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STELLINGEN

Omdat Mizutani et al. (1976) bij het interpreteren van concentratieafhan-
kelijke susceptibiliteitsmetingen van Frieske en Wicke (1973) aan PdHx
geen rekening houden met de Stoner enhancement vinden zij een te lage
waarde voor de concentratie waarbij het paramagnetisme van dit systeem
verdwijnt.

W. Mizutani, T.B. Massalski, J. Bevk, J. Phys. F6, 1 (1976)
H. Frieskeen E. Wicke, Ber. Bunsenges. Phys. Chem. 77, 48 (1973)

2. De lineaire recursie algoritme voor het aanpassen van een som van
exponentieel afnemende periodieke functies aan meetgegevens die door
Anderson et al. (1978) als nieuw werd gepresenteerd dateert uit de tijd van
de Franse revolutie.

J.R. Anderson. P. Heimann, W. Bauer, R. Schipper, D. Stone, Inst. Phys. Conf.
Ser.J9. SI (1978)
R. de Prony, J. Ecole Polytechn. 1(2) (an IV)

3. Door veel experimentatoren wordt bij het bestuderen van legeringen met
het De Haas-Van Alphen effect alleen de concentratieafhankelijkheid van
de Dingle temperaturen gemeten; die van de De Haas-Van Alphen
frequenties geeft evenwel informatie die minstens even belangrijk is.

4. Bij het interpreteren van lage-temperatuur metingen aan PdHx en PdDx

moet ook bij lage concentraties rekening gehouden worden met de
mogelijkheid van fase-uitscheiding.

5. Concentratieafhankelijke susceptibiliteitsmetingen aan PdDx boven de
kritische temperatuur, zoals gedaan door Frieske en Wicke (1973) aan
PdHx, kunnen belangrijke aanwijzingen geven over verschillen in de
electronenstructuur van deze systemen.

H. Frieske en E. Wicke, Ber. Bunsenges. Phys. Chem. 77, 48 (1973)



6. De door Jackson beschreven methode, waarbij de structuur van de
informatie de processtructuur bepaalt, is goed toepasbaar bij het
ontwerpen van geautomatiseerde meet- en controlesystemen.

M.A. Jackson, "Principles of Program Design", Academie Press, London
(1977)

7. Bij het ontwerpen van apparaten dient ernaar gestreefd te worden dat de
met de bedieningsorganen in te stellen functies orthogonaal zijn; bij
éénknopsbediening is dit altijd zo.

8. Als energiedrager kan waterstof opgeslagen in metaalhydriden con-
curreren met electriciteit uit accu's; als ook de vormingswarmte van de
hydride wordt benut, ook met benzine.

9. Het verdient aanbeveling om in een proefschrift de gebruikelijke
samenvatting in het Nederlands voorin in plaats van achterin op te
nemen.

10. Het lezen van Asimov's "A Whiff of Death1' vormt een goede voorbe-
reiding op het schrijven van een proefschrift.

I. Asimov. "A Whiff of Death", Fawcett Crest. New York (1958); Ned. vert.
"Dood in het lab". Het Spectrum B.V. (1971)
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"Electrons are smart, you know ..."

R.S. Sorbello, private communication,

Voor Riëlle

Aan mijn ouders
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SAMENVATTING

Veel metalen kunnen interstitiële legeringen met water-

stof vormen. Alhoewel het verschijnsel van waterstof-

absorptie in metalen al in de vorige eeuw bekend was,

hebben metaal-waterstof systemen de laatste jaren

sterk de aandacht van natuurkundigen getrokken en wordt

er op dit monient veel fundamenteel onderzoek verricht.

De belangrijkste reden voor deze hiernieuwde belang-

stelling moet gezocht worden in de exotische eigen-

schappen van metaalhydrlden. Zo is de diffusiesnelheid

van waterstof in metalen vele orden hoger dan voor

andere gassen; gedraagt waterstof in metalen zich als

een typisch van der Waals-gas, wordt het supergeleidend

gedrag van sommige metalen ingrijpend gewijzigd door

waterstofabsorptie en zijn belangrijke isotoopeffecten

gevonden in de diffusie snelheid, de evenwichtsdruk,

de roosteruitzetting en de supergeleidende overgangs-

temperatuur van metaalhydriden.

Ook in de techniek spelen metaal-waterstof systemen een

belangrijke rol. Zo verslechteren de mechanische eigen-

schappen van belangrijke constructiematerialen zoals

staal en aluminium enorm door de absorptie van geringe

hoeveelheden waterstof. Anderzijds kan waterstof - een
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"schone" en volledig recyclebare brandstof - compact

en veilig opgeslagen worden in de vorm van metaal-

hydriden. Ook kan de vormingswarmte van metaalhydriden

gebruikt worden om hiermee warmtepompen te construeren.

Een belangrijke sleutel tot het begrijpen van de

elektrische eigenschappen van een vaste stof is de

electronenstructuur. Kennis van de electronenstructuur

van metaalhydriden is in het bijzonder van belang omdat

deze stoffen in zekere zin de eenvoudigste legeringen

zijn. In dit proefschrift wordt een onderzoek beschreven

naar de electronenstructuur van de interstitiële

legeringen palladium-waterstof en palladium-deuterium.

Van alle metaalhydriden is aan deze legeringen waar-

schijnlijk het meeste onderzoek gedaan; toch zijn over

de electronenstructuur ervan slechts globale experimentele

gegevens bekend. Gedetailleerde gegevens zijn echter

noodzakelijk om het grote aantal modellen en be-

rekeningen die in de litteratuur bekend zijn te kunnen

toetsen. In oudere modellen wordt aangenomen dat het

waterstof-electron in de geleidingsband van palladium

wordt ondergebracht zonder dat de geleidingsband zelf

beïnvloed wordt. Moderne bandenstructuurberekeningen

voorspellen echter dat electrontoestanden met s-symmetrie

rond de interstitiële positie in energie verlaagd worden.

Een onderzoek naar de electronenstructuur van zowel
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palladium-waterstof als palladium-deuterium is van be-

lang omdat een controverse bestaat over de oorzaak

van het isotoop-effect dat optreedt in de super-

geleider >e overgangs tempera tuur T van deze systemen.

Dit isotoop effect in T wordt door Klein en Papa-

constantopoulos toegeschreven aan anharmonische

effecten in de roostertrillingen, maar door Miller en

Satterthwaite aan een isotoop-effect in de electronen-

structuur.

Gedetailleerde en nauwkeurige gegevens over het Fermi

oppervlak en de verstrooiing van electronen aan de

interstitiële onzuiverheden in palladium met lage

concentraties (tot ~ 1%) waterstof en deuterium zijn

verkregen uit de Haas-van Alphen experimenten aan deze

systemen. Twee de Haas-van Alphen spectrometers zijn

gebruikt - één werkend met een torsiebalans en één

gebruikmakend van de veldmodulatietechniek - die elk

hun specifieke voordelen hebben. De preparaatbereiding

en de dataverwerking worden uitvoerig beschreven.

Prony's methode voor het aanpassen van een som van

exponentieel gedempte periodieke functies aan de meet-

punten blijkt goed te voldoen.

Om de Haas-van Alphen experimenten uit te voeren moeten

de preparaten afgekoeld worden tot vloeibaar-helium
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temperatuur.

Hierbij kan bij lage koelsnelheden uitscheiding van

de gemengde (ot + a')-fase plaatsvinden. De effecten

hiervan op de experimentele resultaten zijn kwalitatief

in overeenstemming met theorieën voor het segregatie-

proces .

In de experimenten is een groot isotoop-effect ge-

vonden in de concentratie-afhankelijkheid van die delen

van het Fermi-oppervlak van palladium-waterstof en

palladium-deuterium die gerelateerd zijn met electron-

toestanden met een sterk d-karakter. Dit isotoop-

effect in de electronenstructuur kan het isotoop effect

in T in ieder geval gedeeltelijk verklaren.
C

Uit de interpretatie van de experimentele resultaten

moet geconcludeerd worden dat de in bandenstructuur

berekeningen gebruikte muffin-tin-benadering voor de

waterstof potentiaal niet voldoet. Berekeningen van

de ladingsdichtheid van palladium-electronen in de

waterstof muffin-tin laten zien dat dit komt omdat

door het afsnijden van de waterstof-potentiaal aan

de rand van de muffin-tin bol deze potentiaal geen

interactie meer heeft met de d-electronen van palladium.

Een in dit proefschrift voorgestelde potentiaal met

een lange dracht, die op korte afstanden beschreven

kan worden met de Thomas-Fermi benadering, en op

grotere afstanden Friedel oscillaties vertoont, is
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in overeenstemming met de meetresultaten. Door de

nulpuntsbewegingen van het proton en het deuteron

wordt de interactie van de potentiaal met s-electronen

niet, maar met d-electronen wel beïnvloed. Deze be-

invloeding is voor het proton en deuteron verschillend,

omdat de Friedeloscillaties verschillend middelen.
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SUMMARY

A detailed experimental study of the electronic

structure of a transition metal-hydrogen interstitial

alloy is presented in this thesis. Data on the Fermi

surface and on the electron scattering rates of

palladium-hydrogen and palladium-deuterium are obtained

from de Haas-van Alphen experiments using a torque

balance spectrometer and a field modulation spectro-

meter.

The concentration dependence of de Haas-van Alphen

frequencies and Dingle temperatures in low concentra-

tion PdH(D) is found to be strongly influenced by

the metallurgical state of the alloys which depends

on the concentration and cooling rate between room

temperature and liquid helium temperatures. The

results obtained from experiments on slowly cooled

samples can be explained by taking segregation in

a- and (a + a1)-phases into account.

A large isotope effect is found for the first time in

the concentration dependence of certain de Haas-van

Alphen frequencies. The concentration dependence of

frequencies associated with d-like X- and L-hole

orbits is, for example, approximately two times larger

in PdD than in PdH . This is at first sight unexpected
X X
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as PdH and PdD are electronically equivalent.
X X

Furthermore, the s-p-like orbits do not exhibit any

significant isotope effect.

Data obtained from experiments on homogeneous a-phase

samples are compared with calculations of the electronic

structure of PdH(D) . The experimental data show

significant departures from the predictions based on

the muffin-tin approximation. Calculations of the

charge density associated with electron states indicate

that these discrepancies can be solved by taking into

account the long-range part of the H(D) potential.

Several approximations for self-consistently screened

proton potentials are discussed; a potential with

Thomas-Fermi-like behaviour at short ranges, and Friedel

oscillations at distances comparable- to the palladium-

hydrogen separation leads to energy shifts of electron

states which are consistent with our experimental data.

The isotope effect in the electronic bandstructure is

then a consequence of the different averaging of

Friedel oscillations due to the different zero-point-

motion amplitudes of protons and deuterons confined

to the interstitial position in the Pd lattice.

The present results suggest that the isotope effect

observed in the superconductive transition temperature

of concentrated PdH(D) is, at least partly, due to a
•TV
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difference in the electronic structure of PdH
A

compared to that of PdD .
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INTRODUCTION

The properties of metal-hydrogen systems have

attracted th;~ interest of chemists, physicists and

metallurgists ever since the discovery of Graham

(1866) that the metal palladium can absorb large

quantities of hydrogen.

A number of detailed reviews have been published in

recent years ("Metal hydrides" 1968, "Hydrogen in

Metals" I + II 1978) giving an extensive account of

the present knowledge about these systems.

Among the metal hydrides the palladium-hydrogen

system is probably the most thoroughly investigated

one. Reviews on the properties of this system have

• been given by Flanagan (1966), Lewis (1967) and

recently by Wicke and Brodowsky (1978).

In the past research on metal hydrides was mainly

| concerned with metallurgical and electrochemical
•i

problems. The main reason for this is that the

mechanical properties of widely used materials such

as steels can seriously deteroriate upon absorption



of small amounts of hydrogen. A possible explanation

for this hydrogen embrittlement is that as the

hydride generally differs in structure and volume

from the host metal, hydride precipitations in the

metal will cause internal stresses which exceed the

yield stress of the host material (Zapfe 1947) . More

complex embrittlement processes have been proposed

by Fetch (1956), Oriani (1972) and Oriani and

Josephic (1974). In some materials such as LaNi5 and

FeTi the embrittlement is so strong that the samples

are reduced to a fine powder by repeated absorption

of hydrogen.

Electrochemical studies were necessary for an

optimization of the electrolytic production of

hydrogen.

Recently research on metal-hydrogen systems has been

stimulated by their potential applicability as energy

storage systems. Hydrogen is one of the most promising

energy carriers as its conversion causes virtually no

pollution of the environment. It can be stored safely

and compactly in the form of metal hydrides. The heat

of formation of hydrides can also be used in the

construction of heat pumps.

A review of practical applications of hydrides can be



found in "Hydrides for Energy Storage" (1978).

Metal hydrides can be classified according to the

nature of the hydrogen band as saline (e.g. the

alkali hydrides), covalent (e.g. the boron hydrides)

or metallic (the transition metal and rare earth

hydrides). The saline hydrides have properties which

are in many respects similar to those of the

corresponding halides. The covalent hydrides have

low melting and boiling points reflecting the weak

Van der Waals-forces between the molecules. The

metallic hydrides have metallic properties such as

electrical conductivity. They can usually be

prepared in compositions that deviate markedly from

stoichiometry.

The fundamental properties of metallic hydrides are

particularly interesting because these systems can

be viewed as prototypes of the wide class of alloys

known as interstitial alloys. They can often be

prepared over a wide concentration range. This

remarkable property facilitates the study of metal

hydrides because the same metal host matrix can be

used many times as it is easy to dissolve or extract

hydrogen in a given sample.



Hydrogen having the simplest possible electronic

structure makes it quite attractive for a theorist

to study metal-hydrogen systems. These systems are

also extremely interesting because of the large mass

ratios of the hydrogen isotopes deuterium and tritium.

Furthermore in many cases positive muons act as if

they were light protons. It is thus in principle

possible to study isotope effects with particles

of very different masses (y :p:d:t = 0.11:1:2:3).

The purpose of this work is to investigate the

electronic structure of the palladium-hydrogen and

the palladium-deuterium system using the de Haas-

van Alphen effect.

In Chapter 1 we discuss the electronic structure of

the host metal palladium, some properties of

palladium-hydrogen and palladium-deuterium, the

present knowledge about the electronic structure of

palladium-hydrogen (deuterium) and the superconduc-

tivity of highly concentrated palladium-hydrogen

(deuterium).

A description of the experimental techniques and the

de Haas-van Alphen spectrometer is given in Chapter 2.

In Chapter 3 results on the volume dependence of the

Fermi surface of pure palladium are presented; the



data are necessary for an adequate correction of the

PdH(D) results for the volume expansion associated

with the absorption of hydrogen or deuterium.

The results of the de Haas-van Alphen measurements

giving information about the concentration dependence

of the Fermi surface and the electron scattering

rate in low concentration palladium-hydrogen and

palladium-deuterium are presented in Chapter 4. For

the first time an isotope effect in the electronic

structure of a metallic hydride is found.

In Chapter 5 we compare our results with models and

calculations of several authors. A semi-quantitative

explanation of the isotope effect in the electronic

structure is proposed, and implications for the

theory of the isotope effect in the superconducting

transition temperature of palladium-hydrogen

(deuterium) are briefly discussed.



C H A P T E R 1

PALLADIUM, PALLADIUM-HYDROGEN AND PALLADIUM-DEUTERIUM

SUMMARY

The electronic structure of palladium has heen

investigated experimentally and theoretically by

several authors, The good agreement between the

experiments and the calculations indicates that

the electronic strucrure of palladium is well

understood.

Some properties of palladium-hydrogen and palladium-

deuterium wich are important for our work are

discussed.

A number of calculations of the electronic band-

structure of palladium-hydrogen have been done3 in

which the system is treated either as a random alloy,

an ordered alloy or a stoichiometric compound.

So far the predictions of these calculations have

been compared to experimental data obtained from

measurements of the magnetic susceptibility3 the

electronic specific heat and from photo-emission

experiments. These experiments are however not well

suited for a detailed check of the validity of the

models underlying the various calculations carried



out until now.

At high concentrations palladium-hydrogen and

palladium-deuterium become superconducting. The

transition temperature of palladium-deuterium is

higher than that of palladium-hydrogen at the same

concentration.

Several authors have tried to give an explanation of

this "inverse" isotope effect; in order to be able

to discriminate between the various theories it is

important to know whether the electronic structure

of palladium-hydrogen differs from that of palladium-

deuterium or not.

1.1 The electronic structure of pure palladium.

Palladium is a transition metal which crystallizes

in a face-centered-cubic crystal structure with a
o

lattice constant of 7.353 a.u. (3.890 A) (Aben and

Burgers 1962).

Because of its interesting properties, such as a very

high magnetic susceptibility and a high electronic

specific heat the electronic structure of palladium

has been investigated by a number of authors, both

experimentally and theoretically. The most detailed

experimental information on the bandstructure of



palladium has been obtained from de Haas-van Alphen

studies by Vuillemin (1966), Windmiller et al. (1971)

and Crabtree et al. (1978). Their experiments, as

well as the galvanomagnetic data of Alekseevskii et

al. (1964) and the angle-resolved photo-emission

experiments of Himpsel and Eastman (1978) which

permit a direct determination of the E versus k

relation for occupied bands confirm the bandstructure

calculations of Andersen and Mackintosh (1968),

Mueller et al. (19 70) and Andersen (19 70). A part

of the electronic bandstructure of palladium calcula-

ted with an approximate method developed by Hubbard

(1967, 1969), Hubbard and Dalton (1968) and Hubbard

and Mijnarends (1972) using the palladium potential

given by Wong (1973) is shown in Fig. 1.1.1.

The Fermi surface of palladium consists of four

sheets. The galvanomagnetic data show that palladium

is a compensated metal. The large sixth band

electron-sheet centered at point r of the Brillouin

zone is derived from states with a relatively strong

s-p character and contains 0.36 electrons per atom.

The three X-centered fourth-band hole pockets contain

0.003 holes per atom. Four small L-centered fifth-

band hole pockets were consistently predicted by
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Fig- 1.1.1. Electronic bandstructure of palladium

along the directions r-X, X-L and L-r. Energies are

given in Ry with respect to the muffin-tin zero.

The calculation is non-relativistic, so that certain

degeneracies are not lifted, and the bands at L fall

below the Fermi energy. The electron density at

octahedral interstitial sites used in Chapter 5 is

calculated for the electron states indicated by o.

bandstructure calculations and eventually observed

in the magneto-acoustic experiments by Brown et al.

(1972). These L pockets contain less than 0.001 holes

per atom. The fifth-band jungle-gym is an open sur-
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face and contains the remaining holes, almost 0.36

per atom. The hole pockets at X and L as well as the

jungle gym are associated with states with almost

pure d-character.

The jungle gym derives from very flat parts of the

electronic bands. Orbits on this Fermi surface sheet

have particularly high band masses (up to 12.7,

Crabtree et al. 1978).

In the vicinity of the Fermi energy E„ the electronic

density of states, calculated in detail by Mueller

et al. (1970), is approximately given by

N(E) = a + b(E-Ep) = c(E-EF)
2 states/atom-Ry (1.1.1)

with a = 31.06, b = -2.28 x 103 and c = 2.11 x 105 for

energies expressed in Ry. The high density of states

at the Fermi energy N(E ) = 31.06 states per atom-Ry

is another manifestation of the flatness of the d-

bands at E_. It is therefore expected that whenever
r

the bandstructure is modified the shift in E^ will
r

essentially be dictated by the shift of the top of

the d-band.

From a comparison of the value of N(E_) with the

results of electronic specific heat measurements
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(Choteau et al. 196 8, Mizutani et al. 19 76) one

obtains that the many-body enhancement parameter is

0.76. This value is in agreement with the many-body

enhancement of the effective masses determined from

de Haas-van Alphen experiments (Crabtree et al. 1978).

1.2 Some properties of the palladium-hydrogen

and palladium-deuterium systems.

In this section we discuss those properties of

palladium-hydrogen and palladium-deuterium which are

directly relevant to our study.

a) Crystal structure.

The position occupied by hydrogen and deuterium atoms

in the face-centered-cubic lattice has to be known

in order to calculate the electronic structure of

these alloys. Neutron diffraction experiments on high

concentration palladium-hydrogen (deuterium) (Worsham

et al. 1957, Bergsma and Goedkoop I960, Rowe et al.

1972, Carlile and Ross 1974) and He channeling

experiments,at low concentrations (Löbl et al. 1977)

give orverwhelming evidence that for all concentrations

protons and deuterons occupy octahedral interstitial
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positions in the palladium lattice. As palladium-

hydrogen and palladium-deuterium are interstitial

alloys the approporiate notation is PdH and PdD
X X

as protons and deuterons do not replace palladium

atoms in the alloy.

The octahedral position is only one of the possible

types of interstitial places: per palladium atom

there are one octahedral and two tetrahedral inter-

stitial positions. These positions are indicated

in Fig. 1.2.1.

•é
K-^ i /y

X/ ^

/ \

\

Fig. 1.2.1. The octahedral (0) and tetrahedral (T)

interstitial sites in a face-centered-cubic lattice.

The lattice constant a is 7.353 a.u. for Pd.
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Absorption of hydrogen or deuterium produces a large

expansion of the palladium host lattice. The

concentration dependence of the lattice constant of

PdH has been measured over a wide concentration

range by several authors (Yamada 1923, Hanawalt

1929, Aben and Burgers 1962, Maeland and Flanagan

1964, Völkl et al. 19 71, de Ribaupierre and

Manchester 1974, Schirber and Morosin 1975) using

X-ray diffraction and dilatometric techniques. It

is found that the volume V increases linearly with

concentration at a rate (Peisl 1978)

= 0.19 ± 0.01 (1.2.1)
dx

An isotope effect in the volume expansion is reported

by Maeland and Flanagan (1964). They find from X-ray

diffraction measurements at room temperature on low

concentration PdH and PdD that deuterium expands

the palladium lattice approximately 5% more than

hydrogen. From the X-ray diffraction measurements of

Schirber and Morosin (19 75) on highly concentrated

Pd-H and PdD at 77 K one concludes however that
X X

dlnV/dx for PdD is 3% lower than for PdH .
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b) Phase diagram.

For a correct preparation of PdH and PdD samples

one has to know the phase diagram, the diffusion rate

of H and D in Pd, and the H(D) pressure-composition

isotherms.

The phase diagram indicates the concentration

regions in which Pd(H)D can exist in a single phase.
X

This is important as the physical properties of a

sample consisting of several phases will generally

be some complicated average of the properties of the

individual phases. The PdH phase diagram is shown

in Fig. 1.2.2. Any concentration between 0 and 1 can

be realized. This is consistent with the fact that

only octahedral interstitial positions are occupied

by hydrogen in palladium. At room temperature we can

distinguish at least two separate phases: an a-phase

for x between 0 and ~ 0.02 and an a1-(3- in older

litterature) phase for x larger than ~ 0.6. For x

between 0.02 and 0.6 the system is in the mixed

(cc+a1)-phase.

The phase diagram at low temperatures or at con-

centrations higher than 0.6 is not well known at

present. There is some evidence from neutron

diffraction experiments by I.S. Anderson et al.
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6 0 0

400

200

Coexistence

Coherent
\" \ spinodal

0.2 0.4 0.6 0.8

H/Pd

Fig. 1.2.2. Phase diagram of PdH according to
X

Ho et al. (1979) .

(1978) and Ellis et al. (1979) that phases (e and Y)

with a superlattice ordening of the protons exist

at concentrations higher than 0.6 and temperatures

lower than 50 K. Significant differences between

the phase diagrams of PdH and PdD have not been

reported so far.

The coexistence line between the a- and a'-phases

and the mixed (a+a1)-phase is described approximately

by an equation derived by Lacher (1937) from a simple

statistical model. The coexistence temperature T
coex

and the normalized concentration c = x/0.6 are



16

related by

kB Tcoex ln \Tk\ + kB Tcrit

where kR is Boltzmann's constant, and T . the

critical temperature of the system (T . = 598 K
t_* X. J- t

for PdH(D) , Ho et al. (1979)).

Both a- and a'-phases are disordered, the main

difference being the hydrogen density. The crystal

structure of the palladium host metal is not

affected by a'-precipitates, but the lattice is

considerably expanded. If the stresses induced by

the 4% increase in lattice spacing are released

by the formation of defects in the boundary layer

around each cluster the segregation of a'-phase

regions is incoherent, otherwise it is coherent.

Consequences of the nature of the segregation process

are discussed by Wagner (1978).

The phase segregation process does not necessarily

start immediately after the coexistence line is

crossed during cooling down. It is possible to

supercool the system until a temperature is reached

at which it becomes unstable against concentration

fluctuations. The locus of these temperatures as a
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function of concentration is the spinodal de-

composition line. Ho et al. (19 79) find for PdH

that the temperature at which the spinodal de-

composition line is crossed is T ~ 0.5 T . The

segregation process is discussed in more detail in

section 4.3.

De Haas-van Alphen experiments require samples with

a relatively low electron scattering rate. The

electron scattering rate increases with the number

of defects in the periodic crystalline lattice.

For PdH and PdD this implies that we have either

to work with very dilute or with nearly stoichiometric

samples. When preparing the samples the mixed (a+oc1)-

phase must be avoided as irreversible damages of the

crystals can be induced by phase segregation.

In this study PdH and PdD have been investigated

at low concentrations. During charging with hydrogen

at temperatures equal to or higher than room

temperature the samples remain in the a-phase.

However as de Haas-van Alphen experiments are done

at low temperatures (~ 1.5 K) the coexistence line

between the o- and the mixed (ot+ot') -phase will

inevitably be crossed during cooling-down. The
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cooling procedure must be fast enough to quench-in

a homogeneous a-phase. This is only possible if the

coexistence line is crossed at a temperature where

the hydrogen mobility is sufficiently low.

c) Diffusion.

The diffusion rate of hydrogen and its isotopes in

palladium is strongly temperature dependent as can

be seen in Fig. 1.2.3. Each hydrogen isotope diffuses

r
i

o

z
UI

- I
C

I

Li.
UJ
Q
O

O
m

F
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U
!

a

cm2 /s]

5 1 0 " 6
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Fig. 1.2.3. The temperature dependence of the

diffusion coefficient of hydrogen isotopes in

palladium as measured by Völkl et al. (H, D; 1971)

and by Sicking and Buchold (T; 1971)
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at a different rate; note that the diffusion con-

stants at a given temperature are not ordered

according to the isotope mass.

The diffusion rate is an important parameter in the

hydrogen charging procedure. The time needed to get

a sufficiently homogeneous concentration profile

throughout the sample can be estimated from the

solution of the diffusion equation. Our samples

have a more or less cylindrical shape; the concentra-

tion x(r,t) in a cylinder with radius r0 at time t

and at a distance r from the cylinder axis is given

by

*<r,t> -

(1.2.3)

when the boundary conditions are x(r<ro,t=O) and

x(r0) = x0 (Jost 1960). D is the diffusion constant;

J is the n-th order Besselfunction and £ are then ^n

subsequent roots of Jo U ) = 0 (?j = 2.405, £2
 =

5.520). When t is large the concentration at the

cylinder axis is given by
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x(0,t) ~ xo (l - 2.4Q5 jl(2.405)

with

2
rü

T = (1.2.5)
(2.405)2D

The concentration at the cylinder axis x(0,t) is

equal to 0.99 x0 after a time t = 5.IT.

d) The H(D) pressure-composition isotherms.

There are two practical methods of charging

palladium samples with hydrogen: electrolysis and

gas absorption. In the first method the palladium

sample is used as the cathode in the electrolytic

decomposition of water. The hydrogen which usually

evolves in this process is directly absorbed by the

palladium. The concentration in the sample can be

determined by integrating the electric current with

respect to time. The electrolytic charging method has

however some disadvantages. The electric current must

be chosen carefully to avoid a hydrogen accumulation

in the surface layer of the sample which could lead

to local phase segreation. Furthermore the tempera-
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ture at which the charging is done is limited by

the boiling point of the electrolyte/ so that long

charging times are required for reasonably homo-

geneous concentration profiles.

These problems can be avoided by charging the sample

by means of the gas absorption method. Palladium

absorbs hydrogen and deuterium from a gas atmosphere

until a thermodynamical equilibrium is reached. The

equilibrium concentration depends on the temperature

and the pressure of the gas atmosphere so that it

is impossible to have a concentration build-up in the

surface layer higher than the equilibrium concentra-

tion.

The pressure-composition isotherms of PdH and PdD
X X

have been measured by Wicke and Nernst (1964) at

temperatures between -78.5 C and 75°C, by Evans and

Everett (19 76) between 80°C and 140°C, and by Simons

and Flanagan (1965) between 0°C and 90°C (PdH only).

In Lacher 's (1937) model the relation between the

gas pressure p and the normalized concentration c =

x/0.6 is of the form

(l-c)c ln(\/ p) = Cj + r-= + c r-= (1.2.6)
KB B
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At low concentrations this can be approximated by

e x p ( C l (1.2.7)

so that Sieverts1 law holds: </p ~ x. The values of

Cj and C2/k_ found by the authors are summarized in

Table 1.2.1.

Table 1.2.1. The values of the constants in

Eq. 1.2.7 found by several authors.

Authors

Wicke and Nernst (1964)

Evans and Everett (1976)

Simons and Flanagan (1965)

PdH
X

Cl C2/kR

9. 77

10.53

9.84

-1 165

-1550

-1161

PdD
X

Ci C 2/k B

9.72

1 1 .00

- 950

-1540

Using these values the hydrogen or deuterium pressure

needed to charge a palladium sample to a given

equilibrium concentration can be calculated. After
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the charging procedure the concentration which is

actually obtained can accurately be determined

gravimetrically. At concentrations x higher than 0.6

the pressure composition isotherms are very steep so

that the electrolytical method is generally used to

prepare concentrated alloys.

It is interesting to note that again an isotope

effect is present: the equilibrium pressure of PdD

is higher than that of PdH at the same temperature

(see also Fig. 2.3.1).

1.3 The electronic structure of palladium-

hydrogen and palladium-deuterium.

There has been considerable theoretical interest in

the electronic structure of metal-hydrogen systems,

since the proton rigid-band model was proposed by

Mott and Jones (1936).

The screening of a proton in an electron gas of

metallic densities was considered by Friedel (1952,

1958, 1972), Langer and Vosko (1956), Popovic et al.

(19 76), Grüner and Minier (1977), Jena and Singwi

(1978) and Sholl and Smith (1977, 1978, 1979, 1980).

Inspired by the pioneering work of Switendick (1971,
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19 72) several bandstructure calculations for PdH

have been carried out (Faulkner 1976, Papaconstanto-

poulos et al. 1978, Gelatt et al. 1978, Bansil et al.

1979).

In contrast to this theoretical activity surprisingly

few experiments have been done to test the validity

of the theoretical results. Most of the available

experimental data concerning the electronic structure

of palladium-hydrogen is related to the electronic

density of states. The value of the electron density

of states at the Fermi energy, N(E ) can be found

from measurements of the electronic specific heat y

or the Pauli paramagnetic susceptibility xp. The

relation between X and N(E ) is given by (Ashcroft

and Mermin 1976)

N(Ep)

XP = 2^B 1-«N(EF)

where yB is the Bohr magneton and l/(l-aN(E )) the

Stoner enhancement factor. Palladium is a strongly

enhanced Pauli paramagnet; the Stoner enhancement

factor is ~ 10 (Mueller et al. 1970), so that

palladium is nearly ferromagnetic. The relation

between y and N(Ep) is given by (Ashcroft and Mermin
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1976)

T = § n2 k2 (l+X) N(EF) (1.3.2)

where ko is Boltzmann's constant, and (1+A) is the

many-body enhancement factor. Palladium has a high

Y of 9.45 mJ mol"1 K~2 (Choteau et al. 1968,

Mizutani et al. 19 76); as mentioned in section 1.1

this leads to X = 0.76. It should be noted that Y

can only be measured at lew temperatures; at

temperatures higher than 1-2% of the Debye tempera-

ture 9 (9 is 265 K for Pd according to Mizutani

et al. 19 76) the contribution of the electrons to

the specific heat is masked by the lattice con-

tribution.

The concentration dependence of the magnetic

susceptibility of PdH and PdD has been measured

over a wide range of concentrations and temperatures

(Briggs 1916, Jamieson and Manchester 1972, Frieske

and Wicke 1973, Miller et al. 1978). It is found that

the high paramagnetic susceptibility of palladium

decreases linearly upon hydrogenation, and that at

concentrations higher than x = 0.6 samples in the
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oc'-phase are slightly diamagnetic (see Fig. 1.3.1).

One has to be careful when interpreting these

results because most of the measurements with

concentrations x<0,6 were done in the mixed (a+a1)-

phase. The susceptibility is then measured on a

sample which contains low concentration (x~0.02)

a-phase regions and high concentration (x ~ 0.6)

a'-phase regions. The only effect of increasing the

nominal concentration of the sample is that of

increasing the a'-phase volume relative to that of

the a-phase; thus no conclusions can be drawn from

measurements in the mixed (a+a1)-phase about the

susceptibility of a hypothetical homogeneous PdH

alloy with a concentration between that of the a-

and a'-phase. The question arises then whether the

paramagnetic susceptibility of palladium-hydrogen

becomes essentially zero at a concentration of 0.6,

or already at lower concentrations. Frieske and

Wicke (19 73) did measure the concentration dependence

of x °f palladium-hydrogen at a temperature near

the critical temperature of the palladium-hydrogen

system, so that no phase segregation problems were

encountered. Their results indicate that the para-

magnetic susceptibility of palladium-hydrogen
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becomes essentially zero at a concentration of 0.6,

and not at a lower concentration. Unfortunately they

did not carry out the same experiment on PdD .

Jamieson and Manchester (1972) and Miller et al.

(1978) measured the concentration dependence of X p

for both palladium-hydrogen and palladium-deuterium

at temperatures between 4°K and 300°K. They found

no isotope effect, but this could be a consequence

of the identical phase diagrams of palladium-

hydrogen and palladium deuterium. The concentration

dependence of the electronic specific heat of PdH
X

has been measured by Mizutani et al. (1976) for

x < 0.008, by Mackliet and Schindler (1966) for

x ~ 0.6 and by Zimmerman et al. (1975) near stoichio-

metry (x ~ 1). At a concentration of 0.6 the

electronic specific heat of palladium hydrogen is

a factor 6 lower than that of pure palladium, and

the electronic specific heat decreases further to

a value 12 times lower than that of palladium when

the concentration is increased to x = 1.0. Although

Mizutani et al. (1976) claim that their low concentra-

tion measurements of r are done on unsegregatad a-phase

samples, our de Haas-van Alphen results indicate

(as discussed in section 4.2) that phase segregation
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has almost certainly occured in their experiments.

A linear extrapolation of their low concentration

results, as is appropriate when measurements are done

on a mixed (a+a1)-phase sample, indicates that

Y will be close to zero at a concentration x ~ 0.5.

Wolf and Zimmerman (19 76) measured the electronic

specific heat of PdDQ „. They find a large isotope

effect, the electronic specific heat of PdDn q being

a factor 2 lower than the value found by Zimmerman

et al. (1975) for PdHQ g.

As mentioned above the values found for X p and Y

in PdH(D)_ , , n are much smaller than the valuesu» o—i.u

for palladium. As can be seen from Eq. 1.3.1 and

1.3.2 this implies that the electron density of

states at the Fermi energy is much lower for PdH(D)

at these concentrations than that of Pd. Palladium

has a high N(E„) because the Fermi energy falls near
r

a high-density peak at the top of the d-band. One

concludes therefore that E„ of PdH(D), with x > 0.6
r X

lies above the d-band. This is confirmed by an

analysis of the temperature dependence of the

electrical resistivity of Pd and PdHQ _g by Burger

(1978).
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The first who tried to give an explanation for this

d-band filling were Mott and Jones (1936). They

assumed that hydrogen is present in palladium in

the form of protons. This is supported by the theo-

retical work of Isenberg (1950) who showed that no

bound state can be found for a proton in an electron

gas of metallic densities. In the spirit of a rigid

band model the hydrogen electrons must then be

accommodated in unoccupied palladium states, so that

the Fermi energy increases upon hydrogen absorption.

At a certain concentration the palladium d-bands will

be filled completely. On the basis of the magnetic

susceptibility and electronic specific heat data

discussed before one would expect this to happen

at x ~ 0.6. However, the calculations and experiments

discussed in Section (1.1) show that the d-bands

contain only 0.36 holes per palladium atom, so that

the d-bands would be full when per palladium atom

0.36 hydrogen atom is absorbed, that is at a

concentration of 0.36 instead of 0.6 as found ex-

perimentally .

It is interesting to note that the proton rigid-band

description of the interstitial alloy PdH is

similar to the rigid-band description of the substitu-

tional alloy Pd, Ag as silver has one valence
X ~ X X
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electron more than palladium. Measurements of the

x-dependence of the paramagnetic susceptibility

(Husemann and Brodowsky 1968) and of the electronic

specific heat (Montgomery et al. 1976) of Pd, vAg
A~X X

indicate that the palladium d-bands are full at

x = 0.6, so again when 0.6 extra electrons are

added to the palladium bands. Another system with

which palladium-hydrogen can be compared to is

palladium-boron. Boron occupies, like hydrogen, the

octahedral interstitial positions in the palladium

lattice, but has three valence electrons. The para-

magnetism of PdB disappears at x ~ 0.2 (Brodowsky

et al. 1973). Here again 0.6 electrons are required

to fill the d-bands. How similar the substitutional

alloy Pd, Ag and the interstitial alloys PdH ,
J. ~ X X X

PdD and PdB1 behave can be seen in Fig. 1.3.1.
—x
3X

A more complex picture of the effect of hydrogen on

the palladium electron bands emerges from a number

of bandstructure calculations for stoichioinetric PdH

and substoichiometric PdH . Switendick (1972) has
X

calculated the energy bands of palladium-hydrogen at

a concentration of 1/4, 3/4, 1 and 2 using the

augmented plane-wave (APW) technique on an ordered
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Fig. 1.3.1.

The susceptibility x at

20°C of several Pd-based

alloys as a function of

the number of added

electrons x. Note that the

curves for Pd, Ag and
1 -x &x

PdBi have the form ex-

pected from Eq. 1.3.1;

the curves for PdH and
x

PdD are linear only as a

consequence of phase

segretation effects (after

Wicke and Brodowsky 1978)

PdnHm supercell. He finds that palladium states with

s-symmetry at the octahedral interstitial site are

lowered in energy by the interaction with the proton-

potential. The electron states with d-character at

the interstitial site are not affected. Not only

states which are already filled in palladium are

pulled down, forming a low lying Pd-H bonding band,

but electron-states lying above the Fermi energy of

palladium are also pulled down below the Fermi energy.

The additional hydrogen electrons, are thus not only
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filling d-band holes, but also empty states with s-

character around the hydrogen site. As not all

hydrogen electrons occupy empty palladium d-states,

a concentration x > 0.36 is needed to fill the 0.36

holes per atom of the palladium d-band. This is in

agreement with the results of measurements of the

paramagnetic susceptibility and of the electronic

specific heat. Later bandstructure calculations

confirm this picture. The electronic bandstructure,

the electron density of states, the angular momentum

decomposed density of states at the hydrogen site,

the proton spin relaxation rate and the Fermi surface

of stoichiometric palladium-hydrogen have been

calculated by Gupta and Freeman (19 78) using the APW

technique. They find that the Fermi surface of

stoichiometric palladium-hydrogen has the same topo-

logy as that of silver (silver has one electron more

than palladium), but that the electron states at the

Fermi energy have a stronger d-character.

Several authors have extended techniques originally

designed for calculations of electron states in random

substitutional alloys to the case of substoichiometric

palladium-hydrogen.

Faulkner (1976) and Papaconstantopoulos et al. (1978)
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E
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Fig. 1.3.2. Energy bands of Pd(a) and PdH(b) as

calculated by Gelatt et al. (1978). Energies are given

in ev with respect to Ep. Electron states with s-

character at the interstitial site (such as I^'.rj ,

Xi')are considerably lowered, while other states remain

unaffected.
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have calculated the bands of stoichiometric palladium-

hydrogen. They used the coherent potential approxi-

mation (CPA) to calculate the electron density of

states and the angular momentum decomposed density

of states at the interstitial site for substoichio-

metric palladium-hydrogen as a function of concentra-

tion. Gelatt et al. (1978) used the average-t-matrix

approximation (ATA) to calculate the energy bands

(shown in Fig. 1.3.2), the wave functions and

electron state lifetimes for palladium-hydrogen at

several concentrations. They also calculated the

heats of formation of PdH and other stoichiometric

3d- and 4d-monohydrides. Bansil et al. (1979)

calculated the Fermi surface and the electron density

of states of low concentration palladium-hydrogen

using the ATA.

One could wonder if concepts such as the electronic

band structure and the Fermi surface which were

developed in the theory of perfect periodic systems

are still meaningful for the description of random

alloys such as substoichiometric palladium-hydrogen.

This problem has been considered extensively by

Stern (1967, 1968). When the periodicity of an
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electron system is disturbed the Bloch-states are no

longer eigenstates of the Hamiltonian. If we maintain

the k-representation for the electron states the

spectral weight p(k,E) of a state |k> is no longer

a set of delta functions but a set of peaks of finite

width. In the Green's function language the pro-

jection of the Green's function of the disordered

electron system on a state |k> involves a complex

self-energy instead of the real self-energy found

for periodic system (Gelatt et al. 1978). The

density of states N(E) at a certain energy £ can

be found by integrating p(k,E) over k. The Fermi

energy can then be found by integrating N(E) over

the energy E until all electrons are accomodated.

Due to the finite width of the spectral weights of

the electron states the Fermi surface is no longer

sharp, but as long as the fractional uncertainty is

small the concept can still be used.

1.4 The superconductivity of palladium-hydrogen

and palladium-deuterium.

One of the main stimuli for the theoretical interst

in the palladium-hydrogen system was the discovery
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by Skoskiewicz (1972) that PdH becomes a super-

conductor at high hydrogen concentrations. This was

quite unexpected because of the strongly enhanced

paramagnetism of palladium. Stritzker and Buckel

(1972) showed that PdD also becomes superconducting

at high concentrations. A detailed study of the

concentration dependence of the superconducting

transition temperature T in PdH and PdD was
C *C J»

carried out by Miller and Satterthwaite (19 75) and

Standley et al. (1979). Their results are shown in

Fig. 1.4.1.

Fig. 1.4.1 The

concentration

dependence of the

superconducting

transition tempera-

ture T of palladium-

hydrogen and palla-

dium-deuterium as

given by Standley

et al. (1979)

Q68 0.76 0.84 0.92 TO
H ( D ) / Pd
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i

As can be seen, PdH and PdD become superconducting

i at a concentration of 0.74 and 0.70, respectively.

J The superconducting transition temperatures increase

fast with concentration and reach 11 K and 9 K at

x = 1.0. A remarkable isotope effect is present: the

T of PdD is higher than the T of PdH at the same
C X O X

concentration x. An increase in isotope mass usually

lowers T . Several authors have tried to give an

explanation of the superconducting properties of PdH .

Ganguly (1973) pointed out how optical phonons can

lead to strong electron-phonon coupling. Stoichiometric

PdH has two atoms per unit cell, so that the phonon

spectrum consists of acoustical and optical branches.

Because of the large difference in mass between

palladium and hydrogen (or deuterium) atoms the

optical branches well are well separated from the

acoustical branches. The acoustical branches in

palladium and palladium-hydrogen (deuterium) are quite

similar to each other, the only effect of hydrogen

on acoustical phonon frequencies being that of the

lattice expansion resulting in a small shift (of the

acoustical branch) to lower energies. Information

about the phonon spectra of PdH and PdD has been
X X

obtained over a wide concentration and temperature



38

range using different techniques. Drexel et al.

(19 76) measured the optical phonon frequency distri-

bution of low concentration a-phase PdH and PdD at

temperatures between 140 K and 400 K using inelastic

neutron scattering. The same technique was used on

PdHQ 6 by Bergsma and Goedkoop (1960) at room

temperature, by Chowdhury and Ross (1973) at tempera-

tures between 30 K and 295 K and by Rahman et al.

(19 76) at a temperature of 80 K. Ross et al. (1979)

did inelastic neutron diffraction experiments on PdH

with x = 0.70, 0.85 and 0.95 at a temperature of

80 K. In contrast to hydrogen, deuterium scatters

neutrons coherently. It is thus possible to do

coherent inelastic neutron scattering experiments

on PdD single crystals and to determine phonon

dispersion curves. The phonon density of states can

then be obtained, and a Born-von Karman fit to the

dispersion curves gives the Pd-Pd, H-H and Pd-H force

constants. This experiment has been carried out by

Rowe et al. (1974) on PdDQ g 3 at temperatures between

78 K and 295 K. In the Born-von Karman fit the

PdDQ 6 3 crystal was treated as stoichiometric. When

in the Born-von Karman model the deuterium mass is

replaced by the hydrogen mass the phonon density of
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states of palladium-hydrogen can be calculated,

provided no anharmonic effects occur. The phonon

density of state of PdH and PdD calculated by

Rowe et al. (19 74) in the harmonic approximation is

shown in Fig. 1.4.2. Rahman et al. (19 76) concluded

Fig. 1.4.2.

4 8 12 16 20

FREQUENCY (THz)

The phonon density of states of

and PdD calculated by Rowe et al. (1974) on the basis

of a stoichiometric Born-von Karman analysis of their

measurements on PdD„ ,o. To calculate the phonon
U . o j

density of states of PdH it is assumed that the force

constants are the same as in PdD (harmonic approxi-

mation).

from experiments on PdHQ g 3 that the optical phonon

frequency distribution does not scale harmonically

with the isotope mass. They suggested that in the
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Born-von Karman description the Pd-H force constants in

PdH are ~ 20% higher than in PdD . However Ross et
X X

al. (19 79) find in their experiments on palladium-

hydrogen with concentrations higher than 0.63 a

substantial deviation from the predictions based on

the analysis of Rahman et al. (19 76).

Sherman et al. (19 77) used the Raman scattering of

laser light to determine the vibrational spectra of

PdH(

behaviour of the optical phonons, but the an-

harmonicity is smaller than suggested by Rahman

et al. (19 76). Their measurements indicate that the

force constants in PdHQ _Q are only ~ 10% higher

i- 7 g and PdD„ _,.. They do find a non-harmonic

'••\ than in PdD. ? 5 .

A
• The anharmonic scaling of the phonon spectra of PdH

'»j X

'i

and PdD is important as it plays a crucial role in
X

the explanation of the isotope effect in the super-

conducting transition temperature.

The most detailed theoretical investigation concerning

the superconductivity of PdH and PdD has been made
X X

by Papaconstantopoulos et al. (1975, 1978) and Klein

et al. (1976, 1977). Their work can be summarized as

follows. The superconducting transition temperature
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T of a metal is given approximately by Dynes1 (19 72)c

modification of McMillan's formula

Tc = ITTs (1.4.1)

In this expression 6 is the Debye temperature, p*

is related to the electron-electron interaction and

A , . depends on the electron-phonon interaction.

The value tor 0 is somewhat higher for PdH than for

PdD (Wolf and Zimmerman 1976). From their band-

structure calculations for PdH Papaconstantopoulos

and Klein find that p* depends only weakly on the

concentration (y* ~ 0.2). The electron-phonon inter-

action parameter A , , is given by

Xel-ph = 2 J" a2(tü) F (ü)) w dü) (1.4.2)
o

where F(w) is the phonon density of states and a2 (to)

is an averaged electron-phonon coupling function.

McMillan (196 8) showed that the expression (1.4.2)

can be rewritten as

N(E„)<I2>

A , . = L= (1.4.3)
el-ph „ o

if a2 (to) is assumed to be constant.
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The numerator in Eq (1.4.3) depends only on the

electronic structure: N(E„) is the electron density

of states at the Fermi energy and <I2> is an average

over the Fermi surface of the square of the electron-

phonon coupling matrix element. The denominator in

Eq (1.4.3) depends on the phonon structure: M is the

atomic mass and ÜT2" is an average over the phonon

frequencies

)2 = ƒ (o F(u) du ƒ ^ F(u) du (1.4.4)
o o

An expression relating <I2> to the electronic para-

meters has been derived by Gaspari and Gyorffy (1972)

They find

N(Ep)<I
2> =

2E . 2
— I £̂ ± " - *•* - (1.4.5)

n2N(Ep) 1=0

where n„ is the scattering phase shift, N.(E_) the

partial density of electrons with angular momentum

quantum number I at the Fermi energy and N'(E) a

normalizing function.

The formalism discussed above gives satisfactory
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results for metals. In the case of compounds the

assumption of McMillan that a2 (w) can be treated as

a constant over the whole phonon frequency range is

not likely to be a good approximation because of the

presence of optical phonons. However, in the case

of palladium-hydrogen/deuterium a generalization of

expression (1.4.3) can be given.

Because of the large mass difference between the

palladium atoms and the hydrogen or deuterium atoms

the acoustical modes in the phonon spectra of PdH

and PdD can be associated with the movements of the
X

palladium atoms and the optical modes with the

movements of the hydrogen or deuterium atoms relative

to the palladium atoms. The contributions of the

acoustical and optical modes to the phonon density

of states F(w) are well separated as can be seen in

Fig. 1.4.2. This implies that the integral in Eq. 1.4.2

describing the electron-phonon interaction can be

split in a contribution of the acoustical and a

contribution of the optical phonons:
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X , , = 2 ct2(ü))F(u))- du + 2 a2(cü)F(u>)- du
el-pn ) <A ) ai

acoustical optical

phonons phonons

(1.4.6)

using McMillan's constant-a2-approximation for the

acoustical and optical phonons separately Eq. i.4.6

can be written as

N(E )<I2> N(E )
X , . = - — + - ^ (1.4.7)
el-ph —

MPd u2ac
where <I2> describes the coupling of the electronsac

with the acoustical phonons, and < l 2 >
O D t

 t n e coupling

with the optical phonons.

Papaconstantopoulos and Klein evaluated the quantities

N(EF)<I
2> and N ( E p ) < l 2 >

O D t using the results of

their calculation of the electronic structure of

stoichiometric PdH. For the scattering phase shifts

n, and the angular-momentum-decomposed electron

density of states N£{Ep) which enter Eq. (1.4.5) they

used, the site decomposed values: the values concerning

the palladium muffin-tin were used to evaluate <I2>

and the values concerning the H/D muffin-tin to

calculate <I2> .. For the phonon density of states
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they used the results of Rowe et al. (1974) for PdD

and for PdH the anharmonically scaled phonon density

of states of PdD as proposed by Rahman et al. (1976).

Papaconstantopoulos and Klein find a good quantitative

agreement between their calculated values of T and

the experimental results both for PdH and PdD . This
X X

is impressive as no adjustable parameters are used

in this theory.

They find that in the concentration range where

superconductivity occurs the major contribution to

X , , comes from the coupling of electrons to optical

phonons. The coupling of electrons with optical
phonons *e]_Dh(°P

t) i s proportional to

el-ph "**> ~ N(EF) <1-4-8»

where N (E_,) is the density of s-electrons at the

S £

interstitial site and N(Ep) the total density of

states at the Fermi energy. The N H'D(E ) and N(E)-
S I?

curves calculated by Papaconstantopoulos et al. (1978)

are shown in Fig. 1.4.3. The concentration dependence

of T is determined by the concentration dependence

of the Fermi energy E by means of Eq. (1.4.8). It

is important to note that the isotope effect in the

superconducting transition temperature is ascribed
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by Papaconstantopoulos and Klein solely to the

differences in the optical phonon spectra of palladium-

hydrogen and palladium-deuterium. They assume that

the electronic structures of PdH and PdD are identical,
xx

so that no isotopic differences can arise from the

electronic part N(Ep)<I
2> of * e l_ p h (see Eq. 1.4.3).

In the harmonic approximation the phonon dependent

parts of A 1_ , are also independent of the isotope

mass:

~T harmonic
MH w MD

(1.4.9)

Rahman et al. (19 76) sugaested that the force
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constants in PdH are ~ 20% higher than in PdD due
X X

to anharmonic effects

= 1 . 2 MD u ) 2
D ( 1 . 4 . 1 0 )

so that A , , (opt) is smaller for PdH than forel-ph x

PdD . Using this result Papaconstantopoulos and Klein

find an isotope effect in T of the right magnitude

Recent neutron diffraction experiments (Ross et al.

1979) and banian scattering experiments (Sherman et

al. 1977) indicate however that the analysis of Rahman

et al. is not correct,'and that the anharmonic effects

are smaller

so that it is likelv t,b&&; ,$iu? isotope .©'fefeat in T
V*' ,•&', *. ' - h ' - ^ C

cannot only be jrtttjibsted t&. th# Jianhafm^nicity of

o p t i c a l phonons;»/ -:i • •: 4p.. i

A d i f f e r e n t mecK-anism which, ^r.ulci q u a l i t a t i v e l y

e x p l a i n t h e i s o t o p e e f f e c t in t tie s u p e r^ö-n d t s ^ t i n g

t r a n s i t i o n t e m p e r a t u r e h a s bvon p r o p o s e d by M i l l e r

and S a t t e r t h w a i t e (1975) and S a t t e r t h w a i t e ( 1 9 7 7 ) .
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They argue that the difference in the zero-point-

motion amplitude of the interstitial proton and

deuteron can lead to a difference in the electronic

structure of PdH and PdD . From the neutron

diffraction experiments follows that the position of

o o
the proton and the deuteron is 0.23 A and 0.20 A

respectively (the lattice constant of palladium is
o

3.89 A). As a result the protons will be on the

average closer to the surrounding palladium atoms

than the deuterons, which could result in an enhanced

interaction between the proton potential and the

palladium electrons.

Miller and Satterthwaite (1975) suggest that this

could lead to a situation where the d-bands are

filled at a higher concentration in palladium-

hydrogen than in palladium-deuterium, so that at the

concentrations where superconductivity occurs the

electronic structure of PdD is similar to the

electronic structure of PdH in agreement with the

experimental curves shown in Fig. 1.4.1 (6 ~ 0.05).

The only indication sofar which supports the hypo-

thesis of an isotope effect in the electronic

structure of PdH and PdD is given by the electronic

specific heat measurements of Zimmerman et al. (1975)

and Wolf and Zimmerman (1976)
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After this rather long introduction we are now in a

position to expose the motivations which lead to the

j present investigation.

The results of Gelatt et al. (1978) for the lifetimes

of electron states and of Bansil et al. (1979) for

the Fermi surface can be directly compared with the

outcome of de Haas-van Alphen experiments. Sofar,

the only experimental evidence of the correctness of

some features of the bandstructure calculations comes

: from the photo-emission work of Eastman et al. (19 71)

and Autonangeli et al. (1975). They observed by

comparing the photo-emission spectra of Pd and a1-

phase PdH the low-lying band formed by filled

palladium states that are pulled down as predicted

by Switendick (1972).

By comparing the results of a Fermi surface study on

PdH and PdD detailed information can be obtained
X X

about possible differences in the electronic structure

of these systems. These differences must be taken into

account for a correct explanation of the isotope

effect in the superconducting T .
c
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C H A P T E R 2

EXPERIMENTAL PROCEDURES

SUMMARY

Aocuvate and detailed infcrmation on the electronic

structure of a metallic system can be obtained by

means of the de Haas-van Alphen effect. Cross

sectional areas of the Fermi surface3 electron

scattering rates and effective masses of electrons

in metalSj stoichiometric compounds and dilute alloys

can be directly determined from measurements of this

quantum oscillatory effect.

A description of our high-resolution de Haas-van

Alphen spectrometer is given together with the

methods used for the analysis of the quantum

oscillatory signals. Brony's method for analyzing

exponentially decaying periodic signals is found

to be particularly useful.

The sample preparation - growing palladium single

crystals 3 and charging the samples with hydrogen or

deuterium - is discussed.

The experimental set-up used for the determination

of the volume dependence of the Fermi surface of Pd
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from de Haas-van Alphen experiments under high

pressures is briefly described.

2.1 The de Haas-van Alphen effect.

For the purpose of the study of PdH and PdD which

is briefly outlined at the end of Section 1.4 we

need an experimental technique which can be used for

dilute alloys, which is accurate enough to detect

isotope effects in the electronic structure, and

which gives experimental results directly related to

the bandstrueture.

One of the most powerful techniques which meets these

requirements is based on so-called quantum

oscillatory effects and makes it possible to obtain

very accurate and detailed data on the Fermi surface

and the bandstructure of a metal at the Fermi

energy.

Many properties such as the magnetization (de Haas

and van Alphen 1930), the magnetoresistance

(Shubnikov and de Haas 1930), the sound velocity

and absorption, the lattice parameters, the thermo-

electric power of relatively pure single crystals

exhibit an oscillatory behaviour as a function of

an applied magnetic field. These quantum oscillatory
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phenomena occur only at liquid helium temperatures in

sufficiently high magnetic fields. The oscillations

in the magnetization are known as the de Haas-van

Alphen effect. This effect has been extensively used

to investigate the electronic properties of metals,

compounds and dilute substitutional alloys. In this

work we shall use for the first time the de Haas-

van Alphen effect to study the electronic structure

of the interstitial alloys PdH and PdD .

Since an excellent review has already been given by

Gold (1968) we give here only a brief description

of the de Haas-van Alphen effect. Like all the other

oscillatory phenomena mentioned above the de Haas-

van Alphen effect is due to an oscillatory contribution

to the thermodynamical potential G (or Gibb's free

energy). The thermodynamical potential oscillates as

a consequence of the quantization in Landau levels

of the orbital motion of the electrons in a plane

perpendicular to B.

Using an expression derived by Lifshitz and Kosevich

(1956) for the oscillatory part of G of a non-

interacting electron system in a homogeneous magnetic

field and the definition of the magnetization M
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M = - — grad G (2.1.1)

We obtain the following expression for the oscillatory

part M of the magnetization (in spherical coordinates

-»• •*• r 3 F . . 3 F .i r F .
M = z Mj = ^ è 1 1

(2.1.2)

where Y is the infinite-field phase and the de Haas-

van Alphen frequency F. associated to the j-th

extremal cross-section' of area A. of the Fermi

surface is given by

Fj=2iïlAj

or in practical units

F.[T] = 3.741 x 101* A[a.u.2] (2.1.4)

Following an argument by Pippard (196 3) it is

assumed that the oscillations in M are periodic in

1/B, the reciprocal magnetic induction.
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The amplitude of the r-th harmonic for the j-th cross-

section of the Fermi surface is at a temperature T,

32A.

n, in, n 3 k 2

'2_T e X P! B

1

band,j ?l <2'1-5)

where m* is the effective electron mass, m, , .

is the bandmass, g. the effective orbital g-factor,

T . the Dingle temperature of the j-th extremal cross-

section and
2ü2k m

a = ^| — = 14.69 [T/K] (2.1.6)

In all relations kD is Boltzmann's constant, in is
D e

the electron mass, R = h/2Fl with h Planck's constant

and c the speed of light.

We discuss now the various terms in the expression

for M, and the information they can provide about

the electronic structure.
The term •*• with k the component of the k-vector

3k2

parallel to ê is related to the local curvature of

-̂  is due2)the Fermi surface; the term cos r g m. , . -̂
{ 3 j cand, j 2

to the Zeeman-splitting of the Landau levels. These
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two terms can be obtained from the absolute value

and the harmonic ratios of the de Haas-van Alphen

amplitude (Randies 19 72).

The term

sinh
arm*T

B

~ 2T exp
arm*T

B (2.1.7)

describes the temperature dependence of Z. . The
D / r

effective mass ittf can be determined by measuring 21.
3 3 rr

as a function of temperature at constant magnetic

field. The approximation in Eq. 2.1.7 is valid under

the experimental conditions in this work.

For a system of non-interacting electrons the

effective mass nrt which enters Eq. 2.1.7 is equal to

the absolute value of the band mass m, , . associated

with the j-th extremal cross-section defined by

-Si
"bandjj 2U

3A.

3E (2.1.8)
'E=ET

Many-body interactions (electron-electron, electron-

phonon interaction) lead to a renormalization of the

effective mass (Engelsberg and Simpson 1970) and
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m* = 11 + X . "band,: (2'1-9)

For all the orbits investigated sofar in Pd the

enhancement parameter A. varies between 0.4 and 1.2

(Crabtree et al. 1978). The value of the enhancement

parameter averaged over the whole Fermi surface is

A ~ 0.7 in agreement with values derived from

electronic specific heat measurements. From calcula-

tions of Papaconstantopoulos et al. (1978) follows

that the electron-phonon enhancement parameter

* n , ~ 0.2, so that other (electron-electron)el-ph

contributions to A are considerable.

In a real metal the lifetime of an electron state

is reduced by the presence of impurities and lattice

defects. This implies that Landau levels are not

perfectly sharp. A phenomenological discussion of the

effect of Landau level broadening given by Dingle

(1952) leads to the term

exp
-ar m* T

3
B

(2.1.10)

in Eq. 2.1.5. The Dingle temperature T . is related

] to the temperature independent relaxation time T of

the electrons (Myron and Mueller 1975) by the relation
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TD,j 2n

where <T>. is an average over the j-th extremal orbit

on the Fermi surface. Once the effective mass m* is

known the Dingle temperature can be found from the

magnetic field dependence of z\ at constant

temperature.

Until now we have assumed that the parameter which

enter the expressions for the de Haas-van Alphen

effect are constant over the sample volume. In

practice this is not necessarily the case: the

magnetic field B generated by currently available

magnets is always slightly inhomogeneous, and

properties of the sample such as the hydrogen con-

centration or internal stresses can fluctuate over

the sample volume.

Even when the inhomogeneities are small they can

have a considerable effect on the de Haas-van Alphen

signal because different regions of the sample give

rise to oscillations with slightly different phases

leading thus to interference effects (Shoenberg 1969).

This phase-smearing is conveniently described by a

formalism given by Chang and Higgins (1975).
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We assume that a parameter p which determined the de

(2 F)
Haas-van Alphen phase * = —5~ varies over the

I B ;

sample as p(r) = p0 (1 + c (r)) where pg is the value of

p averaged over the sample volume V. The de Haas-

van Alphen magnetization M has the form

M = Z sin(*); (2.1.12)

When the variation of p is taken into account this

becomes (if we assume that the variation of p over

the cyclotron orbit can be neglected)

M = ̂  f Z sinU(po) + e(r) p0 ~ ] dr (2.1.13)
V

This can be rewritten as

M = (s2 + c 2 ) ^ Z sin(<|>(p0) + S) (2.1.14)

with

S = V J S i n ["9~ P0£( r>
V

c = ^ | c o s | | | p o e ( r ) j d 3 r (2 .1.16)
V
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and 6 = tan"1 - (2.1.17)

The amplitude is reduced by the magnetic field dependent

factor (s2+c2)2 < 1, so that we have to be careful when

determining Dingle temperatures from the field dependence

of the amplitude.

Another type of effect which can give rise to an extra

field dependence of the de Haas-van Alphen amplitude

is found in materials with field dependent electronic

parameters. In Kondo alloys the de Haas-van Alphen

amplitude is modulated by the field dependence of the

effective g-factor (c.f. Eq. 2.1.5). Elliot et al.

(19 78) demonstrated experimentally that the effective

mass can have a small field dependence because of the

field dependence of the electron-phonon enhancement

parameter *el_ph-

It is conceivable that in palladium the electron-electron

interactions are field dependent. From the theory of

Ueda (19 76) on the effect of a magnetic field on the

electrical resistivity of nearly ferromagnetic materials

one expects that the Dingle temperature decreases at

high magnetic fields as a result of the suppression

of spin flucturations. To date however there has been

little theoretical progress in understanding quantitative-

ly the electron-electron interaction in palladium
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(Crabtree et al., to be published).

2.2 The de Haas-van Alphen spectrometer

a) The cryomagnetic system.

The cryogenic system is schematically given in Fig.

2.2.1. It consists of two cryostats, one for the super-

conducting magnet and a smaller one for the experimental

set-up. The magnet cryostat is designed for maximum

versatility and easy access of the room-temperature

magnet bore. For de Haas-van Alphen experiments the

tail of the smaller cryostat is lowered in the magnet

bore vhich is subsequently evacuated. Both cryostats

consists of an outer liquid nitrogen container for

radiation shielding and an inner liquid helium container.

The spaces between the various walls are evacuated to

get a proper insulation. In spite of its rather un-

conventional design, the liquid helium evaporation rate

of the magnet cryostat is ~ 0.5 I/hour under operational

conditions and thus comparable to that of more con-

ventional cryogenic systems.

The liquid helium baths can be cooled below 4.2 K by

reducing the vapour pressure. The lowest temperature

which could be reached in the cryostat containing the
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Fig. 2.2.1. The cryogenic system.
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experimental set-up was 1.1 K. A manostat is inserted

'• in the pumping line to stabilize the pressure, and

' thus the temperature at which the experiments are

] carried out.

The magnetic field is provided by a superconducting

coil designed and manufactured by Thor Cryogenics,

Oxford, who also produced the cryogenic system. The

coil consists of an outer layer of Nb-Ti and an inner

layer of Nb3Sn wire. It is capable of producing a

maximum field of 12 T at 1.8 K, with a central field

inhomogeneity better than 10~5 over a sphere of 10 mm

diameter.

The magnetic field is changed by varying the current

through the magnet coil. As the de Haas-van Alphen

oscillations are periodic in 1/B it is advantageous

to sweep the magnet with d U /dt constant. The period

of the oscillations is then constant in time, so that

integration time problems in the detection electronics

are avoided. The principle of the sweep unit is sketched

in Fig. 2.2.2. The voltage V is delivered by a

16-bit digital-to-analog converter; V is proportional

to the setting of a 16-bit counter. The 16-bit counter

counts the pulses from a voltage-to-frequency converter;

the pulse rate of the V/f converter is proportional
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DAC
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F i g . 2 . 2 . 2 . Principle of the sweep unit.

either to a constant voltage V f resulting in

dV
—s"e.eP = constant, or to 1/(V„,„_)2 resulting in

CfC Sweep

1 sweep _ I sweep-* _

V dt dt
= constant (2.2.1)

sweep

The output of the sweep unit is fed to a voltage-to-

current converter (Thor Cryogenics 6010) which supplies

the magnet current. The sweep unit is controlled by a

Digital Equipment Corporation PDP-11/05 minicomputer

which monitors the magnet current with a digital volt-

meter.
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The magnetic field cannot be determined accurately from

the magnet current, because the current supplied to

the magnet coil is only approximately proportional to

the magnetic field when the field is swept. This is

a consequence of the high self-inductance (47.5 H) of

the magnet coil and the necessary lfi protection resistor

over the coil forming a L-R circuit with a time constant

of 47.5 seconds. A method to circumvent this problem

is described in subsection C.

b) Detection system.

Te oscillations in the magnetization can be detected

in several ways. We have used the large amplitude field-

modulation technique and the torque method.

A detailed description of the field modulation technique

is given by Stark and Windmiller (1968). The de Haas-

van Alphen oscillations are detected by adding to the

slowly varying main magnetic field So
 a modulation field

bocos(ü)t). In our experimental configuration b is

parallel to Bo. The modulation field is provided by a

coil around the sample. The contribution of the j-th

extremal cross section to the component of M parallel

to Bo is then (see Eq. 2.1.2)
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M. ( M = F. I Z .
D 3 r = 1 :

1 -
bcostot +• T (2.2.2)

A second coil system with its axis parallel to Bo is

placed around the sample. This pick-up coil consists of 2

sections: one closely coupled to the de Haas-van Alphen

sample, and another wound in such a way that a voltage

can only be induced by variations in the magnetization

of the sample. The various coils are indicated

PDP-11/05

MODULATION
CURRENT SOURCE

AD 7541
DVM

POP-11/05 £ ^ p D p . J
Ji M T

 11/05

sweep 100 A

SWEEP UNIT

MAGNET CURRENT
SUPPLY THOR -
60)0

1ft
PROTECTION
RESISTOR

PDP-
11/05

PDP-
11/05

12TESLA
MAGNET

Fig. 2.2.3. Schematic diagram of the field

modulation set-up (with reference sample). A modulation

field can be provided for each sample separately, or a

common modulation coil can be used. The 1Q resistor is

necessary to protect the magnet during an eventual

quenching.
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schematically in Fig.2.2.3.

The voltage induced in the pick-up coil system can be

obtained from a time-differentiation of Eq. 2.2.2.

Expanding Eq. 2.2.2 in a series of Besselfunctions we

find that the amplitude of the component with frequency

n.o) of the voltage induced in the pick-up coil is

V(n.co) ~ F. I n.ü) J (m ) Z. sin
3 r n r 3 ,r

2TTr F.

Bo
+Y (2.2.3)

V(n.oi) is proportional to M. whenever the modulation

index

m r =
 2" r b Fj (2.2.4)

is kept constant.

The modulation coil is fed by a current-source driven

by a low distortion sine-wave oscillator (Krohn-Hite

4024). The modulation current is controlled by the

PDP11/05 by means of a multiplying digital-to-analog

converter; the PDP11/05 monitors the magnet current

(and thus Bo) and adjusts b in order to keep m constant.

The modulation frequency w cannot be chosen too high

because of the high electrical conductivity of metals

at low temperatures. For all the runs on Pd, PdH and

PdD modulation frequencies of 30-90 Hz were used;

the skin depth is then much larger then the sample
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dimensions (Vuillemin 1966).

The electronics used to measure the amplitude V(n,w) of

the signal component with frequency n.w induced in the

pick-up coil is sketched in Fig. 2.2.4. The signal is

fed via a low-noise impedance matching transformer

PAR-190 to a Lock-In amplifier PAR-128A for phase-

10:1000
transformer
PAR 190

LOCK-IN PAR 128 A

SYNCHRONOUS
FILTER

out ADC P DP-11/05

ref AD AC
600 -11

chart
recorder

FREQUENCY
MULTIPLIER

Krohn-Hite L

4024

DETECTION

Fig. 2.2.4. Electronics for the detection of de

Haas-van Alphen signals. The modulation frequency is

a); phase-sensitive detection is done at n.oi.

sensitive detection of V(n.w) . The reference frequency

n.w for the Lock-In is provided by a frequency-

multiplier built around a RCA CD4046 phase-locked-loop

integrated circuit (ICAN application note 6101) .
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Second harmonic detection is used for most of the

measurements. The synchronous filter between the pre-

amplifier and the phase-detector of the PAR-128A is

of the type described by Komachi and Tanaka (1975).

The output of the Lock-In is displayed on a chart

recorder and monitored by the PDP-11/05 through an

ADAC 600-11 data acquisition system. A recorder tracing

of a de Haas-van Alphen signal is shown in Fig. 2.2.5.

Fig. 2.2.5. Recording tracing of the de Haas-van

Alphen oscillations of palladium measured with the

field modulation technique. The lower trace is the

palladium signal; the upper trace is the reference de

Haas-van Alphen signal of a copper crystal. The magnetic

field is along the [001] axis of the Pd-and along the

[111] axis of the Cu-crystal. The temperature is 1.55 K;

the magnetic field ranges from 8.4 T to 6.7 T.
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Another way of detecting de Haas-van Alphen oscillations

is to measure the torque acting on a sample of magnetic
-»•

moment M Q (£2 is the sample volume) in a homogeneous
->

magnetic field B. The oscillatory torque 7 can be

calculated from Eq. 2.1.2 by means of

-v -*•

7 = M a x S (2.2.5)

For the special case where the torque is measured

relative to a rotation axis perpendicular to both a

symmetry plane of the crystal and the applied magnetic

field Eq. 2.2.5 becomes

^ dlnF. «
T = - Q B I ... 3 i z . sin

-i UO , T ,r

2TTrF .

B

(2.2.6)

where 6 indicates the orientation of the crystal in

the magnetic field. The torque vanishes whenever

dlnF./d9 = 0. The torquemeter used in this work is

similar to that of Griessen et al. (1978). A schematic

diagram of the torquemeter is given in Fig. 2.2.6.

It consists of a movable part supported by a double

crossed-springs system. This type of suspension
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Fig. 2.2.6. The torquemeter used for de Haas-van

Alphen measurements. The important parts are: M-

movable part, supported by two crossed-springs systems

S. Movements of M are detected by measuring the

capacitance between plates C. The whole torquemeter

can be rotated with the gear system.
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corresponds to a rotation axis without friction.

The rotation produced by the de Haas-van

Alphen torque T changes the distance between two

capacitor plates; the resulting capacitance changes

are measured with a General Radio 1615A capacitance

bridge. The rotation axis of the movable part is

perpendicular to B and parallel to the [010] axis of

the investigated crystals. The whole torquemeter can

be rotated about an axis parallel to the rotation axis

of the movable part, so that the direction of B can

be varied in the (010) plane. The torquemeter is

easily calibrated by passing a current in a coil of

known dimensions and number of turns mounted on the

movable part of the torquemeter. This provides us with

a means of measuring the amplitude of de Haas-van Alphen

signals absolutely.

The merits of the field modulation technique are its

high sensitivity and the possibility to suppress un-

wanted de Haas-van Alphen frequencies by choosing an

appropriate modulation index.

The main advantage of the torque method is that absolute

measurements can be done on relatively large samples

without encountering skin-depth problems. This is

< important for our investigation of PdH and PdD as
i

I it makes it possible to use samples for which the
J
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hydrogen or deuterium concentrations can be accurately

determined gravimetrically. The sensitivity of the

torque method is however lower than that of the field

modulation technique for high de Haas-van Alphen

frequencies.

c) Magnetic field reference system.

As a result of its exponential dependence on the

electron scattering rate the de Haas-van Alphen effect

can only be observed in dilute PdH and PdD samples.
x x

The expected changes in electronic bandstructure in-

duced by limited amounts of hydrogen or deuterium are

then particularly small, and it is thus essential to

measure de Haas-van Alphen frequencies very accurately.

In order to determine de Haas-van Alphen frequencies

the magnetic field must be known. As discussed in

Section 2.2(a) zhe magnet current cannot be used to

measure the field accurately. High precision measure-

ments of the de Haas-van Alphen frequencies of noble

metals were done by Coleridge et al. (1971). They

used the nuclear magnetic resonance of 27A1 to measure

the magnetic field change over a few periods of the de

Haas-van Alphen oscillations. However, for signals

containing a large number of de Haas-van Alphen
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frequencies this method is complicated.

We used therefore the more practical method developed

by Harmans and Lassche (1977) to determine de Haas-

van Alphen frequencies with high relative accuracy.

This method uses the de Haas-van Alphen signal of a

suitable reference single-crystal for the calibration

of the magnetic field. Calibration points equidistant

in 1/B are obtained by means of a second detection

system with its own pick-up and modulation coils and

detection electronics. The reference sample must have

only one de Haas-van Alphen frequency. This can be

achieved by choosing a metal with a simple Fermi

surface, by making the Dingle temperature not too low

so that only the first harmonic Mi has a significant

amplitude, or for metals with more than one de Haas-

van Alphen frequency by choosing an appropriate

modulation index m. For measurements on palladium we

use a copper reference sample with the till] along

the magnetic field. In this arrangement two de Haas-

van Alphen frequencies are present: one associated

with the [lll]-neck extremal cross section with a de

Haas-van Alphen frequency of 2173.56 T and one

j associated with the [lll]-belly orbit with a frequency
1

of 58072.4 T (Coleridge and Templeton 1972). The
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Dingle temperature for both orbits is~0.5 K. The

copper [111]-neck frequency is used to measure the

X- and L-pockets of palladium; the [lll]-belly to

measure the palladium r-electron sheet (see Chapter 4).

The zero-crossings of the reference signal are accurately

spaced equidistantly in 1/B as they are defined by

M.
r e f

sin 2TT - ^ + = 0 (2.2.7)

The negative-to-positive zero crossings of the

reference signal are used by the PDP-11/05 for the

timing of the data-sampling of the Pd, PdH or PdD„

signals. The procedure is indicated in Fig. 2.2.7.

The magnetic field is varied with ,̂  = constant.

In order to take N data samples of the palladium signal

in each period of the reference signal, the PDP-11/05

samples the reference signal every 20 milliseconds

to see if a negative-to-positive zero crossing has

occurred. If it has, the time T between this zero-

crossing and the previous one is used to calculate

the time T/N after which the data samples of the

palladium signal must be taken in the coming period

of the reference signal. The zero value of the
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zero .
crossing

integrating
mean value

z z

reference
signal

N«4

Fig. 2.2.7. Method of data sampling using a

reference de Haas-van Alphen signal. The zeros of

the reference signal are found by integrating over

one period. The number N of data samples per reference

signal period is 4.

reference signal is adjusted to its average value

over the last period to eliminate drift effects.

The data samples of the palladium de Haas-van Alphen

signal are stored in the memory of the PDP-11/05.

At the end of a magnetic field sweep we have in this

way data samples of the palladium signal which are

equidistantly spaced in 1/B, i.e. with
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.Fref
(2.2.8)

According to the sampling theorem (see for example

Stearns 1975) the value of N must be chosen in such

a way that the highest de Haas-van Alphen frequency

of interest is smaller than N-F
ref/

2«

The de Haas-van Alphen frequencies and amplitudes

averaged over the magnetic field range in which the

measurement is done are subsequently determined by

means of a Fourier transformation of the data samples.

As an example we shown in Fig. 2.2.8 the de Haas-

H van Alphen signal of Fig. 2.2.5. The frequencies are

reproducible with a relative error of ~10~ 6 from

'M run to run.

The Dingle temperatures can be determined by Fourier

• -•* transforming series of data samples taken over
4
c different magnetic field ranges at a constant tempera-

ture. The average amplitudes over these field ranges

can be fitted to expression (2.1.9).

As difficulties can arise when peaks in the Fourier

spectrum are not well separated from each other, it

is advantageous to determine the de Haas-van Alphen

frequencies, effective masses and Dingle temperatures

from a least-squares fit of the data samples to the
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Fig. 2.2.8. Fourier spectrum of the de Haas-

van Alphen signal of Fig. 2.2.5. Four peaks

corresponding to extremal cross sections of the Fermi

surface of palladium are present (L(l,l,l), X(0,0,l),

X(l,0,0) and a). Additional peaks corresponding to

harmonics, as well as a peak dus to magnetic inter-

action (X(0,0,I) + X(l,0,0)) and a spurious peak

induced by the Cu-[111]-neck signal are also shown.

theoretical expression for M (2.1.4). Using the

approximation (2.1.7) for the temperature dependence

of M r the oscillatory magnetization can be re-written

in the form

a T .
n

N = P. e sin 2TT B (2.2.9)
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't

with

(2.2.10)

The n indices j number not only the fundamental de

Haas-van Alphen frequencies, but also harmonics and

magnetic interaction signals.

For each index j there are four parameters : the

amplitude P., the damping factor x ., the frequency

F . and the phase at infinite field Y •• The parameters

ƒ> T _, and F . enter the expression non-linearly.

A method to transform this non-linear least-squares

| problem into a linear fit for equidistant data-points

has been proposed by the Marquis de Prony in the fourth
t.

•".

year of the French Revolution. We describe now how

Prony's method may be used in the analysis of de

| Haas-van Alphen signals. As mentioned previously the

sampling of the signal defines (m+1) equidistant data

points D,. As the de Haas-van Alphen signal is

described by Eq. (2.2.9) the data points must satisfy

n k
Z c. y. , k = 0,..fm (2.2.11)
=l 3 D
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with

-fa T . ± i2FTF. A|g] (2.2.12)

T j - e I ^ DM

c . = + -f e D (2.2.13)

A g is the spacing in 1/B defined in Eq. 2.2.8. As
the D are real, the y. must either be real (F. = 0)

K D J

or occur in complex conjugated pairs. This implies

that the y.'s can be viewed as the n roots of the

polynomial

= 0 (2.2.14)

with real coefficients 6.. By substituting Eq. 2.2.14

in Eq. (2.2.11) it can be seen that the n coefficients

B. must satisfy the following m-n+1 linear equations.

+ ••• + D0 Bn = Dn

+ ••• + Dien = Dn+1

+ D B = Dm-n n m

(2.2.15)



80

Using a standard least-square fit procedure the

coefficients &. can be found from the overdetermined

system of linear equations which involves only the

data points D, (2.2.15). The y• are subsequently

found as the roots of the polynomial. Finally the

de Haas-van Alphen frequencies F. and the damping

factors T. are obtained from the real and imaginary

part of log (p.). If required, the amplitudes P. and

the phases y. can be determined with a second linear

fit of the data points to (2.2.11). By applying Prony's

method we have transformed the difficult non-linear

least-squares problem into a problem which can be

solved with two linear least squares fits and

finding the roots of a polynomial. The effective masses

ml? and the Dingle temperatures Tn can be found by

determining the damping factors x. at a few tempera-

tures. If T. is plotted against temperature T as in

Fig. 2.2.9 the slope is equal to irtf and the intercept

at T = 0 gives T . If i* is known from another

experiment only one measurement of T. at a given tempere

ture is required to determine TD .

The effective masses and Dingle temperatures found with

Prony's method agree within 10% with those derived

from a Fourier transformation; for de Haas-van Alphen
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frequencies the relative difference between the values

obtained by means of both methods is less than 10"5.

A good example of the possibilities of Prony's method

is given by J.R. Anderson et al. (1978); their linear

recursive algorithm is identical to Prony's method.

3 .

-Q5 0

Fig. 2.2.9. A plot of T = m*(T + TD) versus T

has a slope m* and a cut-off at T = 0 of -T_,.

d) Sample positioning.

In order to determine the changes of the Fermi

surface of palladium due to absorption of hydrogen

or deuterium, the de Haas-van Alphen frequencies of

PdH(D)x must be compared to the frequencies of the
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same sample without hydrogen (deuterium). Between two

experiments the sample must be removed from the spectro-

meter for the charging procedure. It is essential to

have the sample remounted in exactly the same position

in the spectrometer after each charging procedure in

order to avoid spurious frequency changes due to mis-

orientation.

•Mj A drawing of the sample-holder for field-modulation

:l measurements on both a palladium sample and copper

f) reference sample is shown in Fig. 2.2.10. The palladium

sample is soldered to a beryllium-copper plunger using

o a silver-based solder with a melting point of 550°C.

The plunger can be taken out of the sample-holder

for hydrogenation. The reproducibility in the positioning

is checked by means of the de Haas-van Alphen effect

;-;_"! itself; the relative changes in the de Haas-van Alphen

il' frequencies after removal and subsequent repositioning

J of the sample are less than 10~5.

] For the torquemeter the positioning procedure is
'i

somewhat different. The position of the sample is

. accurately reproduced by clamping it on the spring-

suspended movable part of the torquemeter. The whole

torquemeter is subsequently aligned in the magnetic

field by observing the beat pattern of the de Haas-van

Alphen oscillations of the X-ellipsoids.
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20 mm

coil form

Cu rafarsncc
cristal

glu«d

Ba-Cu
plungar

locking pin

Fig. 2.2.10. The sample holder for de Haas-van

Alphen experiments using the field modulation

technique. All parts except the pick-up coil frames

are made of beryllium-copper; the pick-up coil frames

are made of Hysol.

2.3 Sample preparation

The palladium samples used in this work are prepared

from palladium powder with a total quoted impurity

content of 6 ppm supplied by Johnson and Matthey

Corporation. The content of magnetic impurities such

as iron is less than 2 ppm.
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The powder is melted in a water-cooled copper boat

using high frequency induction heating to obtain an

approximately half-cylindrical ingot. From this ingot

a cylindrical single crystal with a diameter of ~ 6 mm

and a length of 80 mm is grown by means of zone-melting

with induction heating under high vacuum conditions.

The temperature of the molten-zone is monitored with

a Leybold-Hereaus two-colour pyrometer and kept

constant by a feedback system developped by K. Heeck.

From these single crystals, rectangular samples with

dimensions of 0.8 x 0.8 x 10 mm3 for field modulation

measurements and cylindrical samples with a diameter

of 6 mm and a thickness of 6 mm for torque measurements

were cut by means of spark erosion.

After spark cutting the samples are etched in aqua regia

to obtain a clean surface.

Subsequently the samples are annealed in air for 72

hours at a temperature of 1000 C; as previously noted

'-'} by Hornfeldt et al. (1969) the residual resistivity
• 1

'\ ratio is increased by annealing in air. The final

resistivity ratio (at 4.2 K) of the samples is 6000.

The copper reference crystals are grown using the

••-] Czochralsky method, and oriented by means of the Laue

: I back-reflection X-ray method. As a low Dingle tempera-

ture is not wanted for the reference crystals these
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crystals are not annealed.

The palladium samples are charged with hydrogen or

deuterium by gas absorption in a furnace stabilized

at a tmperature between 200 and 250 °C. At these

temperatures the diffusion constant D is ~ 2 x 10"5

cm2sec"1. From Eq. 1.2.5 follows that with a radius

ro of 0.5 cm the relaxation time x of the diffusion

process is ~ 2200 sec, so that the concentration in

the samples is homogeneous within 1% after a charging

time of 3 hours. As will be discussed in Section 4.2

this does not lead to any significant reduction of

the de Haas-van Alphen signal.

The gas pressure corresponding to a chosen concentration

can be calculated using Eq. 1.2.7. After charging the

concentration of the large samples used in the torque

experiments was accurately determined by measuring

the weight increase of the samples with a Mettler

microgram balance. The concentrations obtained by

charging at 225 C at various pressures are given in

Fig. 2.3.1.

The samples used in the field modulation measurements

are too small to measure the weight increase reliably;
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Fig. 2.3.I. Sieverts plot of the large samples

charged at a temperature of 225 C with hydrogen

and deuterium. Good agreement with Eq. 1.2.7 is

found for H and D if the parameters of Evans and

Everett (E-E) (see table 1.2.1) are used; the para-

meters of Wicke and Nernst (W-N) are in good agreement

with the results for H, but not for D.

the concentration in a sample can be obtained by

comparing the shift in one of the de Haas-van Alphen

frequencies with the concentration dependence of this

de Haas-van Alphen frequency as measured with the

torque method.
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In order to avoid difficulties related to phase-

segregation effects, it is necessary to cool the samples

as fast as possible from room temperature (where the

samples are in the a-phase) to a temperature at which

the diffusion is so slow that no segregation can occur.

The samples used in the torque measurements were cooled

by inserting the sample holder in the cryostat already

containing liquid helium. The samples used in the field

modulation measurements were mounted after immersion in

liquid N2:this is necessary as the sample is surrounded

by the coil system in the sample-holder (see Fig.

2.2.10). Cooling from room temperature to 77 K can be

done in about 10 seconds.

2.4 The high-pressure set-up.

The electronic structure of PdH(D) is not only

influenced by the direct interaction of the host metal

electrons with the interstitial potential, but also

by the volume expansion accompanying the hydrogen or

deuterium absorption.

For a proper comparison of experimental data with

theoretical bandstructure calculations it is thus

necessary to substract from the total measured

frequency changes the contribution due to the volume
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expansion.

We have determined the volume dependence of the Fermi

surface from de Haas-van Alphen experiments under high

hydrostatic pressures. The pressure is applied using

the isobaric helium-freezing method described by

Schirber (1970) .

The high pressure generating system is sketched in

Fig. 2.4.1. Helium gas with a pressure of ~ 100 bar

STRAIN
GAUGE

BBB 221

HE GAS
INLET
(100b)

GAS
BOOSTER

| A G 1 5 2 |

GAS
INTENSIFIER

- M -

AIR PRESSURE

|A,2.SJ[

OIL
RESERVOIR

HE GAS
OUT LET

(KkbarHAX)

VACUUM
PUMP

OIL
PUMP

(7b)
(i5OOo7i|—1

Fig. The pressure generating system.

from a normal gas cylinder is fed to an air-driven

Haskel AG 152 gas booster which compresses the gas to

a pressure of 1 kbar. Further compression is achieved

with a Harwood 2.5J gas service intensifier. The
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intensifier is driven by oil with a pressure of 1 kbar.

The maximum pressure which can be reached with this

system is 14 kbar. The pressure at various points in

the system is read from Bourdon gauges. The high

fj output pressure is measured with a Viatran 221

pressure gauge with an accuracy of 0.4% over the whole

pressure range.

'4 The high pressure is transmitted through a capillary

':?l to the top of a beryllium-copper pressure bomb which

q contains the palladium sample and its pick-up coil.

jj A reference system with a copper crystal and a modu-
li

lation coil is mounted on the outer wall of the bomb.

The bomb is designed to withstand pressures up to

^ 8 kbar. Except some minor modifications of the pressure

3 bomb this system is identical to that described by

;; Harmans (1975).

T The high pressure helium gas is fed to the pressure

' bomb at a high enough temperature in order to prevent

i helium from freezing. The bomb is then cooled down
•i

] from the bottom upwards while the pressure is maintained

j constant. Helium solidifies first at the bottom of the

] pressure bomb and as the bomb is cooled down further

'-] all the helium in the bomb solidifies finally blocking

I the capillary at the top. The solid helium in the bomb

is then cooled down further under isochoric conditions
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to 1.3 K. The pressure drop due to thermal contraction

is evaluated from the thermodynamical properties of

solid helium (Spain and Segall 1971).

The same high pressure set-up has been used to measure

the volume dependence of the Fermi surface of molybdenum

(Bakker et al. 1979) and of antiferromagnetic chromium

(Venema et al. 1980).
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C H A P T E R 3

THE VOLUME DEPENDENCE OF THE FERMI SURFACE OF PALLADIUM

Summary

The volume dependence of several extremal cross

sectional areas of the Fermi surface of palladium

has been determined from de Haas-van Alphen measure-

ments under hydrostatic pressures up to 3.7 kbar.

Good agreement is found between our experimental

results and calculations of the volume dependence

of the Fermi surface of palladium, as well as with

experimental results of other authors.

For a correct interpretation of our measurements of

the Fermi surface of PdH and PdD the volume

dependence of the Fermi surface of palladium must be

known in order to separate the purely electronic effects

from the lattice expansion induced by the hydrogen or

deuterium absorption.

The volume dependence dlnA/dV of a cross-sectiona area

A of the Fermi surface can be determined by measuring

the corresponding de Haas-van Alphen frequency F
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at various pressures by means of the following relation

dlnA = fdlnVp1 dlnA 1_ F(p) - F(p=0)
dV I dp J dp - KT p. F (p=0)

(3.1)

where p is the pressure and

= 0.52 x 10"6 bar"1 (3.2)

is the isothermal compressibility measured by Walker

et al. (1970) and by Hoefsloot et al. (1979) at

liquid helium temperatures.

The high-pressure generating system is described in

Section 2.4. In the experiments pressures up to 3.7

kbar were used. The direct application of high pressure

was preferred over the more elegant low-pressure

de Haas-van Alphen phase-shift technique first used

by Templeton (1966). Because of the complexity of the

de Haas-van Alphen signal of Pd it is difficult to

follow the phases of the different orbits on the X-

and L-orbits separately.

The de Haas-van Alphen frequencies were measured using

the dual field-modulation spectrometer described in

Section 2.2. The palladium sample is mounted in the
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Table 3.1 Volume dependence of several extremal cross sectional areas of the Fermi surface

of palladium.

Fermi surface

sheet

Electron sheet

X-hole

pocket

L-hole

pocket

Orbit

centre

r(0,0,0)

X(O,O,1)
X(l,0,0)

L(U,J)
L(|,i,i)

Field

direction

[001]

[001]

[001]

[001]

[111]

0

0

0

0

0

area

[a.u.-2]

a)
.731

.0153

.0238

.0061

.005

b)
0.755

0.0152

0.0265

0.003

0.003

- 0 .

- 2 .

- 1 .

+3.

c)
79±0.

02±0.

17±0.

3 ±0.

-

16

14

14

4

dlnA/dlnV

-0

-2

-1

+6.

d)
.77±0.10

.0 ±0.4

4 ±1.6

—

6 ±1.9

e)
-0.67±0.10

-

-

—

-

f)
-0.81

-0.80

-1.31

+3.8

+0.6

a) Experimental values

b) Values calculated by Skriver et al. (1978)

c) This work (dlnA/dlnV = -1/^.dlnA/dp; <T = 0.52 10~
6 bar"1)

d) Obtained by summing up the uniaxial stress derivatives measured by

Joss and Van der Mark (1978)

e) Value measured by Vuillemin and Bryant (1969) using the liquid helium

phase-shift technique

f) Values calculated by Skriver et al. (1978)
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pressure bomb with the [001] axis parallel to the

magnetic field. In this configuration we can measure

two extremal cross sections of the hole ellipsoids

centered at point X of the Brillouin zone, one ;:

extremal cross section of the L-ellipsoids and one

extremal 'ross section of the electron sheet centered f.

at r. ,••'•

Our experimental results are presented in Table 3.1. [i

The investigated areas were all found to vary i •

linearly with the applied pressure. The errors are j

estimated by comparing the results of consecutive v

experiments.

The results of other investigators are also given in

Table 3.1. Good agreement is found for the volume ';

dependence of the r-electron sheet with the value

obtained by Vuillemin and Bryant (1969) by means of

the low-pressure fluid-helium phase-shift technique.

(N.B.: As the de Haas-van Alphen frequency corresponding I

to the extremal area of the r-electron sheet is well

separated from the frequencies corresponding to the *

X- and L-ellipsoids, this technique can be used to

investigate the r-sheet).
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The uniaxial stress derivatives dlnA/dc^ of several

extremal cross sectional areas of the Fermi surface

of palladium have been measured by Joss and Van der

Mark (1978). Their results can be compared with our

results using the relation

dlnA _ _1_ i dlnA
dlnV KT ^ d0±

where a. (i=l,2,3) represents an uniaxial stress along

the [001], [010] and [100] directions. For the orbit

centered at X(1,0,0) severe cancellation of the terms

occurs. Nevertheless a very satisfactory agreement

is found between our results and the values found by

Joss and Van der Mark (1978).

The L-pocket exhibits an unusual positive volume

dependence. From simple bandstructure models both for

free electrons and for pure d-bands it is expected

that dlnA/dlnV = -2/3 (Sorbello and Griessen 19 73) .

To our knowledge only one orbit of the Fermi surface

of another transition metal (except of course the

intersection orbits in antiferromagnetic chromium,

which hava an anomalous volume dependence as a

consequence of the volume dependence of the spin-

density-wave Q-vector (Venema et al. 1980)) has a

volume dependence with a sign opposite to that given
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by the simple models: the &[0001] orbit in zirconium

(Schirber 1970 b) .

The volume dependence of the Fermi surface of palladium

has been calculated by Skriver et al. (1978). The

volume dependence is determined by calculating the

energy bands of palladium with three different atomic

volumes using the linear muffin-tin orbitals (LMTO)

method. The potential parameters were obtained self-

consistently using the local density approximation for

exchange and correlation. The results are also given

in Table 3.1. The agreement between the calculations

and the experimental results is satisfactory, bearing

in mind that all extremal orbits except the r-orbit

belong to small pockets of the Fermi surface and that ';

therefore comparison of the calculated volume dependence •';}
• |y

with the experimental results is a severe test of the |

accuracy of thé bandstructure model.

The energy bands responsible for the unusual volume

dependence of the L-pocket are sketched in Fig. 3.1.

The upper L6 band has a pure p-character at L while '""]

the bands merging at In+ + L5 and L6 are mainly d-like. f|

The d-bands give rise to a high electron density of \|

states, and determine therefore the position of the ,1)

Fermi level E_,. When the lattice is expanded the É|

j
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centres of the p- and d-bands move towards each other.

At the same time the bands become narrower. The net

result of these competing effects is that the bottom

of the p-band (close to L&) moves away from the top

of the d-band (close to L6, L^ + L 5 ) . Hereby the p-d

hybridisation becomes less effective and since the

Fermi level follows the d-band this results in a

positive volume dependence.

L M K T A L Q W

Fig. 3.1. The energy bands of palladium near the

symmetry point L as calculated by Skriver et al.

(1978). Double group notation is used. The broken

curves show the modification of the band when the

lattice is expanded by 4%.
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C H A P T E R 4

EXPERIMENTAL RESULTS

Summary

The hydrogen and deuterium concentration dependence of

extremal cross-sections of the Fermi surface is

determined from de Haas-van Alphen measurements in

dilute PdH and PdD alloys,xx

The variation of the de Haas-van Alphen frequencies

with the concentration of interstitial impurities is , j

highly non-linear. This is ascribed to the segregation .,

of a'-phase regions in the a-phase matrix. For homogeneous ',-

solutions (non-segregated samples) the shifts in the de |\

Haas-van Alphen frequencies are essentially determined
' T&

by the electron-to-atom ratio3 the contribution of ;l

the dilation of the host matrix being small. A large [•

isotope effects is found for the hole pockets centered

at points X and L of the Brillouin zone.

Within experimental accuracy the effective masses of '•}

all investigated orbits are not affected by hydrogen ?!

or deuterium. -̂ f

The increase in electron scattering rate depends strongly :.£>

on the location of the extremal orbit on the Fermi surface[$$

For orbits on the Y-electvon sheet the Dingle temperature 7%k-
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increases faster with hydrogen (deuterium) concentration

than for orbits on the X-hole pockets. No significant

isotope effect is found in the concentration dependence

of the Dingle temperature increase.

Information about microscopic details of the phase

segregation process can be obtained using the de Haas-

van Alphen effect.

4.1 Results on pure palladium.

As indicated in Section 1.1 the Fermi surface of

palladium is known to consist of a sixth-band electron

sheet centered at point r of the Brillouin zone, three

equivalent X-centered fourth-band hole ellipsoids,

four equivalent fifth-band hole ellipsoids centered

at the points L and a complex structure of inter-

connected tubes open along the [001] directions, the

fifth-band jungle gym.

The extremal cross sectional areas of the r-electron

sheet and the X- and L-hole pockets investigated in

this study are indicated in Fig. 4.1.1.

The de Haas-van Alphen frequencies, the extremal areas

and the effective masses found for several extremal

orbits in pure palladium are given in Table 4.1,1

together with calculated effective band masses. Good



Table 4.1.1. Parameters of the investigated orbits of the Fermi surface of

palladium. The orbit centra are given in units (2n/a)

O
O

Fermi surface

sheet

Electron sheet

X-hole

pocket

L-hole ,

pocket

jungle gym

Orbit

centre

r(0,0,0)

X(O.O.l)

X(0,0,1)

, XC1,0,0)

LCJ.J.J)

• ';>

' ' a

Field i

direction

[00l]:

tooi]

[101]

tooi]

[001]

[001]

F[T]

a)

27330

571

689

888

228

2686

b)

27350

572

688

889

230

2690

area
[a.u.2]

0.

0.

0.

0.

0.

0.

a)

73 1

0153

0184

0238

006 1

0718

2

0

1

m*/m
e

.OO(a)

.63(a)

-

.05(a)

-

-

2

0

0

1

2

.02(b)

.63(b)

.78Cb)

-

.10(c)

.40(b)

mband / me

(calcula

1 .4(b)

-0.38(b)

-

-0.64(bO

-O.66(e)

-l.Kb)

ted)

1

-0

-0

-0

.46(d)

.37(d)

.45Cd)

.61 (d)

-

-

a) This work i

b) Crabtree et al. (1978); the band masses are obtained from a relativistic bandstructure calculation.

c) Brown et al. (1972)

d) Skriver et al. (1978); the band masses are obtained from a relativistic bandstructure calculation.

e) Interpolation assuming an elliptical form of the L-pocket between the [ill] and [112] effective

masses calculated by Mueller et al. (1970)
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- Coio]

[100]

Fig. 4.1.1 The T-electron sheet and the X- and

L-hole pockets of the Fermi surface of palladium. The

investigated extremal cross sectional areas are

indicated as shaded regions.

agreement is found between our results and the measure-

ments of Crabtree et al. (1978).

The a-orbit on the jungle-gym (indicated in Fig. 1 of

Crabtree et al. 1978) could be observed in pure

palladium. However even at the lowest hydrogen or

deuterium concentrations the signal of the a-orbit

became too weak to be detected, and its concentration

dependence could not be determined.

By comparing the measured effective masses with the



102

calculated effective band masses it can be seen that i

the average many-body enhancement parameter X is ;

approximately 0.7. This value is consistent with X =

0.76 obtained by comparing the electron density of

states calculated by Mueller et al. (1970) and Andersen

(197 0) with electronic specific heat data. 7

4.2 The Fermi surface of palladium-hydrogen and i

palladium-deuterium.

a) Homogeneous and phase-segregated samples. :

The influence of hydrogen or deuterium on the Fermi i

surface of palladium may be determined in samples j\

containing various amounts of hydrogen or deuterium.

The concentration range for which experiments can be j
'•-

done is however limited because of the strong dependence \

of the amplitude of the de Haas-van Alphen effect on :;

the electron scattering rate. This implies that the

number of defects in the crystal must be small, and

consequently that the hydrogen or deuterium concentration

must either be low, or close to 1.0 (stoichiometric

PdH or PdD) .

An additional restriction is that the alloy should always v

remain in the same homogeneous phase in order to avoid ;
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difficulties in the interpretation of experimental

results obtained in samples distorted by phase segregation

effects (Section 1.3).

These two requirements can obviously be met by working

at very low hydrogen (deuterium) concentrations. The

charging process can then be done with the sample in the

a-phase and during cooling-down the coexistence line

between the a- and the mixed (a+a1)-phases is crossed

at temperatures where the diffusion constant is low.

The H(D) concentration can however not be chosen too

low if a reasonable accuracy is desired. The basic

problem is thus to find the highest concentration for

which phase-segregation does not occur.

In order to demonstrate the procedure followed to solve

this problem let us consider the following specific

example *

In Fig. 4.2.1 we show the variation with hydrogen

concentration of the de Haas-van Alphen frequency

associated with an extremal cross section of the

X(0,0,1)-ellipsoid. The de Haas-van Alphen frequency

varies in a complicated way with the concentration.

At low concentrations (x < 0.005) the frequency decreases

linearly with the hydrogen-to-palladium ratio. At

concentrations higher than 0.005 the frequency decreases

linearly too, but with a significantly smaller slope.
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10

I
o

ü.

O/II

569

567

565

\ 10 K/min,

\ K/min ̂  ^

- \

• \

•1200

2 K/min

x [001]

K/min

0.005 0.001

H/Pd

0.015

Fig. 4.2.1. Variation of the de Haas-van Alphen

frequency of the [001]-orbit of the hole ellipsoid

centered at X(0,0,l) with hydrogen concentration H/Pd.

For x = 0.005 the frequency shifts are strongly

dependent on the cooling rate. For all the other points

the cooling rate is > 50 K/min.

The frequency shifts observed around x = 0.005 depend

strongly on the rate at which the sample is cooled

down.

The curious variation of the de Haas-van Alphen frequency

with concentration is not a peculiarity of the X(0,0,1)-

orbit, but is also found for all other extremal orbits

investigated in this concentration range.

An explanation of this behaviour can be found by

remembering that the coexistence line between the homo-
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geneous a- and the mixed (a+a1)-phases is inevitably

crossed when cooling the sample down from the tempera-

ture of ~ 500 K at which the sample is charged with

hydrogen to the temperature of ~ 1.5 K at which de Haas-

van Alphen experiments are carried out. At concentrations

lower than 0.005 we are apparently able to quench-in

the homogeneous a-phase. At concentrations higher than

0.005 phase segregation occurs. The de Haas-van Alphen

signal consists then in principle of contributions from

both the a-pb^se and the a'-phase regions. The latter

contribution is however negligible because the volume ,

of the high concentration a'-regions is only a small

fraction (at most x/0.6) of the total volume of the I

sample. Furthermore the contribution from the a'-phase |\

regions to the de Haas-van Alphen signal is strongly '\

reduced as a consequence of the high electron scattering •',

rate in these high concentration regions. The observed

frequency shifts correspond thus to a palladium-hydrogen

alloy with a concentration equal to that of the a-phase

matrix. This concentration is lower than the nominal

hydrogen concentration x in the sample, and therefore )

the observed variation with x is smaller than in a

non-segregated sample. We want to emphasize that this

was not realized in early publications (Griessen et al.

1977, Griessen et al. 1978) on the concentration
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dependence of the de Haas-van Alphen frequencies in

PdH , and that in these publications the slopes at

concentrations higher than 0.005 were incorrectly

compared to results of bandstructure calculations for

PdHx.

In order to understand how cooling rate and hydrogen

concentration determine the metallurgical state of the

sample let us consider the two situations indicated in |

Fig. 4.2.2. To actually form high concentration ot'-

clusters in the sample the hydrogen has to diffuse from ;

the a-matrix to a'-nucleation centers. At low concentra- \ I

tions (x < 0.005) the diffusion rate below T is so ?!

small that the segregation process is completely in- H

hibited. It is then possible to quench-in the a-phase. ü i

At higher concentrations (x > 0.005) segregation starts

after the coexistence line is crossed, and continues

while the sample is cooled down further until the f; *

diffusion rate becomes so low that the process virtually '"

stops.

For concentrations x ~ 0.005 the situation is delicate.

Depending on the cooling rate a homogeneous a-phase D

(cooling rate ~ 1200 K/min.) or a more or less complete \y%

segregation in a- and a'-phases (2 K/min., 10 K/min., ^ *

30 K/min.) can be realized at liquid helium temperatures. V*

(\
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500 K_

a) low concentration b) higher concentration
high cooling rate lower cooling rate

Fig. 4.2.2. The two situations which arise when

a PdH sample is cooled down from the hydrogenation

temperature. The a-phase can be quenched-in when a low

concentration sample is rapidly cooled down (a).

In a sample with a higher concentration, phase

segregation takes place because the diffusion rate at

temperatureT where the coexistence line is crossed
coex

is high (b). T tends to zero in the limit of low

concentrations.

This situation arises at a concentration which is much

lower than is generally assumed in investigations of the

low temperature properties of PdH alloys. An important

consequence of this observation is that all the ex-

perimental studies carried out on samples which are



Table 4.2.I. Concentration dependence of the de Haas-van Alphen frequency of several

extremal orbits.

00
O

Fermi surface

sheet

Electron sheet

X-hole

pocket

L-hole pocket

Orbit

centre

r(o,o,o)

X(0,0, 1)

X(0,0,l)

XCI.0,0)

Field

direction

[001]

[001]

[101]

[00J]

[001]

Fir]

27330

571

689

888

228

dlnF/dx

PdH PdH FdD FdB

x>0.005 x < 0.005 x < 0.002 x < 0.002

-0.3±0.1(F.T)

-0.2±0.I(T)

-0.3±0.1(F,T)

-1.5±1.2(F,T)

+0.26±0.03(F)

-1.9±O.2(F,T)

-!.7±O.2(T)

-2.0*0.2(F,T)

-8±I(F.T)

+O.24±O.O3(F)

-3.4*0.3(F,T)

-3.6*0.3<F,T)

1-22±3(F,T)

-20±3(F)

The methods used to determine the derivatives dlnF/dx are indicated by F or T (F-field modulation,

T-torque method). The values for the [00l]orbit of the ellipsoid centered at X(0,0,l) are used

to calibrate the concentrations of the samples used with the field modulation method. Note the

large isotope effect fot the X- and L-pockets.
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cooled down at a rate < 30°K/min. and which contain

more than 0.5 at. % hydrogen are certainly segregated.

The results obtained under such experimental conditions

(see for example Mizutani et al. 1976, Mizutani et al.

1977) are thus not representative of the a-phase.

b) Concentration dependence of de Haas-van Alphen

frequencies in homogeneous and phase-segregated

PdHv and PdD „.
x x

A summary of the frequency shifts obtained both in homo-

geneous (x < 0.005) and-segregated (x > 0.005) samples

is given in Table 4.2.1. The value for dlnF/dx found for

the extremal cross sectional area perpendicular to

[001] of the X(0,0,1) ellipsoid with the torque technique

(for which large samples can be used and the concentration ;!

accurately determined by weighing) is used to calibrate

the concentration of the small samples investigated by

means of the field modulation technique (see Section

2.3). Good consistency is found for the concentration \

dependence of all the orbits which were measured in- -
if j

dependently with both techniques. The errors are estimated <

by comparing the results of consecutive experiments. -*
j

For PdHx both the slope dlnF/dx for x < 0.005 and for ;j

x > 0.005 are given. In the experiments on PdD the I
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de Haas-van Alphen frequencies vary linearly as long

as x < 0.002. At x = 0.003 phase segregation effects

are found, but no extensive investigation has been done

on the concentration dependence of the de Haas-van Alphen

frequencies at higher concentrations. In Table 4.2.1

we give also a preliminary value for the concentration

dependence of a X(0,0,1)-hole orbit in PdBx (The

palladium-boron samples were prepared by Prof. Dr.

Brodowsky and Dr. Sagunski of the University of Kiel).

A very interesting effect is the large isotope dependence

of dlnF/dx for the hole ellipsoids at X and L.

Implications of this isotope effect will be discussed

in Chapter 5.

c) Influence of lattice dilation on de Haas-van Alphen

frequency shifts. I

In calculations of the electronic bandstructure of

PdH and PdD it is generally assumed that the lattice

spacing does not vary with hydrogen or deuterium |?

concentration. For a proper comparison of our experimental •£;

data with the results of bandstructure calculations it ; f)

is therefore necessary to correct the observed concentra- :•.--

tion dependence of the de Haas-van Alphen frequencies ; |i

for the volume expansion of the a-phase matrix. The >-:?S

^0
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correction term can be estimated by assuming that at

low concentrations the volume dependence of the Fermi

surface of PdH, and PdDv is equal to that of Pd.

The concentration dependence at constant volume of the

de Haas-van Alphen frequencies can then be evaluated

by means of the following relation

dlnF . _.- dlnF f dlnF . ':- dlnV f
dx JV dx Jexp " dlnVJPd * dx JPd-matrix

(4.2.1)

An average vali found for the total volume expansion

of PdH samples is dlnV/dx = 0.19. The volume expansion

in PdD is possibly slightly different as mentioned in

Section 1.2(a). The macroscopic volume increase is

partly due to the extra volume of the inserted hydrogen j

atoms, and partly to the relaxation of the palladium

matrix. Only this latter part of the volume expansion

must be taken into account when correcting the Fermi " ,

surface changes for the effect of volume expansion. /

The contribution of the metal matrix relaxation AV . .
matrix

to the total volume change AV, . caused by the insertion 'p<%

of a hard sphere has been calculated by Eshelby (1954) . ;;

For a spherical sample and a homogeneous distribution - ;ÏJ

of dilation centres one has K
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Table 4.2.2. Concentration dependence of the de Haas-van Alphen frequencies of several orbits

corrected for volume expansion effects

Fermi surface

sheet :

Electron sheet

X-holo

pocket : i

L-hole pocket ,

Orbit

centre

rco.o.

'.'. X(0,0,

X(I,O,

L(J,j.

0) (

i ) :•

0)

Field

direction

[001]

[001]

[00IJ

tooi 1

F[T]

27330

571

686

228

X

-0

-0

-

PdHx

> 0.

.210

.3*0

005

. 1

. I

.2

dlnF/dxJv

PdH
X

x < 0.005

+0.2810.03

-1 .8±0.2

-2.010.2

PdD

x < 0.002

+0.2610.03

' -3.310.3

-3.610.3

-2312
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AV ^ . = 4 * " 2V AV^ . (4.2.2)matrix 3 1 - v tot

where v is the Poisson ratio of the matrix. For

palladium at low temperatures v = -s^/sn = 0.435

(obtained from the elastic constants of Walker et al.

(1970) and Hoefsloot et al. (1979); s.. are complicances).

This leads to a concentration dependence of the palladium

matrix expansion, dlnV/dx]ma^. = 0.03.

The concentration dependence of the de Haas-van Alphen

frequency of several orbits corrected for the effect of

volume expansion is given in Table 4.2.2. The values

are obtained by means of Eq. 4.2.1 using the volume and

hydrogen (deuterium) dependence of the de Haas-van

Alphen frequencies given in Tables 3.1 and 4.2.1.

The corrections are so small that the isotope effect

found for the frequency shifts is certainly not a

consequence of a possible isotope effect in the lattice

spacing.

The small linear variation of the de Haas-van Alphen

frequencies in phase-segregated PdH samples (see

Fig. 4.2.1, x > 0.005) is not likely to be due to the

volume increase of the a-phase matrix. This in confirmed

by the fact that for orbits on the L-pocket dlnF/dx

is negative, while dlnF/dlnV is positive. l
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This implies that the variation of the de Haas-van

Alphen frequencies at x > 0.005 is probably related to

the average concentration x in the remaining a-phase;

The remaining a-phase concentration can be estimated

from

, = dlnF,
dx Jx>0.005 * x dx Jx<0.005 " a

From the data of Table 4.2.2 one concludes that for

x > 0.005, x ~ 0.13x. If during cooling down the PdH

system was in thermodynamical equilibrium and thus

simply followed the coexistence line until the diffusion

rate has become so low that phase segregation processes

virtually stop, one would expect the concentration in I !V

the remaining a-phase to be independent of the

original (nominal) concentration. The segregation process

is thus clearly more complicated and shall be discussed ;]

in the next sections. ,v-

4.3. The Dingle temperature in palladium-hydrogen and ••• -;

palladium-deuterium. h_x

a) The hydrogen and deuterium concentration dependence ¥-0,

of the Dingle temperature . > 3;;



115

The Dingle temperature associated to an extremal orbit

can be obtained from the magnetic field dependence of

the corresponding de Haas-van Alphen amplitude provided

i) the effective mass is known and ii) the amplitude

is not influenced by phase-smearing effects. Let us

make the following comments concerning these two points.

i) No significant differences are found between the

effective masses of the investigated orbits in PdHx [

and PdD and the corresponding masses of pure Pd given

in Table 4.1.1.

iia) One possible cause of phase-smearing is related to i

inhomogeneities of the magnetic field. The homogeneity ;

of the THOR-magnet is better than 10"5 over the sample
i

volume. For the purpose of a rough estimate we assume j

that one half of the sample feels a magnetic field

B(l + 0.5 . 10"5) and the other half B(l - 0.5 . 10~5).

From Eq. (2.1.15) and (2.1.16) follows then that

s = 0

and

c = cos \—g- . 0.5 . 10"5) (4.3.1)
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Even for the large r-centered orbit (this is the most

sensitive orbit for phase-smearing effects) the amplitude

reduction factor is at most 0.98 at B = 4T. This is

negligible compared to the exponential amplitude reduction

associated with (T + T D ) .

iib) In the same way we can estimate the effect of the

inhomogeneous distribution of hydrogen and deuterium

over the sample resulting from a finite hydrogenation

(deuteration) time. As mentioned in Section 2.3 the

maximum concentration deviation Ax/x over the sample \

volume is less than 1% after charging. i, >

If we assume that the concentration in one half of the |f

sample is c(l + 0.005) and in the other half c(l - 0.005) I

we find from Eq. 2.1.15 and 2.1.16 that

s = 0 t*

I'

and

c = cos [2nF.x.0.005. dlnF] (4 3>2) \f
{ B dX J ;J,

Using the experimental results for dlnF/dx given in £f

Table 4.2.1 it can be seen that the amplitude reduction ^

factor for the r-orbit is again negligible (~ 0.95 at 4T) |l

P
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The increase ATD of the Dingle temperatures found for

several orbits in de Haas-van Alphen experiments on

PdH and PdD

in Fig. 4.3.1,

PdH and PdD with x between 0 and 0.0085 are presented

H D
X (0.0,1 ). B//[OO1] A •
X (0,0,1 IB II [101] +
X (1.0,0). B//[001] X T
r (0,0,0). B//[ooi] o •

0.010 X
Tt t

F i g . 4 . 3 . 1 . The increase in the Dingle temperature

for several orbits in PdH and PdD as a function of
X X

concentration. The concentrations for which the samples

were rapidly cooled down (cooling rate ~ 1200 K/min)

are indicated with an arrow.

There is a considerable spread in the outcome of the

experiments, especially for the r-orbit. Although the

accuracy with which TD can be measured ( ~ 0.1 K) is
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far less than that of de Haas-van Alphen frequencies,

the spread in the results is much larger than expected.

For the r-orbit a distinct correlation between the

Dingle temperature increase and the cooling rate is

found: the highest values for AT_/x are found for

samples which are rapidly cooled down (by immersing -,

in liquid nitrogen; the cooling rate is ~ 1200 K/min.).

The Dingle temperature of the r-orbit could not be

determined at concentrations higher than 0.003,

because the signal became too weak by then to be

detected. Reliable Dingle temperatures could not be •'•'

obtained for the L-orbit because of the long beat

pattern due to the de Haas-van Alphen signals of . ;

equivalent orbits on the L-ellipsoids for a magnetic

field direction parallel to [001].

The concentration dependence of the Dingle temperatures

in PdD is not investigated as extensively as in

PdH ; measurements were only done for low concentration

samples (x < 0.002). In contrast to de Haas-van Alphen

frequency shifts no large isotope effects are found

in ATD/x.

The concentration dependence of the various X-hole

orbits is nearly the same for all orbits. It is in-

teresting to note that for these orbits ATD/x does

not exhibit a non-linear behaviour at x = 0.005

ir



Table 4.3.1. The concentration dependence of the'Dingle temperature increase

of several orbits in PdH and PdD obtained from measurements

on low concentration, rapidly cooled samples. These values can

be compared with the results of bandstructure calculations.

Fermi surface

sheet

r-electron sheet

X-hole pocket

Orbit

centre

1

r(o,o,o)

X(0,0,l)

X(0,0, 1)

X(ljO,O)

Field

direc tion

[001]

[001]

[101]

[001]

FDHVA

[Tij ;

27330

571

689

888 ,

TD(x)/x [K]

P d Hx

750±150

210± 40

275± 25

2i;5± 25

PdD
X

750±150

235± 35

250± 50

. .„•- "•]'
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as found for the de Haas-van Alphen frequency shifts.

(Fig. 4.1.2). We show in Section 4.3.b that this is

due to an anomaly of the Dingle plots.

Values for ATQ/x obtained from experiments on low

concentration samples which are rapidly cooled down

are suiranarized in Table 4.3.1. As explained later in

this Chapter only values obtained under these conditions

may meaningfully be compared to calculated electron

scattering rates.

b) Effect of spatial concentration fluctuations on

Dingle plots.

The Dingle plots measured in this work exhibit only

exceptionally a significant curvature. As pointed out

by Chang and Higgins (1975) this does not necessarily

imply that the electron scattering rate is field

independent. It may be just a trivial consequence of

the fact that the field interval over which de Haas-

van Alphen amplitudes can be studied is top limited.

In the case of palladium-hydrogen (deuterium) alloys

which have the unique feature that one of the

constituents may be added or removed without damaging

the sample it is possible to detect field dependent

V'

PI
TV*
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scattering processes by studying the concentration

dependence of the infinite-field intercept of absolute

amplitude Dingle plots. In Fig. 4.3.2 we show Dingle

plots obtained from absolute amplitude torque

measurements on a large palladium sample loaded with

various amounts of hydrogen. These Dingle plots do not

exhibit any curvature but behave anomalously in the

sense that the infinite field intercepts for PdHx are

higher than that of the sample without hydrogen.

In this subsection we show that these effects can be

understood by means of a model which includes spatial j

concentration fluctuations.

Let us first consider the precipitation process in more j

detail. The phase diagram of PdH(D) gives the equi-

librium compositions of the a- and a'-phases as a

function of temperature, but it does not contain any

information about the morphology and the distribution

of the phases in a sample, or how they develop with

time.

After charging with hydrogen or deuterium at a high

temperature (200 - 250°C) the palladium samples are

in a homogeneous a-phase with a maximum deviation

from the average concentration Ax/x < !%• As soon as

the samples are cooled down below the coexistence line

thermal equilibrium requires a segregation in a-

j

t
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Fig. 4.3.2. Dingle

plots obtained in a

series of experiments

using the torque method

on one sample charged

with different amounts

of hydrogen. The cooling

rate is ~ 50 K / min.

The magnetic field is

10' from [101] in the

(010) plane.

and a'-phases. The kinetics of segregation processes

has been considered by Cahn and Hilliard (1958, 1959)

and Cahn (1961, 1968). They distinguish two regimes:

spinodal and nucleation-induced decomposition.
x

Pd

k ̂
t - 0 nucleation t« oo

F i g . 4 . 3 . 3 .
t • 0 spinodal dacomposition t • oo

Time evolution of the nucleation induced

and the spinodal decomposition process. After Cahn(1968)
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If a system is cooled down below the spinodal curve

the system becomes unstable with respect to weak

long-range fluctuations in composition.

Fluctuations are amplified by up-hill diffusion and

eventually grow into zones of the coexisting phases

(spinodal decomposition). If the system is cooled to
-•j

a temperature between the coexistence line and the

spinodal line the system is stable against weak long-
ï

range fluctuations, but still unstable with respect

to strong localized fluctuations which can produce

nuclei of the high-concentration phase. These nuclei '•

grow by normal diffusion in the concentration gradient ]:j

of the depleted zone around the nucleus (nucleation

induced decomposition). The time evolution of the j

two decomposition processes is drawn schematically \\

in Fig. 4.3.3. A computer simulation of phase segregation

by Binder et al. (1978) shows that the nucleation and ;f

the spinodal decomposition mechanisms fade into each

other gradually between the spinodal and the coexistence

line. Decomposition during continuous cooling has been

considered by Huston et al. (1966) .

The essence of these theories is that after the coexistence

line is crossed fluctuations in the concentration are

amplified by up-hill or down-hill diffusion and can

grow into zones of the coexisting phases. The dimensions

of the zones are determined by two competing effects.

;f
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Long-range fluctuations resulting in a small number of

large precipitates are favourable because the elastic

energy in the interface regions is small. The hydrogen

has however to diffuse over large distances to establish

such long-range fluctuations. The result is that

fluctuations with a certain wavelength will be amplified

most; this wavelength and thus the distance between the

precipitates increases when the cooling rate is lowered.

The amplitudes of the concentration fluctuations are

determined by the amount of hydrogen transported by

the diffusion process. This depends on the cooling

rate and the value of the diffusion constant at the

temperature where fluctuations build-up.

The concentration fluctuations lead to phase-smearing j

effects. To get some quantitative insight we use the

following model. We assume that the fluctuations are :

one-dimensional, and that the deviation from the

average concentration x in the a-phase is a triangle

function with amplitude Ax and period 21 as indicated

in Fig. 4.3.4(a).

It is not important whether the fluctuations are caused

by up-hill or down-hill diffusion. It is also irrelevant »;
''A

whether the fluctuations represent the onset to the |

segregation process, or the remaining fluctuations in ,*s

the a-phase caused by depletion around a'-clusters gf
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inA

tnA(z-O)
Pd

lr>A

Fig. A.3.4. (a) Model for the spatial concentration

fluctuations.

(b) Analysis of the Dingle plots using

this model.

after segregation has taken place, because the de

Haas^van Alphen^signal is related only to the a-phase

region of the sample.

The amplitude reduction can be calculated using the

formalism discussed in Section 2.1. From Eq. 2.1.15

and 2.1.16 we find

s

and

it
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2
1 f co-f2TTF dlnF 2Ax . ^

8 l n_2rtP dlnF
dlnF A v ' ~"*l B '

-5 d x - A x \

so that 6 = 0 (the concentration dependence of the de

Haas-van Alphen frequencies is not influenced by

concentration fluctuations) and the amplitude reduction

factor is equal to the absolute value of c. In practice

the amplitude reduction is not expected to exhibit the

spiky behaviour of sian(h)/h as in a real sample the

amplitude Ax varies from place to place.

With this concentration fluctuation model we can analyze

the Dingle plots in Fig. 4.3.2. For pure palladium we

have with z = =r

In Apd(z) = In Ao -
 b

P d-
z (4.3.5)

where Ao is the de Haas-van Alphen amplitude, at z = 0

found by extrapolation of the Dingle plot and

b p d = 14.69 m* (T + TD (Pd)) ( 4 . 3 . 6 )

v-u
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For the same sample charged with hydrogen we have

^ ^ In A p ^ (z) = In Ao + ln|c| - b p d H .z (4.3.7)

~ " . ; _ , . _ _ . _ _ _ _ • _ , - ' „____, ..„^

" ] , .'._•.'•-.

•J w i t h '"'•"":

b p d H = 14.69 m*(T + TD(Pd) + ATQ(x)) (4.3.8)

where T_(x) is the Dingle temperature increase caused

by electron scattering.

Using a series expansion for ln|sin(h)| we approximate

In|c| by

lnlcl ~ - az2 (4.3.9)

with

= f 2TTF.:d^££ Ax] 2 (4. 3.10)

so that Eq. 4.3.7 becomes . \
f •

In A p d H (z) = In Ao - az
2 - b p d H .z (4.3.11)

• A J± ' t '^

i

We can measure In Ap,H (z) only over a limited range
of z-values centered around ZQ. From the slope of the , _',',
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Dingle plot at z0 we can determine TD (slope) by means

of the following relation

din A p ^ (z)
——5 = 2az0 + b p d H = 14.69m* (T + TD(slope))

. v_ — _••' (4.3.12)

We have obviously

TD(slope) = TD(Pd) .+ ATD(x) +AT_ (phase-smearing)

(4.3.13)

where

ATD(phase-smearing) = 2azo/14.69m* (4.3.14)

is the contribution to T_(slope) due to phase-smearing

effects induced by spatial concentration fluctuations.

It is implicitly assumed here that no irreversible

damages are induced by charging the Pd-host lattice

with^hydrogen. This is approximately true as can be

seen from a comparison of TD(Pd) before and after several

hydrogen loading-unloading cycles. This point is further

discussed in Section 4.4.

From an extrapolation to z = 0 of In A p d H (z) measured

around z we find (see Fig. 4.3.4(b))

In A p d H (z=0) = In Ao + azj (4.3.15)
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Table A.3.2. The parameters of the concentration

fluctuation model found from the Dingle plots of

Fig. 4.3.2.

parameter

zotT"1!

In A (z-O)

a[T*]

b[T]

TD(Pd) [K]

TD(slope) K

AT„(phase- [K]

smearing)

TD(x) [K]

%a

ATD(x)/xa[K]

Ax

Pd

0.21

4.8

-

22

0.6

-

-

-

-

-

-

P d H0.O0l6

0.21

5. 1

7

27

0.6

1.3

0.3

0.4

0.0016

250

0.0009

Pd

0.21

4.8

-

25

0.9

-

-

-

P d H0.0085

0. 19

5.9

30

30

0.9

2.3

1 .3

0.4

0.0014

290

0.0018
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and the difference az* between the intercept at z = 0

of the extrapolated Dingle plots for Pd and PdH can

be used to determine AT_ (phase-smearing).

The parameters determined from the Dingle plots of

Fig. 4.3.2 are given in Table 4.3.2. It is interesting

to note that ATQ(x)/x is almost the same for the

PdHQ ooi6
 a n d t h e P d H0 0085 s a mP l e' although the values

for AT /x = (TD(slope) - T_(Pd))/x differ considerably.

Another important result is that the concentration

fluctuations Ax required to explain the Dingle plots

are relatively small, and that Ax < x .

i
3 At this point it is interesting to comment on the

I behaviour of AT /x for the r-orbit. It is experimentally

found for this orbit that AT_Vx decreases with increasing

concentration and decreasing cooling rate in contrast to

the X-orbit. We have thus the peculiar situation that

for the r-orbit an increase in the amplitude of the

concentration fluctuations leads to a decrease of the

measured TD(slope). This difference in the behaviour

of X- and r-orbit is however easily understood by

remembering that the amplitude reduction factor has the

form |sin(h)/h| (see Eg. 4.3.4). From the analysis of

the Dingle plots of X-orbits it is known that the

concentration fluctuations Ax are of the order 0.001.
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The argument of the amplitude reduction factor is then

h = 1.4 at z = 0.21. Under the same experimental con-

ditions the argument for the r-orbit is however

significantly larger (h = 9.4). If we assume that in

. a real crystal the spikes of |sin(h)/h| are smeared
I

out then the amplitude factor varies essentially as *-

for large h. For small values of h the averaged reduction

5 factor is then a convex function of z whereas it is a
:':•' k

K"A concave function at large h. This implies that already

'•"y:;j for z ~ 0.2 the Dingle plots for the r-orbits are

concave and that a linear extrapolation to infinite

v fields (z = 0) leads to intercepts for PdH which are

lower than that of pure Pd, and consequently to negative

values for AT_ (phase-smearing). The de Haas-van Alphen

signal of the r-orbit could only be measured with the

field modulation technique so that AT (phase-smearing)

3 cannot be determined from an absolute amplitude analysis

f as used for the X-orbits. Therefore ATD(x) can only be

4 obtained from experiments where ATD(phase-smearing) is

I small. This is the case for rapidly cooled samples with

'. \ x < 0.001 as can be deduced from experiments discussed

;K in Section 4.4. It is there found that the effect of

•'-5*1 concentration fluctuations on AT_ for the X-orbit is

[;.'' negligible for rapidly cooled samples up to x = 0.005.

£•••.•: The argument of the amplitude reduction factor is ~ 5

'h-\ times higher for the r-orbit than for the X-orbit under
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the same experimental conditions; if we assume that

Ax ~ x we arrive at the result mentioned above.

c) Effect of lattice strains on the Dingle plots.

So far we have ignored phase-smearing effects due to

internal strains in a hydrogenated sample. In the

concentration fluctuation model the effects of strain

fields associated with small variations of x are easily

included by using the volume corrected derivatives

dlnF/dx given in Table 4.2.2.

In a segregated sample a different approach has to be

chosen because of the long-range strain fields around

a'-clusters. In the a'-clusters the lattice constant

is ~ 4% higher than in the ot-phase matrix. From the

electron-microscope studies of Ho et al. (1979) follows

that the a'-precipitates have approximately the form '•.,£

of cylinders with the axis along the [001] crystal

direction. The atoms in the a-phase are displaced from

theix original positions by the presence of the expanded |

-4

a' -cylinders. The displacement u is directed perpendicularl >>

to the o'-cylinder axis; the contribution of a cylinder :\

with it s axis along the z-axis of a coordinate system %

to the displacement u has the form (Landau and Lifshitz |

1966) I



I

133

u(x,y) = a'r + ̂ - with r = (x2+ y 2 ) ^ (4.3.16)

The parameters a' and b' are found from the boundary

conditions. The displacement u(x,y) are split into a

dilation A and a shear e (x,y) with
xy

t] A = 2a' (4.3.17)

1} and

£ e (x,y) = - 4b' 2Y_^— (4.3.18)

V; *y (x2 + y
2 ) 2

The dilation A is homogeneous. The shear e is obviously
••?. **

| not homogeneous and will thus lead to phase-smearing

effects. From Eq. 2.1.15-16 we find that the amplitude

reduction factor is V:

5na=IJJ lFTr'*>) ( » t
plane cylinder xy

plane

For palladium dlnF/dexy ~ 1 as may be concluded from the

shear dependence measurements of the de Haas-van Alphen

frequencies by Ruesink et al. (1978).

The integral in Eq. 4.3.19 has been evaluated for a
'I; is

regular square lattice of a'-phase cylinders of 1 ym ;- •
•j

diameter (Feenstra 1979). The amplitude.reduction factor M
I

is found to exhibit a behaviour similar to the sin(h)/h 1

dependence in the concentration fluctuation model. 3
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It is thus in principle possible to explain the Dingle

plots of phase-segregated samples by means of a strain

field model. The strains required to fit the experimental

results are however unrealistically large at the cylinder

boundary (e ~ 0.5 - 1.0) so that this explanation ofxy

the curvature of Dingle plots must be abandonned.

4.4. Information about the metallurgical state of ,

homogeneous and partially segregated samples

from the de Haas-van Alphen effect.

As an example of the type of metallurgical information J|

which may be obtained from de Haas-van Alphen measure- :

ments let us consider the series of experiments in I

Fig. 4.4.1. The slope Dingle temperature of two orbits |V

on the X-hole ellipsoid is measured with the field

modulation technique on a palladium sample charged

with hydrogen to a concentration of 0.005, but cooled '

down at different rates. The de Haas-van Alphen

frequency shifts indicate that at a cooling rate of

1200 K/min the a-phase can be quenched-in, but that

at lower cooling rates phase segregation occurs.

It is here worth mentioning that the Dingle temperatures

of the palladium sample without hydrogen are not much

different before and after the series of experiments.

This indicates that almost no additional defects are f
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Fig. 4.4.1. Dingle temperature of two X-hole

orbits found in a series of experiments on one

palladium sample with a hydrogen concentration of

0.005 cooled down at different rates. ''if,

if
r.Vs
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induced by the various loading and unloading cycles

and that the phase-segregation is probably coherent.

This is in agreement with the results of the following

consideration. Let us assume for a moment that the

segregation is incoherent.

The density of dislocations may then be evaluated as

follows. From the electronmicroscope studies of Ho et

al. (1979) it is known that the a'-clusters have the

form of homogeneously distributed cylinders with a

diameter~lwm. The average number N , of a'-cylinders

with radius r and length 1 in a sample of volume V is

N = _X_ V (4 4a °6 H

The ~ 4% lattice constant difference between a'-regions \:n

and the a-phase matrix can be accomodated by forming ji

a (slip) dislocation at every 25th lattice spacing r§

at the surfaces of the a'-cylinders. This leads to -

2TTrl/(25a)2 dislocation per cylinder. The density of

dislocations N J S /
V is thus of the order ;

Ndis _ V 2nrl .. , 'j
V V (25a)2r 1

i
with r = 0.5 ym,N,. /V = 3.5.lOll+/cm3 a t a concentration 1

x = 0.005. |
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Chang and Higgins (1975) find in their de Haas-van

Alphen experiments on copper that dislocation densities

as low as 1012/cm3 lead already to Dingle temperature

increases greater than 1 K for all orbits. As the

Dingle temperature increase in the palladium sample

after the series of experiments is much smaller than

1 K we conclude that the segregation process is certainly

coherent.

Let us now comment on each individual run. The first

experiment after the sample was charged with hydrogen

to a concentration of 0.005 is done with a cooling rate

of 120.0 K/min. between room temperature and 77 K.

The de Haas-van Alphen frequency shifts indicate that

no phase segregation has taken place. The increase of

the (slope) Dingle temperatures is comparable to the

values given in Table 4.3.1. This indicates that at

this high cooling rate phase-smearing effects due to

concentration fluctuations do not play an important

role.

After this experiment the sample is warmed up to room

temperature to bring it back to a homogeneous a-phase.
I

The sample is subsequently cooled down at a rate of |:

2 K/min. The de Haas-van Alphen frequency shifts if

indicate that now complete segretation has occurred

and that the concentration in the remaining a-phase
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is x = 0.0008. In the absence of concentration

fluctuations this would lead to a Dingle temperature

increase ATQ(x) of ~ 0.2 K. The measured Dingle

temperature increase ATD = TD (slope) - TD(Pd) is however

much higher; with the concentration fluctuation model

we can account for this difference by assuming Ax =

0.0018 which leads to ATD (phase-smearing) = 1.2 K.

The next experiment is done after warming up the

sample to room temperature, and subsequently cooling

it down at a rate of 10 K/min. The de Haas-van Alphen

frequency shifts indicate again that complete phase-

segregation has taken place. The Dingle plots for the

two X-ellipsoid orbits are shown in Fig. 4.4.2.

1.5

0.0

-1.5
• X(0,0,1),B//[001]
o xn,o.o),"B0 [100]

0.10 0.20 Q30

Fig. 4.4.2. The Dingle plots for two X-hole ellipsoid

orbits in the experiment on PdHQ Q with a cooling rate

of 10 K/min.
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The difference ATD (phase-smearing) = 1.8 K for the >

tOOl] -orbit on the X(0,0,1) ellipsoid can be accounted

for by assuming a concentration fluctuation Ax = 0.0023.

This is significantly higher than the concentration

x = 0.0008 in the a-phase matrix. This discrepancy is

possibly related to the fact that exceptionally the

Dingle plot for the X(l,0,0)f B//[001]-orbit exhibits

a marked curvature. The slope Dingle temperature is

lower at high magnetic fields. This can happen when

the distance between the o'-phase clusters is comparable

to the diameter of the cyclotron orbit, which is ~ 0.6 ym ;

at 3 T for this orbit. At high magnetic fields the •

cyclotron orbit fits in between the a'-clusterè, but ; j

at lower fields the cyclotron orbit has to go partly j

through the a'-clusters where the scattering rate is IV

high. In this case the orbit average of the de Haas- :

van Alphen phase is not equal to the value evaluated 1

at the centre of the orbit as was assumed in the ;

derivation of Eg. 2.1.15-16.

We can check this interpretation by showing that the

average distance Ad the hydrogen diffuses in a time t X

which is given by (Jost 1960)

"ff;

Ad2 ~ 2Dt (4.4.3) ;j

•è
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where D is the diffusion constant is comparable to

the average separation between o'-clusters.

At a concentration x = 0.005 the coexistence line

between the a- and (a + a')-phase is crossed at a

temperature T ~ 250 K as can be found from Eq. 1.2.2.
COcX

Electronmicroscope experiments by Ho et al. (1979) show

that coherent segregation takes place after the spinodal

line is crossed; this happens for x = 0.005 at

T_ ~ 125 K. At this temperature the diffusion constant '[

D ~ 10~12 cm2/s as can be seen extrapolating Fig. i~\

1.2.3. To estimate t we note that the de Haas-van Alphen j

frequency shifts indicate that the average concentration ; ;!

in the ot-phase x = 0.0008; this concentration corresponds r/p

to Tc = 90 K. Cooling at a rate of 10 K/min. it takes %

t ~ 200 sec. to go from 125 K to 90 K. ;>

With t = 200 sec. and D = 10~12 cm2/s we obtain Ad = 0.28 fi

ym. This value is remarkably close to the 0.3 ym radius |

of the cyclotron orbit at 3 T. ' %

It is interesting to note that no curved Dingle plots ;

were found in the experiment with a cooling rate of |

2 K/min. although complete segregation has occurred. j£j

This is in agreement with the predictions of the theories p|

on the phase segregation process: at a lower cooling S|

rate we expect a larger distance between the a'-clusters '%_

and a smaller concentration gradient in the a-phase H
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matrix.

The last experiment on this PÖHQ ^ ^ sample is done

after the sample was again warmed up to room temperature

and cooled down at a rate of 30 K/min. The de Haas-

van Alphen frequency shifts show that partial phase

segregation has taken place. The average concentration

in the remaining a phase is x = 0.0014. This would

lead to AT_(x) ~ 0.3 K. The measured Dingle temperature

increase is higher; the Dingle temperature increase lies

between the values found for non-segregated and fully

segregated samples. In the concentration fluctuation

model this difference in Dingle temperature increase

can be accounted for by assuming Ax - 0.0011. This

fluctuation is smaller than found in the experiment

with a cooling rate of 2 K/min. This is exactly what is

predicted by the theories on the segregation process:

the amplitude of the fluctuations is smaller at Jiigher

cooling rates.

A summary of the results and interpretations of this

series of experiments is given in Fig. 4.4.3.
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(O

• • r

Fig. 4.4.3. Results and interpretations of a series

of experiments on PdH Q Q 5 cooled down at different

rates.

a) Measured increase in the de Haas-van Alphen

frequencies

b) Measured and expected Dingle temperature increase.

The expected AT,, is x .200 K

I
II,

f!

Pi
il

c) The resulting concentration profiles in the fluctuation?é|l

model» m
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atrix.

last experiment on this PdHQ QQ5 sample is done

af -he sample was again warmed up to room temperatur

and d down at a rate of 30 K/min. The de Haas-

van Alp requency shifts show that partial phas

segregatio taken place. The average concen n

in the remain phase is x = 0.0014. This d

lead to AT_(x) K. The measured Dingl perature |

increase is higher Dingle temperatu ncrease lies ;

between the values fo or non-segr d and fully ,;

segregated samples. In oncentr n fluctuation ;f;

model this difference in D rature increase ft

can be accounted for by ass x = 0.0011. This Jl

fluctuation is smaller tha the experiment f$

with a cooling rate of 2 n. Th exactly what is ;'

predicted by the theo on the segr 'on process: :•

the amplitude of t uctuations is sm at ..higher |/j

cooling rates. T

A summary of esults and interpretations is

series of e intents is given in Fig. 4.4.3. \:.ï

I

m
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C H A P T E R 5

INTERPRETATION OP EXPERIMENTS ON a-PHASE

PALLADIUM-HYDROGEN AND PALLADIUM-DEUTERIUM I

Summary J

Results of de Haas-van Alphen experiments on a-phase

PdH and PdD can in principle be compared to electronic '!•
CC QE i '•{'<-

bandstructure calculations. The differences between |A|
r%

the experimental results for PdH and PdD indicate i ; , '
X X l'i- ,v

however that a comparison with theoretical models is t.j]:)

only meaningful for PdD as none of the calculations ml

incorporates zero-point-motion effects. ||-|

The proton rigid-band model underestimates the Fevmi |̂;p

energy increase with respect to the bands. Switendick | ^

(1972) finds that s-like electron states at the inter- i|

stitial site are lowered in energy3 while states with

another symmetry character remain virtually unaffected.

This is in contradiction with our experimental results
for PdD which indicate that d-like states associatedx

with X- and L-ellipsoids are also lowered.

From charge densities of pure Pd electron states it _,,,;,

is concluded that in calculations using the muffin-

tin approximation, d-like states remain unaffected

because the H(D) potential is cut-off at the muffin-
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tin radius. Lowering of d-like states requires a long-

range H(D)-potential. Further evidence for the long-

range character of the H(D)-potential is found by

comparing Dingle temperatures with results of a y:

calculation of the Fermi surface damping by Gelatt

et al. (1978) .

Several long-range potentials used in the theory of

the screening of a proton in an electron gas are |

considered. A Thomas-Fermi potential with a screening ^A

length A = 0.83 a.u. is consistent with the lowering of '{]

electron states with s-character at the interstitial 1$.

site. At the location of maximum d-electron charge |f

density this potential is however much too strong to ||

explain the observed shifts in the energy of d-like 0;

states. Furthermore energy shifts related to Thomas- f;

Fermi potentials are in general slightly enhanced by |-,.j

zero-point-motion in contradiction to our experimental %

i
results. i;);

However3 by assuming that the screened proton potential ](•

exhibits Friedel oscillations in the region of maximum |?;

d-electron density it is possible to reproduce the

isotope effect observed for the energy shifts of d-
'Ê-

electrons. For very large amplitudes of the zero-point

w
motion the structure of the Friedel oscillations is ''"'

averaged out and the resulting effective potential is
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quite similar to the muffin-tin type. This could

explain why calculations of Bansil et al. (1979) using

the muffin-tin approximation for Pd with frozen protons

are in better agreement with results for PdH than

for

The existence of an isotope effect in our de Haas-van

Alphen measurements implies that in a future refined

theory of the superconductivity in concentrated PdH

and PdD allowance must be made for differences

between the electronic structure of these two alloys.

5.1. Comparison of de Haas-van Alphen data with

8-
existing theoretical results. ||;

Ï
As discussed in Section 1.3 various models (Mott 1936, ;;

Friedel 1952, 1972, Switendick 1972, Faulkner 1976, I
k

Papaconstantopoulos et al. 1978, Gelatt et al. 1978, |

Bansil et al. 1979) have been proposed so far for the :

electronic structure of PdH(D) .

The purpose of this Section is to compare experimental

data with predictions of specific models. Such a •)•;'

comparison is complicated by the fact that the experiment *;

data for PdHx are significantly different from those

for PdDx although these systems are electronically

equivalent. As a consequence of the mass difference, S|

i

ifr
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protons exhibit however a larger zero-point-motion

when confined to the interstitial region than deuterons.

Drexel et al. (1976) conclude from neutron diffraction

experiments at low concentrations that the root-mean-

squared value of the zero-point-motion amplitude of

proton and deuteron is 0,33 a.u. and 0.23 a.u. respective-

ly. This is a considerable fraction of the distance

(3.68 a.u.) between the octahedral interstitial position | i

and the nearest Pd atoms. As in all calculations published,

so far zero-point-motion effects have been neglected r

we shall discuss the theoretical results in the light ; r

of experimental data for PdD only (in fact it will H';

be shown in Section 5.2 that even for PdD zero-point- ft

motion effects are not negligible) . I \,

For a discussion of the de Haas-van Alphen data

obtained in ot-phase PdD it is advantageous to convert i

the experimental values for dlnA/dx given in Table f

4.2.1 to energy band shifts. To first order in energy |

the shift AE of the Fermi energy E F with respect to

the energy of the band EKari/, associated with an orbit

is given by

lmba.nd ** ( ' ' }

#



Table 5.1.1. Energy shifts E/x for several sheets

of the Fermi surface of a-PdH , a-PdD and PdB
X X X

Fermi surface

sheet

Electron sheet

X-hole

pocket

L-hole pocket

Orbit

centre

r(o,o,o)

X(0,0,l)

X(0,0,l)

X(l,0,0)

L(i,i,i)

Field

direction

[001]

[001]

[101]

[001]

[001]

F[T]

27330

571

689

888

228

AE/

PdH
X

46

23

22

24

24

x[mRy]

PdD PdB
X X

43

42

-

42

68

-

256

-

-

-
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as it is experimentally found that the effective masses

are not affected by small amounts of hydrogen (deuterium)

in palladium. Throughout this Chapter quantities are

given in atomic units, except energies which are ex-

pressed in rydbergs (1 Ry = h a.u.). Values for AE/x

for several orbits in PdH . PdD and PdB are given

in Table 5.1.1.

For all orbits AE/x is positive. This is consistent

with the proton rigid-band model (Mott 1936) where

it is assumed that in the vicinity of E p all the

electron bands of the host metal are shifted by the

same amount A E M as a result of their interaction

with the H(D) potential. The x H(D)-electrons per Pd

atom in PdH(D) must be accommodated in empty Pd states

and in the low concentration limit

R.B.M. 1 #c -. o\
iö (v!~\ (5.1.2)

x NPd(EP}

From the density of states calculations of Mueller

et al. (1970) and Andersen (1970) follows that

A E D _. „ /x = 32 m Ry. This shift is ~ 30% smaller than

the observed shifts for the r- and X-sheets in Pd-D ]\

and approximately two times smaller than AE for the ~i

L-hole pocket. The tendency of the rigid-band model

to underestimate AE is vividly demonstrated by the |
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PdB data where AE per boron electron is 85 mRy and thus

almost three times larger than expectad from this simple

model, (see Table 5.1.1)

In the calculations of Switendick (1972) it is found

that electron states with s-character at the interstitial

site are lowered in energy by the interaction with the

H(D) potential, but that electron states with a

d-character remain unaffected.

In order to see whether the experimental results are

consistent with these findings let us look at the

following simple semi-rigid-band model. The density

of states curve of palladium is made of a flat contri-

bution of the d-band. This is sketched in Fig. 5.1.1. }p)

Andersen (1970) calculated that the contribution N (EF) !fe

of the s-p-band amounts to 3.4 states/Ry-atom, and p

that of the d-band Nd(Ep) to 27.7 states/Ry-atom at |̂

the Fermi energy. Let us now assume that when palladium |,

absorbs hydrogen the d-density of states is not changed |x

in the vicinity of the Fermi energy and that the s-p M
I

density of states curve is rigidly shifted down in |§

energy. Although it is found by Switendick that a If
fp'

low-lying band is formed below the pure palladium g

conduction band, this does not affect the s-p band §

contribution near the Fermi energy as the Pd-H bonding |

em
Kif
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N(E)

Fig. 5.5.1. Semi-rigid band-model for the electron

density of states based on the calculations of Switendick

(1972). The shaded area contains 0.36 holes. When H(D)

is absorbed the Fermi energy E increases, and the s-p

band contribution shifts towards lower energies.

••P>

band derives in fact from states which were already

occupied in pure Pd.

The shift (EF~Es) of the Fermi energy relative to the

s-p band can be evaluated from the deuterium con-

centration dependence of the r-electron sheet associated

to this band by means of Eq. 5.1.1

':••{

dx = 43 mRy (5.1.3)
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so that a fraction

An d(E - E )

I T • Ns dx = °'15

of the deuterium electrons is accomodated in the s-p-

band. This is in good agreement with the following

evaluation of n . The number of electron states

contained in the more or less spherical r-sheet scales

as A .In pure Pd the r-sheet contains 0.36 electrons

In a PdH sample the increase in the number of

electrons contained by the r-sheet is given by

0.36 = 0.13 (5.1.5) ij

The remaining fraction An, = x - An of the deuterium

electrons has to be recommodated in the d-bandsf so that

at low concentrations (at higher concentrations the

Fermi energy increases faster because dN,/dE<0). From

Switendick's calculations follows that E, is constant,

so that in this semi-rigid model AE /x = 31 mRy. This

'R.B.M./x = 3 2 "^y* F r o m ES' 5.1.3 and 5.1.6 theAEj

shift of the s-p-band with respect to the d-band is

i :~:

A(E - E.) _ 15 M
— L - — — = M • 3 1 tizy (5.1.6) ..v;

X N

\'j
-i'-'j

value is only slightly lower than the rigid-band value I•}
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evaluated to be

A(E - E ) - ---.
^ — = -12 mRy (5.1.7)

— . X - - - - — - .i._~. ,— — —

This value is in good agreement with an expression given

by Gelatt et al. (1978) which leads to AEc/x = -14 mRy

as will be discussed later in this Chapter. From the N(E)

curve of Mueller et al. (1970) can be seen that E inPb

lies ~ 0.025 Ry below the top of the d-band contribution, if

The Fermi energy can be raised to the top of the d- |

band by filling the 0.36 d-band holes, and by supplying ; •:

electrons to the s-p band which is at the same time |
n

lowered, so that I j

= 0.36 + N. 0.025 +
dx

(5.1.8)

This results in;x, = 0.4_6, which is in reasonable agree-

ment with the value x, ~ 0.6 found from measurements
a —

of the paramagnetic susceptibility and the electronic

specific heat (see Fig. 1.3.1).

The predictions of the semi-rigid band model for

dlnA/dx for various orbits given in column 2 of Table

5.1.2 are not in agreement with experimental values

for the d-like X- and L-hole orbits in PdD. As the

predictions for these orbits are found by means of



Table 5.1.2. Concentration dependence of the investigated orbits as predicted

by several models and calculations.

Electron sheet

X hole

pocket

L hole pocket;

orbit

centre

r(o,o,o)

XCO.O.I)

X(0,0,l)

X(I.O.O)

uj.i.n.

Field

direction

[001]

[001]

[101]

[001]

[001]

F

[Tesla]

27330

571

689

888

228

0

- 2

- 2

- 2

-10

1

. 19

.51

.47

.72

.9

0

-2

-2

T2

-10

2

.24

.42

.37

.62

.4

dlnA/d>

3

0.23

-1.53

-1 .48

-1.64

[

4

0. 19

1 .04

0.98

1. 10

5

0. '.5

-0.80

-0.7S

-0.84

PdD

0.24

- 3.4

- 3.6

-22

10

±0

±0

±3

.03

.3

.4

Ul

1) Simple rigid-band model, dE_/dx » 32 mRy.

2) Semi-rigid band model, dEp/dx - 31 mRy, d(EF-Eg)/dx - 46 mRy

3) Bansil et.al. (1979). Renormalized atom Pd potential, touching sphere radii

4) Bansil et al. (1979). Overlapping atoms Pd potential, touching sphere radii

5) Bansil et al. (1979). Overlapping atoms Pd potential, 65/35 prescription
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Eq. 5.1.1 using the Fermi energy shift relative to the

d-band given by Eq. 5.1.6 the only way to solve this

discrepancy is to assume that Eq. 5.1.6 gives in fact

the shift of E with respect to the high density of

states peak associated to the jungle-gym sheet and

d-like states associated to the X- and L-pockets are

lowered with respect to the flat d-band parts. This

results in a non-rigid behaviour of the top of the

d-band in contradiction with Switendick•s results.

The evaluation of x= is not modified by this assumption

as the X- and L-pockets contain only a small fraction

(~ 1%) of the d-band holes.

A detailed calculation of the electron density of

states and of the Fermi surface of PdH(D)Q 0 5 and

PdH(D)Q ^ has been carried out by Bansil et al. (1979)

using an extension of the average-t-matrix approximation

for random interstitial alloys. The density of states

curve for PdH(D)Q __ is shown in Fig. 5.1.2. As can

be seen a low-lying bonding band is formed. Bansil

et al. (1979) find that in PdH(D) this band accommodates

2x electrons. The Fermi energy does however not decrease

when hydrogen is absorbed because the bonding states

are formed partly from already filled Pd states, and

because the spectral weight of an electron state in
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PdH(D) is not unity as a consequence of the disorder

in the system. The increase of the Fermi energy with

concentration dE_/dx = 2 7 mRy is slightly lower than

the value found in the rigid-band model (AER fi M /x =

32 mRy). Values for the concentration dependences

dlnA/dx for several orbits calculated with different ">

potential constructions are given in columns 3-5 of

Table 5.1.2.

The value for dlnA/dx for the r-electron orbit is

close to the rigid-band value, while the value for

the X-hole pocket is approximately two times smaller ';
it

than predicted by the rigid-band model. The theoretical t

results are thus in much better agreement with the 1.
i

experimental results for PdH than for PdD . This ?

is rather surprising as just the contrary is expected

for a calculation done for "frozen" protons, i.e. .>

neglecting zero-point-motion effects. \

Before further discussing specific bandstructure

calculations let us make the following comment. The

bandstructure calculations by Switendick (1972),

Faulkner (1976), Papaconstantopoulos et al. (1978),

Gelatt et al. (1978), Bansil et al. (1979) all predict '}

that electron states with s-character at the interstitial iv

site are strongly lowered in energy while states with ^
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Fig. 5. 1.2.

PdH

0.2
ENERGY (RY)

Electronic density of states of

0.05 as given by Bansil et al. (1979). The insert

shows the detailed structure of the Pd-H bonding

band at E ~ -0.03 Ry.

f •

-A'p.

another symmetry remain essentially unaffected by the

proton potential. We show here that this is a direct

consequence of the muffin-tin approximation.

In calculations for face-centered-cubic metals the

muffin-tin radius is usually chosen in such a way

that the metal muffin-tin spheres touch each other in

the [011] directions. For palladium-hydrogen the same

choice results in a muffin-tin radius for palladium
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R . = 2.60 a.u. and a muffin-tin radius for hydrogen

IL, = 1.08 a.u. as sketched in Fig. 5.1.3. A sphere

with a radius of 1.08 a.u. contains however only a

small fraction (n„ = 0.38) of the electronic charge

of a hydrogen atom in the ground state. This led

Switendick to enlarge IL, to 35% of the metal-hydrogen

distance (the "65-35 prescription") so that Rj, becomes

1.29 a.u. and Rp, 2.39 a.u. A sphere with a radius of |

1.29 a.u. contains a fraction n„ = 0.48 of the electronic -
i

charge of a hydrogen atom. ..;.

The energy shift AE,/x in the energy of a normalized ;!

Pd electron state |k> is to first order given by I •

(Friedel 1972) H

AEk/x = -<k|VH(r - pH)|k> (5.1.9)

where V*H (r - p"H) is the potential of the proton

- - <k|k> 4nr Vfl(r) dr

where <k|k> is the average density of a Bloch state

if

- ' •<(deuteron) located at p„ in the host lattice (octa- ,;

hedral interstitial site) . For a potential such that ;;

V H ( r > R H ) = 0 |

)k> in the hydrogen muffin-tin of radius R^. One i|

I
1
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a = 7353 au.

Rpd= 2.60 au.

RH = 1.08 au.

Fig. 5.1.3. Positons of palladium muffin tins

with radius R , and hydrogen muffin-tins with radius

R in the face-centered cubic lattice with latticen

spacing a = 7.353 a.u.
•f-

it

expects therefore that in calculations using the muffin- :\

tin approximation AE,/x is proportional to <k|k> . In

order to test this we calculatea <k|k> for several

states with a KKR bandstructure program developed

by Hubbard and Mijnarends (1972) . The results <k|k>

are given in Table 5.1.3. In Fig. 5.1.4 energy differences

AE, between electron states in Pd and corresponding V

states in PdH as given by Switendick (1972) are plotted

against -<k|k>. As can be seen AE, is indeed proportional p

to -<k|k>. The proportionality constant - E./<k|k> = I
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Table 5.1.3. Normalized average densities <k|k> in

the hydrogen muffin-tin sphere calculated using a KKR

program of Hubbard and Hijnarends (1972). •;" '

Symmetry

point

ri

r \ 2

Lj

L3

"l-l

L2.

Xl'"

X2

xs
x„.

•"- -- k ----"

(0.0.0)

(0.0,0)

(0,0,0)

(1.1.1)

(1.1.1)

(1.1.1)

(1.1.1)

(0.0,1)

(0,0,1)

(0,0.1)

(0,0.1)

(0,0.1)

<k|k>

[a.u.-*]

0.0143

0

0.0005

0.0007

0.0007

0.0005

0.0231

0.0091

0

0.0005

0

0.0050

Fermi surface

sheet ;i>T::;;"

T-eleatron sheet

fr-x
r-orbit \

U-K

r-L

X—hole pocket

X-orbit r-X

L-X

jungle-gym

-L-X

K-X

(0

(0

(0

(0

(0

(0

(0

k

.0,0

,0.4

.4,0

,0,

.05.

.15.

,0.3

.6)

io.4)

.4,0.4)

0.9)

0.05.0.95)

0. 15.0.85)

,0.9)

<

[a

0.

0.

0.

0

k k>

0050

0

0160

0

0

0003

. • • ) .

r, ;ï-'m
m
IV:
hi

f ï i X"

i

©fl
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0.02

<k|k> [a.u.-3]

Plot of the energy shifts AE of electronFig. 5.1.4.

states |k> given by Switendick (1972) versus the average
,]

density <k|k> associated to |k> in the hydrogen muffin-tin. ;.

18.5 Ry - a .u.3 i s close to that expected for V„(r) = -
xi r

H

I 4TTr2 \ dr = 22.3 Ry-a.u. (5.1.11)

The densities <k|k> of electron states representative

of the r-electron sheet, the X-hole pocket and the
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15FT

2.0

1.0

O

(5)

•-̂ _ [100]
^ - - [010]

[001]

0.10 0.20

0.10 0.20
r/a

r/a

Fig. 5.1.5. Densities

<k|k> in the hydrogen muffin-

tin along the [100], [010]

and [001] axis for Pd

electron states |k> indicated

in Fig. 1.1.1. The octahedral

interstitial position is at

r = 0.

Ï'. 11'
-' t'?
• '*i
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junglè-gym are shown in Fig. 5.1.5. Electron states on

the r-electron sheet have a more or less constant density

around the octahedral interstitial site while states

corresponding to the d-like orbits have a vanishingly

small density (this can also be seen directly from

symmetry arguments: the state X5 for instance has an

angular symmetry xz or yz, so that the orbitals point

away from the octahedral site). [

It is now clear why in bandstructure calculations based

on the muffin-tin approximation all d-like states (

remain unaffected in PdH(D) : the proton potential •;

is cutt-off at R-j, and the density of these states within :••.

muffin-tin sphere is nearly zero. This leads to a k- j

independent shift of the Fermi energy relative to d-

states in contradiction to our experimental results

which indicate that A(E -E,) depends on the nature of

the Bloch state. We must therefore conclude that it is

incorrect to cut-off the interstitial potential at the

muffin-tin radius.

Gelatt et al. (1978) calclulated the complex energy

bands of PclH at low concentrations and near stoichio-

metry using the average-t-matrix approximation. In

•n
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essence their bandstructure results are similar to those

of Switendick (1972) and Bansil et al. (1979) . Again

electron states with s-symmetry around the interstitial

site are lowered in energy, while other states remain

unaffected.

Energy shift values for electron states at the Fermi

surface have not been published so far. It is

nevertheless possible to compare our experimental results

with the bandstructure calculations of Gelatt et al.

(1978) as they find that the following relation gives

good approximate values for their calculated AE, :

AER = - x <k|VH(r-pH)|k>

|<k|VH(r-p„)|h>|
2 (5.1.12)

-i- x(l-x) J ^
Ek " H

with

VH(r) = § + VMT for r<Rjj = 1.08 a .u.

= 0 for r>Rjj (5.1.13)

where VMT i s the Pd muffin-tin zero; |h> is a hydrogenic !
Ï' '-ft

wavefunction centered at pn 1
n •

1 y 4
|h> = -±- e (5.1.14) 1

VtT -f
•4
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and E, - E„ is the energy difference between the state

|k> and the Pd-H bonding "band" at low concentrations.

The first term in Eq. 5.1.12 is the first order

perturbation of |k> by V ; the second term describes

the repulsion between state |k> and the Pd-H bonding

band.

Using the values for V T and (Ep-EH) given by Gelatt

et al. (1978) we find that an electron state with an

average density <k|k> in the"hydrogen muffin-tin sphere

is shifted by

AEk/x = -10.38<k|k> - 4.74(l-x) <k|k> (5.1.15)

The average value of <k|k> over the r-electron orbit is

0.0025 a.u."3 (see Table 5.1.3), so that we obtain

AE /x ~ -14 mRy in good agreement with A(E - E,)/x =

-12 mRy found in the semi-rigid band model.

As the average value of <k|k> in the hydrogen muffin-

tin sphere for d-like states is vanishin,gly small

(see Table 5.1.3 and Fig. 5.1.5) the calculations of

Gelatt et al. (1978) predict AEk/x ~ 0 for these states.

This leads again to a Jc-independent shift A(E -E,) for

d-like states characteristic for calculations using

the muffin-tin approximation. To obtain k-dependent

shifts AE,/x for d-like electron states the hydrogen

j

M
M
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potential must be allowed to interact with the d-
f.

electrons localized at the Pd-atoms. This requires

a long-range proton potential.

Another indication that the long-range part of the

proton potential may play an important role in ?

determining the electronic structure of PdH and PdD

is found from a comparison of the experimental Dingle f

temperature data given in Table 4.3.1 and the theoretical V

estimates by Gelatt et al. (1978).

In the average-t-matrix formalism the eigenvalues of ::. [

the Hamiltonian are complex; the real part gives the I

energy and the imaginary part the damping of an electron i'"\\
ifstate. The de Haas-van Alphen Dingle temperature is i i\

related to Im(E) by !

T D - - Y^T- <Im(E)> (5.1.16)
B •

where kfi is Boltzmann's constant. The average <Im(E)> •

is taken over the cyclotron orbit. From the damping

of electron states associated with the r-electron sheet ! C

AT D/x is estimated to be ~ 4000 K. The damping of ^f!

the electrons states associated with the X-hole pocket

is according to Gelatt et al. (1978) too small to be

calculated, which implies T / X < < 1 0 0 K for X-hole orbits.
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The calculated values for the X-pocket are thus at

least an order of magnitude lower than the experimental

values. For the r-sheet the calculated values are 4

times higher than the experimental values. [

It is believed that the very low theoretical values ;

found for the X-hole pocket are a consequence of the

fact that the proton potential is not allowed to

interact with d-like electrons in the muffin-tin- f

approximation. This may be regarded as a further in- ^

dication of the importance of the long-range part of ",

the proton potential. ".'ifi

Concerning the discrepancy between the calculated and ';]•'!

experimental values for the Dingle temperature increase |i
5?, I

of the r-orbit it is necessary to point out that in :i A

I]
the calculations of Gelatt et al. (1978) the distribution f:

of the hydrogen atoms over the available octahedral t ̂

sites is completely random. If the distribution is |;

however partially ordered the damping of the electron f-

states will be smaller. This does not imply however

that the energy shifts depend on ordering in the alloys.

This is nicely illustrated by comparing the calculations p
4!

of Gelatt et al. (1978) to those of Switendick (1972). I

Switendick simulated a substoichiometric composition F?
If

by conceiving palladium-hydrogen as a periodically $Jïj
repeated s u p e r c e l l of palladium atoms in which one £R

ftbM
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or more hydrogen atoms are placed. Because the system

is then perfectly periodic the electron states are not

damped. Although the calculations of Switendick and of -

Gelatt et al. give very different results for the

damping of the electron states, the energy bands are.,. . - _

very similar in both calcuations. : _

It is interesting to note that calculations of Huisman

and Weiss (1976) and Gelatt et al. (1978) of the "N

magnitude and anisotropy of the Fermi surface damping '~\'±

in CuH using the average-t-matrix approximation on a
i

muffin-tin model for this interstitial alloy are in ;

good agreement with Dingle temperature increases j.'

obtained by Wampler and Lengeler (1977) from de Haas- i.i

van Alphen experiments on dilute CuH . This is not in \ j1

contradiction to the objections made against the muffin-

tin approximation because in Cu the d-bands lie well

below the Fermi energy, and all electron states at the •

Fermi surface have significant s-character at the

hydrogen site.

About the isotope effect in the electronic structure

of PdH of PdH and PdD found in the experiments •;•-'•
A X X ,';̂

we can make the following remarks.

In calculations using the muffin-tin approximation for '••

the H(D) potential it is found that the potential V

interacts only with electron states with s-character ^
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at the interstitial site. As these states have a

nearly constant charge density in the H(D) muffin-

tin the lowering AE is not influenced by the zero-

point-motion of the proton (deuteron). The Fermi

energy shift is determined in these calculations by the

distribution of the H(D) electrons over the s-p-band

and d-band. As d-states are not influenced, and s-p-

states are insensitive to zero-point-motion, isotope

effects cannot be incorporated in calculations using

the muffin-tin approxiatmion. Here too it is thus

necessary to consider long-range proton potentials

in order to explain isotope effects in the bandstructure

5.2. Energy shifts and long-range potentials.

In this Section we construct an empirical potential for

the interaction between palladium electrons and the

interstitial hydrogen (deuterium) which reproduces

the observed isotope effects in the shifts of energy

levels.

As discussed in Section 5.X this potential is probably

long-ranged.

The screening of a charged impurity in jellium and in

real metals has been studied extensively (Friedel 1953,

1958, 1972, Langer and Vosko 1956, Popovic and Stott



169

1974, Popovic et al. 1976, Almbladh et al. 1976, Jena

and Singwi 1978, Sholl and Smith 1977, 1978, 1979,

1980). The calculation of the energy shift of an electron

state by the interaction with a screened potential is

simple. Friedel (1952, 1953) has shown that in the

limit of infinitely low concentrations the Fermi energy

remains constant with respect to the vacuum zero when

the potential of the charged impurity is screened

self-consistently. Stern (1972) proved that E F remains

also constant in non-dilute alloys provided the screening

charges do not overlap. Changes in the electronic

structure are then caused by energy shifts of electron

states only. For the d-states in PdH(D) this means

that their energy must be lowered by the perturbing

potential if the accommodation of the H(D) electrons

is to leave E p unchanged (at low concentrations).

This is again an indication that the muffin-tin approxi-

mation does not give a good description for this system,

as in calculations using this approximation it is

found that d-states are not affected, and that E„

increases with respect to these states.

An often used analytical approximation for the self-

consistently screened potential of a proton is the

Thomas-Fermi potential
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VH
2

r - p H

- e

-

X

(5.2.1)

where £ is the position of the impurity.

H

The Thomas-Fermi approximation is used by Sholl and

Smith (1977, 1978) to calculate the energy of formation

of PdH with satisfactory results.

The energy shift of an electron state |k> is given

to first order by Eq. 5.1.9. For states with s-

symmetry around the interstitial position (nearly

constant density <k|k>) the shift is

— = -<k|k> |4nr2 -e X dr = -8TT<k|k>X2 (5.2.2)x j r
o

Electron states representative for the r-[001] orbit

on the electron sheet have a density <k|k> ~ 0.0025/a.u.3

around the interstitial site (see Section 5.1). From

Eq. 5.2.2 and the experimental value AE /x = -43 m Ry

given in Table 5.1.1 one obtains X = 0.83 a.u.

The screening parameter X is related to the electronic

density of states at the Fermi energy N(E„) by means

of (Ashcroft and Mermin 1976)

X2 =
A N(Ep)
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where Q is the atomic volume per Pd atom (J2 = a3/4; a

is the lattice spacing). A screening parameter A =

0.83 a.u. corresponds to N(E„) =5.8 states/atom-Ry.
r

This value lies between the density of states contri-

bution of the s-p-band N = 3.4 states/atom-Ry and the

total density of states of Pd, N(Ep) = 31.04 states/

Ry-atom. This indicates that d-electrons play a

substantial role in the screening of the protons |

(deuterons) as predicted by Friedel (1972). ;

To estimate the energy shifts of d-like electron states

we have to know the charge distriubtion corresponding ;;j

to these states. The d-electrons are localized around Ii

the Pd atoms. From the palladium wave functions |,j

renormalized to the Wigner-Seitz sphere given by jpf.

Mackintosh and Andersen (1980) can be seen that the

density of the d-electrons is peaked at a distance of

~ 1 a.u. from the Pd atoms. The distance between a I j

proton (deuteron) at the octahedral interstitial position "'

and the region of maximum charge density of d-electrons

is thus 2.7 resp. 4.7 a.u. An average value for the shift ^

of a d-like electron state is thus approximately given ??•
'0

by 3VH (2.7) which is 87 mRy for X = 0.83 a.u. This f|

is larger than the energy shifts of the d-electrons ^

associated to the X- and L-hole ellipsoids which are )§
i

40-60 mRy in PdD . Another analytical form for the proton f|
jij

potential can be derived from the fact that the screening j|
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charge Ap attracted by a proton in an electron gas

in self-consistent calculations (Popovic and Stott

1974, Almbladh et al. 1976, Popvic et al. 1976) is

approximately given by

r_

Ap ~ e x% (5.2.4)

From Poisson's equation the potential V'(r) corresponding

to Ap is

= (f + f
r

This leads to a shift I
— = -16 n X|2 <k|k> (5.2.6)
x

Using again AE_/x = -43 mRy one obtains A' = 0.58 a.u. I: i

It is interesting to note that X1 =0.58 a.u. is quite f:; ?

close to X' = 0.5 a.u. obtained for the time-averaged [||

potential of a neutral hydrogen atom (Jackson 1975).

The potential V'(r) with X' = 0.58 a.u. is nearly
H

identical to the previously discussed Thomas-Fermi

potential with X = 0.83 between 0.1 and 5 a.u. The

potential Vg(r) is thus also too strong at the Pd site

to explain the shifts in the d-like states. i *
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We will now discuss how a Thomas-Fermi-like potential

is modified when the effect of zero-point-motion is

taken into account. The average potential of a proton

or deuteron at a distance r from the interstitial site

is then given by the following relation (for convenience

we use a one-dimensional model)

• IVH(r) = P(A) VR(r-A)dA (5.2.7)

where P(A) is the probability of finding the proton or

deuteron at a distance A from the octahedral site. • ;.

For a harmonic oscillator the probability P(A) is j i'

given by \ j

a -a2A2

P(A) = ^ e a ü (5.2.8)

From the neutron scattering /experiments by Drexel

et al. (19 76) follows that A2" defined as

A2

CO

= A2 P(A) dA (5.2.9)

s," is-

is 0.108 a.u.2 and 0.077 a.u.2 for proton and deuteron '0

respectively,, so that <x„ = 2.16 a.u."1 and a_ = 2.56 ,A
tl L) ;. vV;

a.u."1. Fig. 5.2.1 shows the average V„(r) of a Thomas- ;>>•
H .'-• '.3

•.-)?•

Fermi potential with X = 0.83 a.u. calculated for &B
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0.12

Fig. 5.2.1. The zero-point-motion averaged Thomas-

Fermi potential with X = 0.83 a.u. for a = 2.16 a.u.'^I

a = 2.56 a.u.-1(D) and a = «("frozen" proton). The octa-

hedral site is at r = 0. The maximum density of d-

electrons occurs at dj and d£ at 1 a.u. from the Pd

position.

r
n

different values of a. As can be expected the average

potential of the proton is slightly higher than that '•

of the deuteron and of a proton without zero-point- jQ

motion (a = «) . This leads to an isotope effect opposite |,«
^ '.'5

to that, found experimentally. It is thus necessary to fi

search for another approximation of the long-range part

of the potential.



175

It is well known that a screened potential exhibits

Priedel oscillations at long distances (Ashcroft

and Mermin 1976). These oscillations, which are a

consequence of a singularity in the dielectric function

e(q) at q = 2kF (k_ is the Fermi vector) have the

following asymptotic form

cos (2 k r)
V r ) r&. A r3 (5.2.10)

so that this potential falls off less rapidly than a

Thomas-Fermi potential. ,

We demonstrate now that the isotope effect discovered ]>

in this work can be explained by postulating that the j ]

screened proton potential exhibits Friedel oscillations . |-}\

The average potential defined by Eq. 5.2.7 with V„(r)
ti

given by Eq. 5.2.3.0 is shown in Fig. 5.2.2 for k„ =

1.0 a.u. It can be seen that zero-point motion leads .• *

to a damping of the Friedel oscillations. '!

To obtain a rough estimate of the energy shifts of d-

electrons we assume that these electrons are completely "

localized at 1 a.u, on both sides of the palladium atom.

The insert of Fig. 5.2.2 shows the energy shift of such fa

a hypothetical d-state which is given by a.

é
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(2.7 a.u.)+V£(4.7 a.u.))

(5.2.11)

where the factor 6 comes from the number of nearest

neighbour Pd atoms. As can be seen AE depends strongly

on the isotope mass. This results from a partial

cancellation of the contributions related to the peaks

in the electron density on both sides of the Pd atom.

~ O

t 1
• 1

;i
i
/

OtsOO

. t1 .

\

PtJ
- 1 —•

1.0 a.u.

I
X>ao

d 2

, T .
2 3 4 5

• r

Fig. 5.2.2. Friedel oscillations in the averaged

potential for a = 2.16 a.u."1, a_ = 2.56 a.u."1, and

a = ». The octahedral site is at r = 0. The insert shows

the energy shifts AE of a hypothetical d-state with an

electron density localized half at di (at 2.7 a.u.) and

half at d2 (at 4.7 a.u.). The Pd position is at 3.7 a.u. %m
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When we compare the ratios of the energy shifts AE j.

of the d-electrons to the experimental values for

the X- and L-pockets presented in Table 5.1.1 we find

a satisfactory agreement: AE(PdD ): AE(PdH ) ~ 2:1.
X X

Further evidence for the validity of this simple model

may also be gained by looking at the PdB data in

Table 5.1.1.

Assuming that in PdB the boron has valence 3, and I

that its zero-point-motion is negligible (a = °°) we

can compare the ratio of AE with a„ and a = °° with ?.

n

the experimental ratios of AE for the X-hole pocket '•

in PdH and PdB . The agreement is surprisingly good: ! .

AE PdBx I : AE(PdHv) =* 3:1. N

We can conclude that a screened interstitial potential

;!
which behaves like a Thomas-Fermi potential with X =

0.83 a.u. in the vincinty of the proton and which i
• • • ' !

exhibits Friedel oscillations at large distances can f

explain our experimental results. This potential is

sketched in Fig. 5.2.3' together with the density r2R^
d

of d-electrons at a distance r from the Pd atom where

R, is the radial part of the Pd d-wave functions re-

normalized to the Wigner-Seitz sphere as given by 'yi;

Mackintosh and Andersen (1980). Ü

m
There is however one point which will need further %

ji
clarification. To obtain the correct magnitude of the 4

'i
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>.cc
E

'-20.

-40.

-60

Fig. 5.2.3. Empirical potential V„(r) which behaves

Thomas-Fermi like with X = 0.83 near the proton and

exhibits Friedel oscillations at larger distances. The

upper part shows the density r2R2 of Pd d-electrons.
d

The strength of the potential is found by requiring

AEd/x = -40 mRy in Eq. 5.2.11.

energy shifts of the d-electrons the amplitude of the

oscillations must be an order of magnitude greater

than usually found in the calculations of the screening

of impurity potentials in simple metals. This can be
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due to the low electron density at the octahedral

site, or to more complex interactions with the palladium

electrons such as exchange and correlation effects.

5.3. Implications for the theory of the isotope

effect in the superconductive transition tempera-
ture in PdH(D).

x

The most extensive theoretical investigation on the

superconductive transition temperature T in PdH and

PdD is that of Klein and Papaconstantopoulos presented

in Section 1.4. We discuss here whether the assumptions

made by these authors are consistent with the conclusions

drawn from our experimental results.

Using the rigid-muffin-tin approximation Klein and

Papaconstantopoulos arrive at the conclusion that the

electron-phonon coupling parameter A , .is dominated

by the coupling between optical phonons and electrons

with s-character at the interstitial site so that

Xel-ph ~ NH <Vx) ) /N t o t < V X ) )

Our experimental results indicate that the muffin-tin

approximation does not give a correct description of

the interaction of the H(D) potential with the Pd d-
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electrons. This is probably not serious for the cal-

culations of Klein and Papaconstantopoulos as in PdH(D)

in the concentration region where superconductivity

occurs (x > 0.8) the Fermi energy lies above the d-

bands.

The isotope effect in T ascribe Papaconstantopoulos

and Klein solely to the anharmonic scaling of the

phonon spectra in PdH(D ) with the interstitial mass.

To get the correct magnitude of the isotope effect in

T they have to assume an anharmonicity which is greater

than supported by recent neutron diffraction and Raman

scattering experiments. Klein and Papaconstantopoulos

assume that the 'electronic structure of PdH and PdD

is identical. This is contradicted by our experimental

results. We find that d-like electron states associated

with the X- and L-hole ellipsoids are affected differently

by the interaction with ohs interstitial potential in

PdH than in PdD . Although a complete picture of the

distribution of the H(D) electrons over empty states

cannot be given (the concentration dependence of the

jungle gym could not be determined) an extrapolation

of our experimental data suggests that the Fermi energy

reaches the top of the d-band at a lower concentration

in PdD than in PdH . This arises because the d-states

associated with the X- and L-ellipsoids are more
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lowered in energy in PdD than in PdH . The electronic

structure of PdD is then similar to that of PdH «,

so that Ep(PdDx) = Ep(PdHx+6) > EF(PdHx) as d Ep/dx > 0

at high concentrations.

This is consistent with electronic specific heat measure-

ments by Zimmerman et al. (1975) and Wolf and Zimmerman

(1976). From their data can be concluded that Y(PdHQ g ) /

Y(PdDQ g) ~ 2. As Y is proportional to (1 + X)N(EF)

this leads to the conclusion that the density of state

N(E„) is higher in PdHQ g than in PdDQ „ even when we

allow for anharmonic electron-phonon coupling effects in

the many-body enhancement parameter A. Because dN{E)/dE<0

near E p (see Fig. 1.4.3) it follows that Ep(PdH0 g)<EF(PdD0

As can be seen from Eq. 5.3.1 a difference in E will

lead to an isotope effect in T through the same mechanism

as that which causes T to increase with increasing

hydrogen concentration. We expect therefore that the

isotope effect in T is partly caused by the isotope

effect in the electronic structure of PdH(D) .
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