of 7.4% found in N(Ey), the total DOS at E,
while the value of the matrix element {I% ) remains al-
most constant.

From the results listed in Table II we can see that at
the metal site the s and p scattering phase shifts are nega-
tive. This indicates a repulsive character of the metal po-
tential for the s- and p-waves due to orthogonalization
conditions to the corresponding core states. The d-wave
phase shifts at Ep are positive and large, close to the
value of 7. In transition metals, the d wave phase shifts
are known to increase with the filling of the metal d
bands. We notice that 859 is smaller for the compressed

PdH(D) lattice. This is due to the broadening of the met-
al d bands and results in a 27% increase in the
sin%(859—8%9) term. The increase in the sin? term com-
bined with the 7.4% decrease in the total DOS leads to a
~20% increase in the value of 7p4. Other terms in Eq.
(13) show little variation.

The variation of 7py under compression is consistent
with previous observations in metal hydrides. Similar
calculations show a decrease in the value of 7, from
the pure metal to the hydride, which has been mostly as-
cribed to a decrease in the metal d-d interaction due to
lattice expansion.*

From the preceding we can determine the logarithmic
volume dependence of the electronic parts of the
electron-phonon interaction as defined in Eq. (10b). We
find y34=3.4 and yF=yRH=—1.22.

IV. DISCUSSION

In this section we first discuss the isotope dependence
of T, at zero pressure. Then we discuss the pressure
dependence of T, and finally our results are compared
with the pressure dependence of the 7. of sub-
stoichiometric palladium hydrides (deuterides).

TABLE II. Phase shifts, densities of states and electronic parts of the electron-phonon coupling pa-
rameter for the Pd and H(D) site and two lattice constants.

a=4.090 A a=4.008 A
Pd site H site Pd site H site
Phase shifts in radians
8o —0.5115 1.1931 —0.6053 1.1537
5, —0.1094 0.0280 —0.1508 0.0359
5, 2.8066 0.006 2.7613 0.001
53 0.0030 0.0 0.0932 0.4865
Partial and total DOS at E in states of both spin per Ryd-unit-cell
no 0.116 0.510 0.0932 0.4865
ny 0.326 0.058 0.2627. 0.0808
Hy 5.236 0.0032 4.796 0.0056
ns 0.024 0.002 0.0203 0.0035
N(Ep) 6.81 6.306
.y Electronic part of electron-phonon coupling
7 (eVA ) 0.886 0.641 1.063 0.595
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A. T, of PdH and PdD at zero pressure

To calculate T, we need the phonon frequencies, the
Debye-Waller factors, and the electronic parts (1pq and
Nup)) of the electron-phonon coupling parameter for
stoichiometric PdH and PdD. The #’s are already calcu-
lated for a stoichiometric composition.

The phonon frequencies have only been determined for
substoichiometric hydrides. Geerken et al.?* observed
that the phonon frequencies of the optical modes, as
determined from neutron-scattering experiments, are vir-
tually independent of the hydrogen (deuterium) concen-
tration. Using the phonon frequency moments of PdH
and PdD determined by Rowe et al.,'® we find for the
Einstein temperatures of the optical modes @y =728 K in
PdH and ®=485 K in PdD. Furthermore the acoustic
phonon frequencies decrease because the lattice expands
on hydrogenation. Extrapolation of the Debye tempera-
ture to a stoichiometric composition gives ®@p; =230 K.

In the case of stoichiometric PdH(D) the Fermi sur-
face®* is similar to that of copper but has larger necks at
the [111] faces of the Brillouin zone. Umklapp processes
which give the major contribution to 7y, will therefore
involve mainly K,,, reciprocal lattice vectors. On the
basis of these properties Griessen and de Groot® pro-
posed, as a rough approximation, that the Debye-Waller
factor is given by fip),~exp(—1K 3y {uyp)?) which
can be written as

&R

, (14)
azMH(D)th(D)

SHD) ~=€xp

where My, is the mass and wy(p, the Einstein frequen-
cy of the hydrogen (deuterium) atoms and a is the lattice
parameter. Using the phonon energies corresponding to
the Einstein temperatures mentioned above and the lat-
tice parameter a=4.09 A we find an isotope effect of
~ 8% in the Debye-Waller factor.

Using the phonon frequencies, the calculated 7’s for
the uncompressed lattice from Table II and the Debye-
Waller factors fy; =0.732 and f,=0.791 we can calcu-
late Apy, Agpy and ), for PAH and PdD. We take
p*=0.085, obtained from the Benneman and Garland
formula for u* (Ref. 40) and the calculated DOS at the
Fermi level, to calculate T, with Eq. (3). The values we
find are too large. If we use the values of 1 from Ref. 7,
the T,.’s we find are too small. This is due to the fact that
the values of 1y, determined from band-structure cal-
culations depend strongly on the details of the calcula-
tions and show a considerable spread (see Refs. 6, 7, 11,
and this work). The value of 1py depends much less on
the details of the calculations. In the remaining part of
this work we therefore take the average of the available 5
values, 7p34=0.876 and 7jy=7p=0.485. With the same
phonon data and Debye-Waller factors as above we get
Apg=0.175, Ay =0.377, Ap=0.459, w,,,=431 K for PdH
and ;=344 K for PdD. With u*=0.085 we find then
T.=9.0 K for PdH and T,=10.6 K for PdD, in reason-
able agreement with the experimental data (see Fig. 5).
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B. Pressure dependence of the 7. of PdH and PdD

In order to calculate the volume dependence of T, we
do not only need the phonon frequencies, the Debye-
Waller factors and the 7’s, but also their volume depen-
dencies, defined by Egs. (7)—(10).

The volume dependence of the phonon frequencies,
given by Gruneisen parameters ¥y p) and y{jp), has been
determined from thermal expansion measurements by
Hemmes et al.*' They found y$,=2.5 and y{p,=3.5.
The experiments were done on hydrides and deuterides
with concentrations ranging from 0.63 to 0.76. Within
the experimental accuracy y§;=vp and y3y and y{jp) are
concentration independent. The phonon frequencies
were also obtained from the thermal expansion data.
They found ®p;=270 K, ®4=720 K, and ®,=480 K,
in excellent agreement with the neutron-scattering re-
sults.

The volume dependence of the Debye-Waller factor
can be determined directly by differentiating Eq. (14).
We find y{;=0.88 and y£=0.66.

Yo 8iven in Eq. (7), is approximately given by a
weighted average of the phonon Gruneisen parameters
YPa and YH=VYD: Vieg=(Apa¥bat Au)Vitp)) /A We
obtain y,,~3.2 for both PdH and PdD.

The volume dependence of the 7’s is obtained above
from the calculated 7’s for two different lattice parame-
ters: y34=23.4 and y;=y )= —1.22. This means that un-
der compression 7p4 increases and 7y ) decreases.

Now we have all the quantities to calculate the volume
dependence of T,, using Egs. (7)-(10). We find
dInT,/3In¥V=13.9 for PdH and dInT,/3In¥V=12.0 for
PdD, .in good agreement with the experimental results
(0InT, /81InV=14.4 for PdH and dInT, /3 InV=10.6 for

.PdD).

Using Egs. (7)-(10) and the parameters determined
above we have calculated the pressure dependence of the
T, of PdH and PdD. The results are shown in Fig. 5 as
the drawn lines. To get the correct 7. at zero pressure
we used optimized values for the optical contributions
to the electron-phonon parameter: Ay=0.373 and
Ap=0.468. This gives us a volume dependence of T, at
zero pressure of dInT,/0InV=14.0 for PdH and
dInT,/d1In¥V=11.7 for PdD, close to the values obtained
above.

Finally, it is interesting to point out that the contribu-
tion of the Pd atoms to the volume dependence of the
electronic parts of the electron-phonon coupling parame-
ter in dInT, /3 InV practically cancels that of the H(D)-
atoms, i.e., ¥ p)yAyp) T ¥ Barpa=~0 in Eq. (8). As a result
the volume dependence of T, is entirely determined by
the volume dependence of the phonon frequencies in Apg,

Anp) and WDy

C. Pressure dependence of the T,
for substoichiometric Pd-H(D)

Until now we have only considered the pressure depen-
dence of the T, of stoichiometric PdH and PdD. Howev-
er in the past there have been reports on the pressure
dependence of the T, of substoichiometric palladium hy-



drides.*?”* In Fig. 6 we have plotted dInT, /P against
T, at zero pressure for several concentrations. Here we
use T, as a measure for the hydrogen (deuterium) concen-
tration. Our results are in agreement with those obtained
by Schirber et al.*? and Wiihl* at lower T.’s.

For random alloys as PdH, we cannot determine the
pressure dependence of T, as above since no reliable
means are presently available to calculate the concentra-
tion dependence of the electronic parts of the electron-
phonon coupling parameter and their volume dependen-
cies. However, as the quantity that depends strongest on
the hydrogen (deuterium) concentration is 7y, (and
possibly ¥ p)) we shall estimate 7y p, from T, by means
by Eq. (3).

Because of the small concentration range in which the
palladium hydrides are superconducting we can take
most of the parameters entering 7, and d1In7, /9P to be
concentration independent. Keeping ®py, Oy p), u*, and
Apg constant, we use Eq. (3) and the experimental T, to
define an implicit equation from which Ay, can be
determined.

To calculate 3InT, /0P we take the bulk modulus B,
y®, and y’/ concentration independent. The electronic
structure determining 7py is not very sensitive to the hy-
drogen concentration, so we keep yj3, constant for
x 20.8.

The case of y§p, is somewhat different. 7y p, itself is
strongly concentration dependent. The volume depen-
dence of nyp, is governed by the change in position of
the Fermi level with respect to the top of the d band.
This influences the character of the states at the Fermi
energy and through that the value of nyp). Since their
electronic structures are very similar we expect very simi-
lar volume dependencies of 7y p, for stoichiometric and
substoichiometric PdH,(D,). Because of this and be-
cause the volume dependence of 7y, is much weaker
than its concentration dependence, we assume that the
volume dependent part is the same for all relevant con-
centrations and that 1y, can be written as the sum of a
concentration dependent and a volume dependent part:
NH(D) = no(x )+ 771( V). From this we find that
Y#o)= — 1/Mymp)91; /9 InV, where 31,/9InV is concen-
tration independent. So we have y{p)x<1/nypp) and,
since Agp) < Nyp) We have Ayp)Yp)=~constant. Asa
consequence Ay p)Yfip) and Apg¥ gy in Eq. (8) will also
cancel for substoichiometric PdH (D, ).

Taking the previous into account we calculated
dInT, /3P as a function of T, for PdH, and PdD,. The
results are shown in Fig. 6. They give the correct con-
centration dependence of 3 InT, /9P.
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FIG. 6. Pressure dependence of substoichiometric palladium
hydrides and deuterides. The horizontal axis gives the T, which
is a measure for the hydrogen (deuterium) concentration. The
open (solid) symbols give the results for Pd-H(D). The squares
(diamonds) are from Ref. 42 (43). The circles indicate present
results. The dashed (solid) curve gives the theoretical result for
Pd-H(D) with the parameters given in the text.

V. CONCLUSIONS

We have synthesized stoichiometric PdH and PdD in a
diamond anvil cell and measured in situ the pressure
dependence of the superconducting transition tempera-
ture. The volume dependence of the electronic parts of
the electron-phonon coupling parameter was calculated.
All other quantities entering the pressure dependence of
the T, could be obtained from literature. Without fitting
parameters we reproduced the experimental pressure
dependence of the T, of PdH and PdD. We also could
reproduce the pressure dependence for substoichiometric
palladium hydrides. On the basis of the present results
we conclude that the anharmonicity and the Debye-
Waller factor give an adequate quantitative description of
the isotope effects and the pressure dependence in the su-
perconducting transition temperature of the Pd-H(D) sys-
tem.

ACKNOWLEDGMENTS

This work was part of the research program of the
Stichting voor Fundamenteel Onderzoek der Materie
(FOM), which is financially supported by the Neder-
landse Organisatie voor Wetenschappelijk Onderzoek
(NWO).

*Present address: University Twente, Department of Applied
Physics, Postbus 217, 7500 AE Enschede, The Netherlands.

IT. Skoskiewicz, Phys. Status Solidi A11, K123 (1972).

2B. Stritzker and W. Buckel, Z. Physik 257, 1 (1972).

3J. E. Schirber, J. M. Mintz, and W. Wall, Solid State Commun.
52, 837 (1984).

4B. N. Ganguly, Z. Phys. 265, 433 (1973); Phys. Rev. B 14, 3848

(1976).

5R. J. Miller and C. B. Satterthwaite, Phys. Rev. Lett. 34, 144
(1975).

SD. A. Papaconstantopoulos and B. M. Klein, Phys. Rev. Lett.
35, 110 (1975).

D. A. Papaconstantopoulos, B. M. Klein, E. N. Economou,
and L. L. Boyer, Phys. Rev. B 17, 141 (1978).



4118 H. HEMMES, A. DRIESSEN, R. GRIESSEN, AND M. GUPTA 39

8R. Griessen and D. G. de Groot, Helv. Phys. Acta 55, 699
(1982).

9J. J. Rush, J. M. Rowe, and D. Richter, Z. Phys. B 55, 283
(1984).

10y, M. Rowe, J. J. Rush, J. E. Schirber, and J. M. Mintz, Phys.
Rev. Lett. 57, 2955 (1986).

11p, Jena, J. Jones, and R. M. Nieminen, Phys. Rev. B 29, 4140
(1984).

12A., E. Karakozov and E. G. Maksimov, Zh. Eksp. Teor. Fiz.
74, 681 (1978) [Sov. Phys.—JETP 47, 358 (1978)].

I3A. P. Zhernov and Sh. L. Drekhsler, Fiz. Nizk. Temp. 11, 899
(1985) [Sov. J. Low Temp. Phys. 11, 495 (1985)].

14A . Driessen, H. Hemmes, and R. Griessen, Z. Phys. Chem.
N.F. 143, 145 (1985).

ISR. Griessen and T. Riesterer, in Hydrogen in Intermetallic
Compounds I, Vol. 63 of Topics in Applied Physics, edited by
L. Schlapbach (Springer-Verlag, Berlin, 1988).

16H. Hemmes, A. Driessen, and R. Griessen, J. Phys. C 19, 3571
(1986).

7], F. Silvera and R. J. Wijngaarden, Rev. Sci. Instrum. 56, 121
(1985).

18 . Hemmes, A. Driessen, J. Kos, F. A. Mul, and R. Griessen,
Rev. Sci. Instrum. (to be published).

19H. K. Mao, P. M. Bell, J. W. Shaner, and D. J. Steiner, J.
Appl. Phys. 49, 3276 (1978).

20H4. Hemmes, A. Driessen, R. Griessen, J. Caro, and S. Rade-
laar, in High Pressure Geosciences and Material Synthesis,
proceedings of the XXVth meeting of the European High
Pressure Research Group, Potsdam, German Democratic
Republic, 1987 (Akademie, Berlin 1988), p. 94.

21y, P. Burger, D. S. MacLachlan, R. Mailfert, and B. Souffache,
Solid State Commun. 17, 277 (1975).

22y, B. Ginodman and L. N. Zherikhina, Fiz. Nizk. Temp. 6,
582 (1980) [Sov. J. Low Temp. Phys. 6, 278 (1980)], and refer-
ences therein.

23L. D. Landau and E. M. Lifschitz, Course of Theoretical Phys-
ics, Theory of Elasticity, 3rd ed. (Pergamon, Oxford, 1986),
Vol. 7.

24B. M. Geerken, R. Griessen, L. M. Huisman, and E. Walker,
Phys. Rev. B 26, 1637 (1982).

25R. Feenstra, D. G. de Groot, J. H. Rector, E. Salomons, and
R. Griessen, J. Phys. F 16, 1953 (1986).

26E. Salomons, R. Feenstra, D. G. de Groot, J. H. Rector, and
R. Griessen, J. Less-Common Met. 130, 415 (1987).

27M. Nicolas, L. Dumoulin, and J. P. Burger, J. Appl. Phys. 60,
3125 (1987).

28H. Hemmes, A. Driessen, J. Rector, and R. Griessen (unpub-
lished).

29p, B. Allen and R. C. Dynes, Phys. Rev. B 12, 905 (1975).

30w, L. McMillan, Phys. Rev. 167, 331 (1968).

31B. M. Klein and D. A. Papaconstantopoulos, J. Phys. F 6,
1135 (1976).

32G. D. Gaspari and B. L. Gyorffy, Phys. Rev. Lett. 24, 801
(1972).

333 M. Rowe, J. J. Rush, H. G. Smith, M. Mostoller, and H. E.
Flotow, Phys. Rev. Lett. 33, 1297 (1974).

34M. Gupta and L. Schlapbach, in Hydrogen in Intermetallic
Compounds I (Ref. 15).

35M. Gupta and A. J. Freeman, Phys. Rev. B 17, 3029 (1978).

36G. Lehman and M. Taut, Phys. Status Solidi B 54, 469 (1972).

37v. Heine, in Physics of Metals 1. Electrons, edited by J. M. Zi-
man (Cambridge University Press, Cambridge, England,
1969).

38N. W. Ashcroft and N. D. Mermin, Solid State Physics (Holt,
Rinehart and Winston, New York, 1976).

39M. Gupta, in Proceedings of the International Symposium on
Hydrogen in Metals, edited by P. Jena and C. B. Satterthwaite
(Plenum, New York, 1983).

40K. H. Benneman and J. W. Garland, in Superconductivity in d
and f Band Metals, edited by D. H. Douglas (Plenum, New
York, 1971).

41H. Hemmes, B. M. Geerken, and R. Griessen, J. Phys. F 14,
2923 (1984).

42J. E. Schirber, Phys. Lett. 46A, 285 (1973).

43B. Stritzker and H. Wiihl, in Hydrogen in Metals II, Vol. 29 of
Topics in Applied Physics, edited by G. Alefeld and J. Volkl
(Springer-Verlag, Berlin, 1978).

44W. Buckel, A. Eichler, and B. Stritzker, Z. Phys. 263, 1 (1973).

45T. Skoskiewicz, A. W. Safranski, W. Bujnowski, and B.
Baranowski, J. Phys. C 7, 2670 (1974).



