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SUPERCONDUCTIVITY AND THE STRUCTURAL PHASE TRANSITIONS 
IN .PALLADIUM HYDRIDE AND PALLADIUM DEUTERIDE 

Robert Wendell Standley, Ph.D. 
Department of Physics 

Univ~rsity of Illinois at Urbana-Champaign, 1980 

The results of two experim~ntal studies of the superconducting 

transition te.mperature, T , of palladium hydride, PdH , and palladium 
C · X 

deuteride, PdD ~· are presented . 
. · X . 

In the first study, the superconducting transition temperature 

of PdH (D ) is studied as a function· of H(D) concentratiot).~ x, in 
X X 

the temperature range from 0.2 K to 4K. The data join smoothly 

with those· reported previously by Miller and Satterthwaite at higher · 

temperatures, and the composite data are de~cribed by the emi>.irical 

relation T = 1S0.8 (x-x ) 2 ' 244 , ·Where x = 0~715 for hydride samples 
c . 0 0 

and 0 .. 668 for deuteride samples. The results, when compared· with the 

theoretical pr~dictions. of Klein and Papaconstantopmilos, et. al., 

raise q\.lestions about the validity of. their explanat{mi of the 

reverse isotope effect, which is based solely on a difference in 

force constant$.· 

In the· second study, the effect of the order-disorder structural· 

transition associated with the "50 K anomaly" on the superconductivity · 

of PdH (D ) is. investigated. Samples .were quenched to low temperatures 
X X ·. 

in the disordered state, and their. transition temperatures measured.· 

The samples were then annealed just below the anomaly.temperature, · 

and the ordering process followed· by monitoring the change in 



(' 

sample resistance. .The transition· temperatures in the ordered state 

were then me·asured. 

In a PdDO.Bl7 sample, the formation· of a long-range ordered 

structure in the deuterium sublattice led to a 9··. 2% reduction in 

Tc. In a Pd~0 .·837 sample, the formation· of p. long-range ordered . 

. structure led to a splitting of the superconductfng transition, 

roughly h~lf o.f the transition being .depressed by ~- 9%," the other 

half remainingunchanged. This splitting is interpreted as arising 

from the coexistence of ordered and disordered domains. In a 

PdD0 . 742 sample, long:....range order did not develop, but an enhance­

ment.of short-range·order occurred., which led to a: 7.5%.increase in 

Tc. In all ~ases the changes in the superconducting transitions 

were. reversible, the transitions reverting to their original. values 

when the s~ples were again,disordered at the end of each run. 

These results.are discussed in the framework of the nlocal structural 

excitation" model proposed by Ngai and Reinecke. In both studies, 

sampJes were ,prepared from Pd foils loaded with H(D) electrolytically. 
. . . . : . . . 

. . 

The superconducting transitions were monitored by measurement of the· 
. . . ' . 

diamagnetic susceptibility of the samples, using an a.,c. mutual 

inductance method. . . 
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I. INTRODUCTION 

The words ''metal hydrides" encompass a broad variety of materials 

with .diverse properties. In fact, the majority of metals in the 

periodic table, and numerous alloys, will react with hydrogen to form 

metal hydrides)_/ While several of these metal-hydrogen systems were 

known in the last century, they aroused only limited scientific interest 

.due to a lack of commercial and technological relevance. Within the 

last forty years, however, the metal hydrides have become important . 

facets .. of several emerging technologies, and as such have become the 

focus of an extensive research effort. 

The initial. impetus to this effort arose from the need to under-

stand the mechanism by which hydrogen embrittles certain metals, notably 

steels, degrading their mechanical properties. Hydrogen embrittlement 

1 

remains .a problem of great practical importance, and hence an area of 

active research. More re~ently, metal hydrides are playing an increa~ing 

·role in many energy-related technologies. For instance, because many 

metal hydrides have very high proton densities (often higher than that 

of liquid H2) andprotoris have large neutron scattering cross sections, 
. . 

metal hydrides have been considered for use as neutron moderators iri 

nuclear fission reactors. In most of the current designs for controlled 

nuclear fusion ·reactors, the containment, or "first wall, u material· 

which contains the reacting plasma will be subjected to a high flux 

of deuterons and. tritono,.making it imperative to understand 



the interacti.ons· between these hydrogen. isotopes and the containment 

structure. 

Anot.her promising approach· to ma:ny energy problem·s is the proposed. 

"hydrogen-based energy economi' in which energy is used to generate 

hydrogen gas from water, coal or other sources. The.hydrogen may then 

be stored cir transported, and then recombined withoxygen to yield 

cheinical energy when and where it is needed. By virtue of their large 

proton densities and modest hydrogen absorption-desorption temperatures 

and pressures, some metal hydrides may make ideal. hydrogen storage media 

for certain applications, obviating the cryogenic equipment necessary. 

for liquid hydrogen storage, and inherently safer and m~re energy 

efficient than storing. hydrogen as a highly colllpres~ed gas. 

2 

The fact.that the absorption anddesorption pressures.of metal. 

hydrides·are strong functions of temperature and alloy composition has 

also been utilized in several ingenious thermodynamic cycles, such as 

"solid s·tate" heat engines, hydrogen compressors and methods of··upgrading 

low grade waste heat to more useable temperatures. In all of these 

schemes, it will be necessary to know how hydrogen interacts with· all 

of the metal components in the systems. 

Discounting the technological stimuli, the basic properties of metal 

hydrides have proved worthy of study in their own right. For example, 

the masses of the·various hydrogen isotopes_differ by a·factor of two 

or three, ·instead of a few percent, as is the case with the isotop·es of 

heavier nuclei. Thu.s,. when one isotope of hydrogen is substituted· for 

another in a metal hydride, very large and often anomalous "isotope 

·effects" can-result. The small masses_ of _the hydrogen isotopes also 
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lead· to. important "quantum crystal" effects, such as proton tunneling and 

delocalization~' and large zero point motion amplitudes,·all of which may 

have marked effects on the physical properties of the material. 

Because interstitial metal hydrides can exist at sub$toichiometric· 

compositions (L e.,. not all interstitial sites are occupied by hydrogen 

atoms) and hydrogen in the lattice is very mobile, many metal hy<;lrides 

exhibit order-disorder transformations, the.material. passing from a phase 

in which hydrogen atoms occupy interstitial sites at random into a phase 

in which they occupy a specific subset of interstitial sites with a 

lower crystal ·symmetry.as the temperature is decreased~ 

Finally, in recent years it has been found th~f hydrogen can have 

a profound effect on the superc~nductfng properties of the host metal. 

In most cases,. th.e addition of hydrogen has a deleterious effect on the 

superconducting properties of the host material, yet ·in a few metals and 

alioys it greatly e'nh<mces superconductivity. 

An excellent collection of review articles on the basi~ properties 
.. 

and applications of metal hydrides has recently appeared, to which the. · 
. . . ' . 2/ 

reader is direct~d for further· information on these topics.-

In many respects,.palladium hydride, PdH, is a model metal-hydrogen. 
X . . ' . 

system. Since the discovery, more than a century ago, that palladium 

. . . . . 3/ 
absorbs large amounts of hydrogen gas,- the Pd-H system has· .been inten-

sively investigated; to date it is the most thoroughly studied metal-

hydrogen system. · While this abundant literature provides a solid founda-

tion on which to build a theoretical understanding pf PdHx, it does not 

imply that such .an understanding has already been re.ached. In the past 

twenty-five years, PdH has been found to. exhibit nearly all of the x. 



phenomena which are so intriguing inmetal hydrides, viz. enhancement 
. . . 

of supercond~ctivity by the addition .'of hydrogen, order-:-disord~r trans-. 

formations involving the hydrogen-atoms, and anomalous_isotope effects 

in such proper~ies as diffusion and superconductivity related to the 

quantum nature of the light atoms~ An understanding of these. phenomena 

is only receritly·. emerging. 

The aim of .the experimental work presented in_this thesis ::i..s to 

investigate morefully (1) thesuperconducting behavior of PdHx(D), 

4 

in particular ·the "reverse" isotope effect when deuter::t.um_ is substituted . 
·.· ... 

for "hydrogen, and (2) the order-disorder transition a~sociated ~ith the 
. . 

"50 K anomaly".and ·its effect on the superconducting transition. 

Chapter II presents an int:r~duction to the basic. physical properties · 
. . . 

of the Pd-H(D) system, in order to provide a framework for discussion 

of the experimental results in subsequent chapters. 

Aftera brief survey of superconductivity in metal hydrides, 

Chapter III focuses on the superconducting properti:es· of PdHx (D~) and 

·the various theoretical attempts to explain them. We. then present the 

results of measurements of the superconducting transition-temperature. 

of PdH (D ) as a function of H(D) concentration in the temperature ·range 
. X X . 

from 0.2 K :to 4. K.and discuss how these results bear upon current 

theoretical treatments. 
. . . 

Chapter IV begins with an introd.uction to the empirical relationsh;i..p 

between high superconducting transition temperatures and structural 

instabilities in metals. This is fo.llowed· by a descript:J_on of the 

nature of the structural phase transitions associated with the "50 K 
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anomaly" in PdH (D ) . Measurements of the effects of these phase.· 
. X X 

transitions·~n the superconducting transition temperature of PdHx(Dx) 
. : . 

are then presented, followed by a discussion of mechanisms which might 

account for these effects. 

Finally,. Chapter V summarizes the-results of this research and 

the conclusions drawn· from them •.. 



II. THE Pd-H(D) SYSTEM 

Pure Palladium· 

Palladium is a groupVIII transition metal which forms a face 

centered cubic· (FCC) crystal with a lattice constant of 3.88.9 A at 

. 4/ 
room temperat;ure.-

While atomic· Pd has a 4d10 ss·0 electronic configuration (filled 

4d-shell), deHaas-Van Alphen measurements ori. Pd demons.trate that, in 

the metallic. state, the 4d-band.is not filled, but contains about 0.36 

. 5/ 
holes per Pd atom.- Band structure calculations indicate that in Pd .. · 

. . . . . . 
metal, theSs-'·and Sp-states hybridize to form a broad· s-p band which 

overlaps the narrow d-band and which is populated partly at the expense· 

of the d-band.~/ This incomplete .filling of the·d~band has profound 

effects on the properties of Pd metal. ·The Fermi energy .lies just b.elow 

the top of the d-band, and just above a sharp peak. iri the d-band density 

of states,.producing a large value of N(O)., the electronic density of 

states at .the Fermi level, as shown in Figure 3a. This large value of 

N(O), together·with a strong exchange interaction betw~en electrons, 

places Pd very close· to the ferromagneti~ instability; while.long range 

ferromagnetic or_dering in Pd is absent~ neutron ~cattering data indicate 

a substantial short range ordering of electron spins, extending over 

distances· of "' 10 A.)J These large spin fluctuations, or paramagnons, 

produce a large ·stoner enhancement of the magnetic susceJ>tibility, and 

also presumably accouxit for the lack of superconductivity in pure Pd, 

as will be discussed. more fully in the nex~ chapter. Because of this 

6 



· strong exchange interaction, Pd was considered a likely candidate for a 

triplet-state superconductor, in which the electrons form Cooper pairs 

3 . 
in a triplet spin state, as do the nuclei in superfluid He .' rather than 

a singlet .spi.n state,. as in other· superconductors. ··A low· temperature 

search for super.conductivity in Pd showed no evidence of either singlet 
. . 8/ 

or triplet state superconductivity to temperatures as lpw as 1.7 mK.-

Structure of PdH (D ) 
X :X 

When hydrogen (or deuterium) is introduced to p~lladium, it is 

readily dissociated and absorbed into the Pd lattice~ _which reme1ins FCC 

but expands to a maximum lattice constantof 4.090!·(4.084 A) for 

stoichiometric PdH (PdD) at 77 K.!J_/ Neutron d "ff . t·· t d' . lO/ 1 rae 1on s u 1es--

reveal that. t;he H(D) atoms occupy only· the octahedral .interstitial 
. ·. . .·. ·. ' . . 

·sites of the .. Pd lattice. Collectively, these octahedral sites form a 

second FCC lattice which- interpenetrates the FCC Pd lattice, and at 

stoichiometry (all octahedral sites filled) PdH(D) has the simple 

NaCl (Bl) structure~ 

PdH (D ) .cari exist at substoichiometric compositions also, by 
. X X . . 

filling only a fraction, x (=the ratio of H(D) atoms to Pd atoms), 

of the octahedral sites. At high temperatures the frac~ion of acta-

hedral silt:s oc·cupied can be varied continuously from' zero to one, but 

at lt:urveratures. below "·' 300°C a mi R~ihility gap occurs in the phase 

diagram, and .samples of intermediate compositions will undergo a phase 

separation into regions of H(D)-poor·material (the a-phase, with 

1c n... 0.01). and H(D)-rich material (the 8-phase, with x n... 0.60), as shown 

in Figure 1. For compositions greater than 'v 0. 60, a sample will be 

7 
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Figure 1. ·High temperature ph~se dl~gram of the Pd-H system in 

the temperatu~e-composition plane. The·phase diagram. 

· of the Pd-n system is n~arly identical, with slight 
. . .· 

. differences in the loca.tion of the critical point. 

I'. 

.. 
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purely in the 8-phase to low temperatures (T < 100 K) when.new phases 
"' 

·associated with the order-disorder transitions ar~ encountered. The 

phenomena of interest in this thesis,· superconductivity and the order-

disorder transitions, are properties of the 8-phase, .so in subsequent 

discussion we will neglect the a-phase and two-phase regions of the 

phase diagram and restrict ourselves to the properties of samples with 

compositions between 0.6 and 1.0. 
. . . --·-~ 

·As previously mentioned, Jhe uptake of.H(D) results in an expansion 

of.theFCC lattice. In the 8-phase, the ilattice constant of PdH (ti) 
X X 

increases neady linearly with x from a value of 4.019 A (4.016 A) at 

x ~ 0.6 to 4~090 A (4.084 !) at x = 1.0. The smaller lattice constant 

of the deuteride relative to a hydride of the same composition is 

attributed to the smaller zero-point motion amplitude in the lattice of 

the more massive deuteron. 

Phonon Modes of PdH (D ) 
X X 

Changes in the phonon spectrum upon formation of 8.,-phase PdH (D ) 
. X X 

10 

have been monitored by a variety of techniques. Low temperature specific 

heat measure·m· ent·sll-lS/_ on PdH (D ) · d · t D b t t , 1n 1ca e a e ye empera ure, 
· X X 

eD ~ 275 K, which is nearly identical for that of pure Pd, at 271 K. 

That the long wavelEmgth acoustic modes (of which en is a measure) of 

Pd and PdH (D ) .are so similar is rather .surprising in light of the 
X X . 

. . 
substantial increase in.lattice parameter; apparently the new H(D)-Pd 

bondtng compensates for the decrease in Pd-Pd bonding due to lattice 

~.x:pansion. 
. 16/ . 

Inelastic neutron scattering measurements-- on PdD
0

_
63 

show a substantial softening (20-30%) of the acoustic modes near the 

Brillouin zone (B.Z.) boundary relative to pure Pd, however. 
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The inelastic neutron scattering experiments also yield the dispersion 

·Of the optic phonon modes of PdD0 _63 (pure Pd,. of course, has no optic 

modes) •. These optic modes occur at very low frequencies <~ 38 meV for 
. . . . 

transverse optic (TO) phonons of PdD0 •63 ) compared with the optic mode 

frequencies of other metal hydrides, which are typically two to three 

.times higher •. The longitudinal optic (10) modes show a large dispersion, 

implying.strong first and second ne~rest neig~bor D-J? interactions.· 
... 

The phonon dispersion curves of PdD0 _
63 

and Pd are shown in Figure 2. 

The phonon dispersion relations of PdD samples at higher D concentra-.x . 

tions (x 0. 8S) are virtually identical to those of PdD
0

• 
63 

}J../ 

The linewidths of the neutron groups scattered from the PdD
0

_63 

optic modes show a strong increase with increasing temp~rature, which is 

. . . 16/' 
attributed t~ anharmonicity of t.he potential well of the D atom.- Even 

at low temperatures the linewidths remain· anomalously broad; this is due 

to the random distribution-of D atoms in the FCC iatticeof octahedral 

sites at substoichiometry, which in turn causes a distribution of 10 

. modes with different dispersion, the 10 mode dispersions being governed 

b h 
. . 18/ 

y t e D-D interact~ons.-. 

As hydrogen is a strongly incoherent neutron sc~tterer, the. phonon 

dispersion curves of PdH cannot be obtained by neutron scattering, X . 

however the phonon density of states is readily obtained by such measure-

ments, and when these measurements are compared with the dispersion 

relations of PdD., several pieces of information may be extracted •. Such . X 

density of ·states. measurements on PdH show a strong peak at an energy 
x· 

. ..lQ ZO/ hi h . l d . h .h d . PdD h of .)b mev---, · w c, wtetl compare w~t t e ata on .. ·x~ must e_ 
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Figure 2. ·Phonon dispersion relations of Pdn
0

•
63 

(solid curves) 

and pure Pd (dashed curves).· along directions of high 

symmetry (from reference 16). · 
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associated with the flat TO modes, which occurred at 38 meV in PdD . 
X 

If the potential well in which theH or D atom vibrates. were harmonic, 

then the. ratio of these TO mode frequences should be 

. ' 

(mH(D) is ·the mass of the H(D) atom), but the.observed ratio is 1.47, 

once again demonstrating the anharmonicity of this potential. 

When a harmonic force constant model, fitted to the Pdn
0

_
63 

phonon 

dispersion curves, was used to fit the observed phonon density of states 

of PdH0 _ 61, i.t was found that the H-Pd force constant must be made "' 20% 

larger than the corresponding D-Pd force constant in order to obtain a 

d f . 21 / Th. . 1 . d . f h . h goo 1t .- · 1s 1s a so 1nterprete 1n terms. ·o an armon1cty; t e 

proton, .with·a larger zero-:-point· motion amplitude than the deuteron, 

feels the steeper, more anharmonic part of the potential more strongly, 

increasing its .. vibrational frequency.· (bey~nd the If in~rease due to the 

mas~ cHfference between H and D), which results in a larger effective 

force constant when interpreted in a harmonic model. 

. ~ . . 
The major features of the PdD phonon spectrum appear in PdH also, X · . X 

14. 

viz. large dispersion in the LO modes, and smearing out of sharp features 
. . 

in the density of states due to the 1,:andom distribution of H aroms at 

b 
.· h. . . 21/ 

su sto1c 1ometry~- The acoustic mode .spectra of PdHx and PdDx are· 

virtually ide~tical, ·as these modes are.governed predominantly by the 

large mass of the Pd atoms and the Pd~Pd intera~tions. 



Electronic Structure of PdH (D ) 
. X X 

The electronic structure of Pd must necessarilybe altered upon 

formation of PdH (D .) as each proton or deuteron entering the Pd 
. X X 

lattice brings ·with it. an electron. In a simple "protonic" model of 

PdHx(Dx), th~ H(D) atom enters the octahedral site and donates its 

electron to the ·Pd conduction band, t:hus increasing the Fermi energy, 

EF, but producing no other changes. If such a simple rigid band model 

·were valid, then one would expect the 0.36 holes/Pel in the d-band to 

be filled at a composition x = 0.36. In fact, low temperature specific 

h 11/ d . . ·.b"l" ·22,23/ . . d" h h eat- an magnet1.c susceptl. J. 1.ty . measurements 1.n 1.cate t· at t e 
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d-band is not filled until x ~ 0~ 63, .which corresponds to the low tem­

perature .8-phase boundary, so that some modification of the band structure 

must occur beyond a simple increase i.n EF. 

Band structure calculations on PdH24.:..3l/ predict three changes in 

electronic structure, relative to pure Pd: (1) a slightlowering in 

·energy of the Pd d-bands, (2) a substantial lowering of some of the S:-P 

states (ami; perhaps, d-states) of Pd, which combine with the H ls-state 

to form a new.bonding state rv SeV below the Fermi energy, and (3) a slow 

increase in ·the Fermi energy with increasing H concentration~ The bonding 
. . 

. . . 
state involves a fraction of the H electron (statistically speaking), 

while· the remaining fraction enters the conduction band, increasing EF; 

this division of the H electron between bonding state and l:'nnduc;tion 

band explains why the 0.36 holes/Pd in the d-band are not filled until 

a composition x 0.63. The hydrogen-induced bonding states have been 

observed in photoemission studies· of PuH ,.32 •331 but no detailed optical 
• . X . 

studie-s of PdHx(Dx) have been performed which might verify the other 
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predictions .of the calculations. Such optical studies would be difficult 

·. 
at best, as the. H(D) distribution in real samples is somewhat inhomogeneous,· 

so that any sharp features of a property which depends sensitively on 

composition will be smeared out by COVtpositional fluctuations. ·This 

smearing of·firie details. because of sample inhomogeneity occurs in 

measurements.of many properties of PdH (D), often complicating the 
· X X 

interpretation of the results, and thpugh the inhomogeneity can be 

minimized, it can never be eliminated. 

In the absence of experimental verification, the details of the 

various band structure calculations, which often depend sensitively on 

the computational methods and in~tial assumptions, must be regarded 

skeptically. Even so, a few general·remarks about the gross electronic 

structure of S-ppase PdH (D ) canbe inade. 
·. · X X 

As previously mentioned, at the S-phase boundary the d-band is 

filled,.and the.Fermi level intersects the broad, low s-p band above the 

d-band. The drastic reduction of N(O), the density of states at the 
. .·. 

Fermi level, which accompanies the filling of the. d-b,and, decreases the. .. 

exchange enhancement of the susceptibility and quenches the spin fluctu~ 

ations, so that the magnetic.susceptibility, which was large and para-

ma.gnetic in pure Pd and a-phase PdHx (Dx), ·becomes small and diamagnetic 

. . 22 23/ 
in the S-phase. . ' 

With additional increase in H(D) concentration, the. Fermi energy 

slowly increases, while the density of states at the Fermi level remains 

nearly constant, as evidenced by the low t~mperature electronic specific 

heat coefficient, 



17 

y 2/3 n
2ki N(O) ( 1 + A) 

. . . . 11-13/ 
which is nearly constant in the range 0.64 ~ x ~ 0.85.. For 

x > 0.85 it has been reported that both y and 8D drop sharply with 

. . 14 ·i5/ h . b .. 1·. .· h h" d . "f 
~ncreas~ng x, owever we e ~eve t at t ~s rop- ~s an art~ act 

of the method of data analysis. This is the compos1tion range in which 

the superconducting transition temperature, T , increases rapidly with 
. . . : c . 

x, and the values of y and 8D are derived from extrapolation to T = 0 

of the normal state specific heat, thus the extrapolation range increases 

with x, and the validity of the extrapolation becomes ~ncreasingly 

doubtful. It would be surprising if y did decrease rapidly in the range 

where T is increasing, as a decrease in either N(O) or the electron~ c . . . 

phonon coupling c.onstant, A, generally. produces a decrease. in T al­e' 

though a.decrease in 8D might partially compensate for this. Preliminary 

results on the sp.ec.ific heat of superconducting PdH (D ) driven normal 
X X · 

by the application ~f a magnetic field suggest that the. drops in y and 

. . · .... 34/ 
spur~ous .- It is .reasonably safe to assume that N(O) remains 

essentially cons.tant, or decreases only slowly throughout the range 

0.64 ~ x ~ l.O,·as predicted by the band structure calculations. 

Though .the total density of states, N(O), is relatively constant 

throughout the· 8-phase, the distribution of conduction electrons between 

H(D) sites and Pd sites may change with composition. The band structure 

. 30 31/ . 
calculations of Papaconstantopoulos, et al., • predict that the 

density of states at the H(D) site increases rapidly with increasing 

EF (and hence with increasing x), while that at th~ ~d site remains 

approximately unchanged. This implies that, as x increases, the 
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probability .of finding conduction electrons at the · H(D) site increas~s--

a feature which.is central to their t}leory of superconductivity in 

PdH·(D ). There is some evidence for such a redistribution.of conduction 
· X X 

. . 3~ . 
electrons from NMR measurements.- .The· calculated total and.site-

decomposed e:Iecttonic densities of states of PdH(D) are shown in 

Figure 3. 

Armed with t:his basic knowledge of the electron and phonon properties· 

of 8-phase PdHx(Dx) we may now addre~?S the problem of superconductivity 

in this system, which arises from.the'interactiori of electrons with phonons. 



Figure 3. Calculated electronic structure of pur~·Pd and 

PdH (D): 
. X X 

. (a) total density of states of pure Pd, 

·(b) total density of states of PdH(D), 

. (c) density of s-like states at H(D)-sit-e ·.in 

PdH(D), . 

·.· 
(d) variation of the total ~ensiti of stat~s at 

. . . 

the Fermi level with H(D) concentrat:ion, 

-"(e)· variation of the s-like density of states at 

the H(D)-site at: the Fermi level with H(D) 

concenLration. 

All densities of states are in units of states 

per Ry-unit cell. ·Arrows indicate posit:i;ons of 

Fermi energies, E:f. (Taken from references 30 

an:d 31.) 
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.III. SUPERCONDUCTIV~TY IN PdH (D ) 
X X 

Superconductivity in Metal Hydrides 

Since i911~ when Kamerlingh Onnes discovered superconductivity 

in mercury, an enormous amount of. research has been directed at dis-

covering a material with a superconduct.ing transition temperature, Tc, 

which is high enough to dispense with liquid helium refrigeration. To 
. . 

date, superconductivity has been discovered in thousands of metals and 
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alloys, yet only a few dozen of these materials have T .'s greater than 
. c . '. 

10 K, and the .current record holder, ~)Ge, with Tc = 23 K, ·is still 

far below the temperature range accessible with liquid nitrogen refrigera-

tion. 

In the early days of research in· superconductivity, a variety of 

empirical rules-were formulat~d relating transition temperatures to 

physical properties of materials, but it was not until 1957, when ~ardeen, 

_Cooperand Schrieffer (BCS) developed a successful microscopic theory of 

. d . . . 36 I h h d 1 . 1 1 . 1. T I ..l supercon uct1v1ty,-- t at t e un er y1ng re at ons uetween c s ~no 

material parameters were grasped. 

The BCS theory evolved from Cooper's demonstration that, in the 

presi:!L:tce of on attr;;~('ti.ve interaction between electrons, the Fermi sea 

ls unstable againRt .the f9rmation of bound "Cooper. pairs" of electrons, 

regardless of how weak the interaction is. The direct, Coulomb inter-
·' 

action between. electrons is always repulsive, and so ·carinot form Cooper 

pairs. Any additional "indirect" interaction between electrons which 
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is sufficiently strong 'to overcome the Coulomb repulsion will result in. 

pair formation, and hence·superconductivity. 

In all known superconductors, this indirect interaction between 

electronsis mediated by the lattice vibrations (phonoris); in essence, 

one electron will polarize the medium by attracting the positive ions 

of the lattice, and this polarization will attract the other electron. 

The essential features of this interaction may be perceived by con-

sidering the lattice to be a positively charged simple harmonic oscil-

lator which is being driven by the motion of one electron, and which, 

in turn, drives.the motion. of a second electron. If the first electron 

.moves with a fr~quency below the resonant frequency.of the oscillator, 

then the oscillator will 'follow this motion, in phase with it. The 

second elE;!ct~on, following the oscillator motion, wil~ thus follow the 

first electron,.and the lattice-mediated interaction between electrons 

will be attractive. If the first electron moves with a frequency above 

the resonant frequency, then the os~ill-rtor responds 180° out of phase 

to the first electron, with an amplitude which decreases rapidly with 

increasing frequency. In this case, the second electron moves with ,a 

small amplitude, 180° out of phase to the first electron; the interaction 

has become weak and repulsive. Just below (above) resonance, the inter-

action is large and attractive (repulsive). 

By replacing this complicated, frequency dependent.interaction 

between electrons·with an attractive po~ential which is a constant, V, 

up to·some cutoff frequency, w, and' zero at higher·frequencies, the BCS. 
0 . 

theory derives a simple expression for the transition temperature of a 

superconductor: 
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T - 1.13 w exp(-1/g) c 0 
(1) 

where g = N{O)V is the "coupling constant," N(O) is the electronic density 

of states at the Fermi level, and the cutoff frequency, w ~ is a frequency 
0 

characteristic of the lattice vibrations (expressed .in units of temperature). 

Equation (-1) suggests that one approach to the problem of high 

temperature superconductivity is to find a material with high frequency 
1 . . . . 

lattice vibrations. ·Since w 'V (k/m)\ where k is a force constant and 
0 . . : . . . 

m is the ion mass, it was suggested that: the hypothetic8.1 metallic phase 

of hydrogen might be a high temperature superconductor,.as it has the 

smallest possible ion mass. A variety of theoretical calculations on 

me.tallic u37 ' 381 have predicted transition temperatures ranging from 20 K 

to 200 K,· depending. on the assumptions made about the nature of metallic 

H. These predictions are tantalizing;·however, the.estimated pressure 

required to form metallicH, in excess of a megabar, is far above the 

hydrostatic pressures presently attainable in the laboratory. There is 

also no guarantee that metallic H, once formed, would remain stable if · 

the applied pressure were removed. Metallic H would not seem to b~·a 

practical cho.ice ·for a commercial high temperatU:re superco~ductor! · 

The hydrides of the transition metals and early actinides behave 

in many ways as if they were simple binary alloys of the host metal and 

. 39/ 
metallic hydrogen:-··- the metal hydrides remain metallic, the H enters 

'the lattice in the atomic, rather than the molecular, state, and the·H 

partial molar volumes and proton densities in the nietal.hydrides are 

comparable to those calculated for metallic H. Because of· these 

similarities,· it was hoped that these metal hydrides might mimic 
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certain properties of metallic H, including high temperature super-

conductivity. 

A search for superconductivity in the hydrides of V, Nb and Ta, 40/ 

Ti and Zr, 41/ and La 42/ yielded negative results above .1 K. These 

results were particularly disappointing, since Nb (T = 9.2 K), 
c 

La (T = 6.0 K),. V (T = 5.4 K) and Ta (T ,;, 4.5 K) are among the best c . c c . 

elemental superconductors, and the formation pf the hydride pha"se sup-

pressed their superconductivity. 

. 43/ 
In 1970, ~atterthwaite and Toepke-- discovered the first super-

conducting meta,l· hydride, the higher hydride of thoritim,: Th
4H15 • Pure 

Th has a T~ of 1,. 38 K, and the dihydrid~ phase, ThH2 , ·is not super-

_ conducting aqov~·l K, but in the higher hydride phase the transition 

temperature jumps to between 8 and 9 K. The role of the H atoms in the 

superconductivity of Th4H15 is not clear; the transition temperature is 

independent of hydrogen concentration throughout the higher hydride 

phase; and the ±c of Th4n15 is virtually the same as that of Th4H15 . 441 · 

It is possible th:at the hydrogen servespredominantly to stabilize the 

unus~al crystal structure of Th4H15 ,. wh:ich may be more favorabl~ for 

superconductivity than the FCC structure of pure Th. 
. .. 45/ 

In 1972,·Skoskiewicz-- reported that a non-superconduc~or, Pd, 

b~came supercondi.1rting upon formation of the hydride phase, PdHx, for 

hydrogen concP.ntrations, x, in excess of"' 0.77. Subsequent investiga-
. . 

tions46- 49 / revealed that the transition temperature increased strongly 

with increasing H conceritration,.reaching"' 9 K for PdH, and that substi-

h1tion of D for H led to a large ".reverse" .isotope effect, the Tc of PdDx. 

being 1-2 K higher than that of PdHx at the same composition (see 
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Figure4). Clearly, the H(D) atoms are playing a central role in-the 

superconductivity of this materiai. Further interest in this system was 

aroused when it was found that alloying Pd with Ag; Au or .Cu and then 

hydrogenating produced transition temperatures ranging from 13 K to 

50/ .. 
17 K,~ values which are rivalled .by only a few other materials. 

Since 1972, only a few other cases of enhancement of superconduc-

tivity by the addition of hydrogen have been reported, notably in 
51/ . . . .· 52/ . 

Nb-Ru-- and.Nb-Pcr=- .alloys, while several instances of degradation 

of superconductivity have been found .• 

Supercondnctivity_in Pd"ijx(Dx): Theory 

The annoilncement of superconductivity in PdH (D ) spawned a legion 
, X X 

of theoretical models. A successful model must address three_key aspects. 

of superconductiyity in this system, namely: (1) why does superconduc­

tivity appear in PdH (D ) when it is •absent in. pur~ Pd, (2) ~hy does the 
· · . X X . . . · . 

tran,sitiontemperature increase strongly with increasing H(D) concentra-

tion,_ and (3) why is the isotope effect "reversed"? For a BCS super-

conduc:tot·, equation (1) predicts that a heavier isotope should have a 

lower T thana lighter isotope, by virtue of its lower phonon frequencies, 
c 

__ yet PdDx has a substantially higher Tc_than PdHx (thus the isotope effect 

is "reversed'' from that which is n~rmally. observed)-~ Equation (1) also 

' predicts thata·large value of N(O) should lead to a largecoupling 

·constant, g, and hence a large T , yet the hydrogenation of Pd leads to 
G 

both a large-decrease in N(O) and an increase in Tc. We must abandon 

the simple BCS .theory in order to discuss superconductivity in the 

Pd-H(D) system •. 
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A correct many-body treatment of superconductivity, involving the 

frequency dependent electron self-energies and 
. 53 
interactions, presents a difficult ~roblem.--/ 

dressed phonon and Coulomb 

Eliashberg541 derived an 

approximate s.olution to this problem in the form of two coupled integral 

equations involving the complex, frequency dependent energy gap and 

·electron self-:-energy as a fun~tion o:f electron and phonon structures and 

temperature .. While these. equations embody the "correct" solution to the 

problem of super·conductivity, ··their predictions about transition t:empera-
. . . . 

tures enter in an indirect and rather opaque manner.: 

McMilla~/ numerically s~lved the Eliashberg equations for Tc for· 

various values of the material parameters involved, and then fitted the 

results to an analytic, BCS-like expression. The resultant "McMill~m 

·equation," modified· for d-band material~/ is given by: 

l -1.04(1.+ A+ ll) 
exp . * · p 

. A- (Jl + ll )(1 + 0.62 . p 

(2) 

whP.re A i!:i the electron-phonon coupling constant ·(or phonon mass enhance-' 

* ment), ll is the Coulomb pseudopotential, llp is the paramagnon mass 

enhancement, ·and Q is·a complicated .factor related to the phonon·fre-

. . 57 I quenc1.es .-- The terms A and ll are· the :contributions to the effective 
p 

mass of the ·electron due to the "cloud" of lattice dist6rtion and electron 

spin polarization which accompany it. The numerator of the exponent is 

the mass renormalization factor (the ratio of the effective to the band 

structure electron mass is 1 +A+ ll ), which reduces the total electron­
p 

electron interaction. Ti1e denominator of the exponent plays the role of 
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.. . . 

·the total electron-ele~tron interaction strength, ~. in equation (1). · 

It consists of A, which measures the strength of the attractive, phonon-. 

mediated interaction between electrons, diminished by the combination 

* . of ll , which is a measure of the Coulomb repulsion, and llj,• which reflects 

the fact that the exchange interaction favors a triplet" spin state over 

the singlet spin state of the Cooper pair. If A, the attractive part, 

"* is greater than'll + ll , the repulsive part, then Cooper pairs form, p . 

and Tc > 0; if the denominator vanishes (or.is negative), then the repul-

.sive interactions· have "won," no pairing occurs, and Tc 0. The numerical 

factors 1.04.and.(l + 0.62 A) are "fudge factors"which make. the expres-

sian fit the· Eliashberg solutions. It must be emphasized that the l>~cMillan 

equation was derl.ved using a "Nb-likei' phonon density of states' and so 

should not be used to make quantitative predictions of T for compounds . . . c 

with radically different phonon structure, such as PdH (D ) •. Values of 
.X. X 

T for PdH .(D ) derived from equation (2) an:d from solution of the 
C X X . 

. Eliashberg equations agree to within "-·10%, 30/ so that equati.~n (2) may 

be used to discuss trends in Tc ari:d estimate the magnitudes of various·. 

effects. 

Equation (2) indicates why pure Pd is not superconducting. The large 
. . . . 

value·of N(O) in pure Pd is probably beneficial to A (as in the simple 

DCS theory,. where e = N(O)V); however it also leads to large values of 

* ll and, ih particular, ll_. . . . l" Thus the repulsive terms dominate, ·and super-

conductivity _·is absent. The drastic reduction of N(O) upon formation of 

* 8-phase PdH (D ) reduces ll and drives ll essentially to zero, so that in 
X X p .·· . . · 

the 8-phas·e the llp terms in equation (2) may be neglected. 



28 

An early theoretical treatment of superconductivity in the Pd-H(D) 
- . · .. ~I 

s;ystem, by Benneman and Garland,- ·ascribed the onset of superconduc- · 

tivity to this "quenching"· of ll , which supposedly allowed the i~cipient 
. . p ·. . . 

superconductivity of the Pd lattice to manifest itself. The increase of 

Tc with X was.explained as being due to a continuing decrease of N(O), 

* , and hence ll ;,·while the isotope effect was attributed to the difference 

in lattice con.st:ants of PdH and PdD . This theory failed on all three 
X X 

counts. The band structure calculations·and low temperature specific 

heat measurements indicated that N(O) is relatively constant in the 

* 13-phase; so that ll should nqt vary much. Lattice constant measurements 

showed a much smaller difference between hydride and.deuteride than was 

estimated by·. the authors. The experimental work w.e present. in a later 

·Section.demonstrates that, while llp vanishes at x ~. O.q3, superconductivity 
. . . 

does not appear until appreciably higher H(D) concentrations. Fi~aily, 
. . 

the d-band of Pd may also be filled, and llp quenched, by alloying with Ag~ 
. . . . 59f . 

yet Pd-Ag alloys do not exhibit superconductivity, even at 10 mK.- . 

While the·quenchirig of paramagnons is necessary for superconductivity 

in Pd, it is not sufficient. 
. . 60 . 

Another early theory, by Auluck,-. I suggested that PdHx was the first 

example of superconducting metallic H. In. this modei, the Pd matrix 

played a passive· role, serving only to c~eate an environment in which 

"metallll: 1111 could form. Thjs w;;~.s the opposite point of·view from that 

of Benneman and Garland, who argued that the H'atoms played a passive 

role, while the Pd matrix was responsible for superconductivity. Auluck's 

theory, whilP. in keeping with the original ideas which motivated the 

research on super.conducting ·metal hydrides, is not .supported by experiment. 
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The model coul.d not explain the reverse isotope effect, and also 

predicted an increase in T under application -of hydrostatic pressure, 
c 

while experimentally it was found that Tc decreasesw:ith applied 

61 62/ pressure. ' . . 
. . 63/ 

.A semi-quantitative model proposed· by Ganguly-- marked ·a turning 

point in the understanding of superconductivity in the Pd-H(D) system. . : . . 

By making a comp~rison with Nb (which· has nearly the same values of 

Tc and 00 as PdH), Ganguly argued that the quench:ing of ~P .could not 

possibly account for the observed Tc of ~ 9 K in PdH, ev~n in the extreme 

* case of ~ = 0, unless there were also a large e~hancement of J.. pver that 

of pure J:ld. He proposed that· the additional contribution to J.. was due to 

coupling of the electrons to the high frequency optic phonon modes, and 

demonstrated that if these modes were:. anharmonic, then a reverse· isotope 

effect was possible. 

In order ·to demonstrate Ganguly's arguments, we-differentiate 

equation (2) to obtain: 

fl.T * · c · flO 1. 04 (l + 0. 38 ~) J.. fl.)., 
Tc =.Q + (J..- ~*(1 + 0.62 J..)) 2 "1-

(3) 

where fl._symbolizes the change in a quantity on substitution of a heavy 

i~otope for~ light one (e.g., AT = ~ of PdD_- T of PdH )~ c c .n. c· x 

fl.T /T < 0 thuo·corresponds. to a nonnal isotope effect. The first term 
c c· 

on th~ right, ll.Q/0, is negative, as heavier ions have lower frequency. 

phonon modes; If the term ll.J../J.. is sufficiently positive, then· the second 

term on t.he right-hand side can be large enough to compensate for the 

negative ll.0/0 and produce a reverse isotope effect,·· fl.T /T . > 0 : c . c . . 

J' 



* (the factor which multiplies 6A/A is· always positive, as A and 11 are 

positive by definition). 

The·calculation of A involves the phonon frequencies and phonon 

polarization vectors, which depend implicitly on ion mass, as well as 
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explicit fa~tors. of ion mass. It cari be shown on quite general grounds 

that these ·quai:it~ties enter int~ A in such a way that the aggregate may 

b 1 d b h . f h f . 64 / h ' e rep ace y t e 1nverse o t e orce constant ma:tr1x,-. so t at 11. 

depends not on. the masses, ·but on the force constants between atoms, 

and an increase in force constant produces a decrease in X. Force 

constants depe~d on electronic structure, which is normally independent 

of isotope, so that for most materials, t.A = 0 and the isotope effect 

enters only through t.n, producing a normal isotope effect. 

Ganguly sep.arated the electron-:phonon coupling constant into 

contributions from the acoustic and optic modes, A = A + A He . . ac op 

reasoned that t.Aac ~ 0, because the Debye temperatures.and lattice 

constants (and hence Pd-Pd distances) of PdHx and PdD~ are nearly 

identical. He also noted that the proton should have a much larger 

zero-point motion amplitude than the deuteron, but that the octahedral 

cages of Pd atoms surrounding the proton and deuteron ~re nearly ~dentical 

in size; because of the similarity in lattice constants. Thus the H is, 

on time average, in closer proximity.t~ the surrounding.Pd's than is the 

D, and if the H(D)-Pd interaction is anharmonic, then .the H wili feel 

this anharmonicity more strongly. In a harmonic analysis.of the optic 

phonon frequencies, even-order anparmonicity will thus produce an 

P.ffective H-Pd force constant which is stiffer than the D-Pd force 
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constant, as mentioned in chapter II. The force constant difference 

then gives A (D) > A (H), i.e., /:!,A > 0, and a reverse isot.ope up .. · op op 

effect results. 

Ganguly's model qualitatively explained all of the observed 

features of 1superconductivity in PdH (D). It demonstrated that the 
, X X 
I 

suppression of .. paramagnons was not sufficient for ~uperconductivity '· 

but that additional electron-phonon coupling was needed. By ascribing 

this extra coupling to the optic modes, he ·showed that. the reverse 

isotope effect was a natural conseq"uence .of a force constant difference 

due to zero-:point motion consideration. The application of hydrostatic· 

pressure should lead to a further stiffening of the H(D)-Pd force con.:... 

stant, and so lead to a· reduction of T , as observed experiment·ally. 
c 

Because of tlie large mass difference between H(D) atoms and Pd atoms, 

the optic modes are basically modes of H(D) atom vibrations .. Thus 

A·~p' and hence Tc, should depend on the number of H(D) atoms. available 

. to couple to tpe electrons, producing the observed x-dependence~ · 

Experimental evidence in support of Ganguly's ideas accumulated 

quickly. The~odynamic analyse~/ and inelastic neutron scattering 

dat~/ indicated that the H-Pd force constant is greater than the 

D-Pd force constant by 7% and 20% respectively. Resistivity measure-
66/ . . ·. 

ments-- implied a strong electron-optic phonon coupling. More 

. . . 67,68/ 
impur.'Lantly-, supcrconducting tnnnelJ.ng .measurements, the most 

powerful probe of the electron-phonon interaction in metals, showed 

pronounced structure in the conductance curves at energies corresponding 

to the opti r. mode frequencies of PdH (D ) • This phonon.;.induced 
X X 
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structure· is a ~free t confirmation that the optic modes contribute 

strongly to the pairing interaction. Unfortunately, the tunneling data 

are not good enpugh to permit.a quantitative determination of A and ac 

A at this tiine. op 

The Model of Klein and Papaconstantopoulos, et al. 

I ·.·. f . 69-71,30,31/· 1 . d . 1 n a ser1.es o papers, K e1.n an Papaconstantopou os, 

. et al., have developed a quantitative model (hereafter referred to as 

the KP model) of superconductivity in PdH (D ) based on the concepts 
X X 

advanced by Ganguly. They made ab initio band structure calculations 

and used the PdD phonon density of states (d.o.s.) obtained .from neutron X . 

scattering experiments to calculate A. = Aac + A
0

p and Tc of PdHx and 

PdD for several values of x. 
X 

. . 

In order to perform the calculatl.ons, the authors needed .to make 
. . 

several simplifying assumptions: (1) _the acoustic phonon d.o.s. ·of· 

PdHx /lUd.PdDx were assumed to be identical:. while the optic mode d.o.s. 

of PdH was derived-by shifting that of PdD upward in energy by an amount 
X .X . 

consisteut with the 20% incrP.HRP. in force, constant, (2) the x-dependence 

of the phonon ·d.o.s. and lattice constants was ignored,. (3) the electronic 

structure of PdH and PdD were assumed to be identical, and (4) the 
X X 

acoustic mode contribution, X . , was assumed to be due to coupling of. 
. ac . . . 

the electrons to the low frequency motions of the Pd atoms only, while 

the optic mode contribution, Aop' was assumed to be due to the coupling 

of electrons tci the high frequency motions of the H(D) atoms ·only. 

This last_assull)ption enabled the authors to use a modified "constant-

2., . . . . . . . . . . . 70/ 
a. approx1.mat1.on wh1.ch greatly s1.mpll.f1.ed the comput:atiuus.-
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·the superconducting range (0. 7 ~ x ~ 1.0), while A increases strongly op .. 

with x, from a value comparable to A to a value 2~3 times greater, ac 

producing· the increase in T • The reason for the increase in A. is 
c ~ 

twofold. First, and more obvious, the number of H(D) atoms to.which 

the electrons can couple is increasing. Second, the band structure 

calculations -predict that the (sfte-decomposed) el~ctronic density of 

states at the H(D)-site increase~ with increasing x (see Figure 3e), 

even though the total density of states decreases somewhat. This 
. . 

. . . . . . 

increases the likelihood of finding an electron at the H(D)-site, 

enhancing A · •. The force constant difference ensures that A (D) > op op 

A (H), producing the reverse isotope effect. The force constant op .. 

difference is solely responsible for the reverse isotope effect in this 

model. 

The .results of the KP model are in reasonably good agreement with 

experiment. At stoichiometry, the model predicts Tc's ()f 1Q.4 K and 

· 9. 0 K for PdD ·and PdH respectively, 
311 

while the highest T 's observed ·.. . . . c 

experimentally are 11.59 K and 9. 49 K for samples with compositlut'1 

x ;, 0. 99 5± 0. 005 .• 351 · The KP model also predicts that the transition 

temperatures of.PdHx and PdDx should.vanish at.the same composition, 

X 'V 
'V 

0. 73 ~B./ 

MillP.r and Satterthwait~/ measured T vs. x for PdH and PdD 
C X X 

in the temperature range from 1.5 K to 10 K. They found that by rigidly 

shifting the PdD data to the right along the composition axis by about 
X· 

0.,05, it could. be made to coincide with the PdH · data, In other words, 
X 



they found .that. PdDx had the same transition.temperature as PdHx+o'. 

where o rv 0.05. They hypothesized that the reverse isotope effect was 
'V . . . 
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due to a difference in the electronic structures of PdH and PdD , caused 
X X 

by the difference in zero-point motion amplitudes. They reasoned that 

the H atom, being closer to its neighboring Pd atoms (on average) than 

a D atom, would· be more tightly bound in the lattice. That is, the H 

would contriJ:mte a larger fraction of its electron to the H-Pd bonding 

state, and hence a smaller fraction to the conduction band, than the D, 

so that the Fermi·. energy of PdH · would lie slightly below that of PdD • 
X X 

If the Fermi energy of PdDx were equal to that of PdH:X+o' then the BCS 

equation (1) would approximately reproduce the rigid shift behavior 

they observed. They cited the observed differences in dissociation 

pressures and heats of absorption between hydride and deuteride as 

evidence of such a bonding difference. Their model is also consistent 

with the pressure dependence of Tc' as compressing the.lattice wo~ld 

increase the boriding, thus decreasing the Fermi.energy and T. They 
c 

attribute the force constant difference to this bonding difference, and 

not to anharmonicity. Ganguly assumed that the potential wells in which 

the Hand D atoms vibrated were identical, and that the anharmonicity of. 

this· potential, which is sampled more strongly by the H atom, produced 

th~ force constant difference. Miller and Satterthwaite adopted the. view 

that the potentjal well of the H atom was deeper and steeper than that 

of· the D atom, because it was more tightly bound, resulting in the 

force constant difference . 

. We have seen that the BCS equation (1) is not adequate for dis-

cussing superconductivity in PdHx(D), so that the quantitative argument 
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of Miller and Satterthwaite regarding T 's must be viewed skeptically. . c 

However, a difference in electronic structures of PdH and PdD · induced 
·· . X X 

by the difference in zero-point motions is distinctly possible. Such 

a difference could make an additional contribution to·the reverse isotope 

effect, beyond. that of the force constant difference invoked in the ·KP 

model. 

The ideal test of the KP model would be a comparison of values of 

Acalculated from the model with those derived from tunneling measurements. 

Unfortunately, the pr.esent tunneling ·data do not allow· a quantitative 

evaluation of A due to the experimental difficulties fn preparing high 

quality tunnel junctions from PdH (D). A simpler, t.hou.gh less rigorous, 
· X X 

test of the KP model is the measurement of the H(D) concentration depen-

.dence of T c iii the regime of vanishingly small T c. ·If the force constant 

difference (due either to anharmonicfty or a bonding difference) is 

solely responsible for the reverse isotope effect, as: it is in the ·KP 

model, then the transition temperatures of PdH and PdD· should vanish 
X . X 

at the same composition, as the KP model predicts. If the transition 

temperatures of hydride and deuteride do·· not vanish. at. the same composi-

tion, then we may argue that there is an additional contribution to the 

reverse i.sotope·effect which has been excluded from the KP model by the 

assumptions upon which it is based. Thus we set out to measure the 

transitjnn t.P.mperatures of PdH and PdD in the temperature regime fro:m 
X X 

0.2 K to 4 K. 
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T vs. x: Experiment 
c 

Samples for this work were prepared from "Marz" ·grade Pd · foii )1./ 
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Spectroscopic apalysis of the foil showed the major magnetic impurities 

to be Fe ("- · 20 ppm atomic) and Ni (-v 15 ppm atomic). The foil was cut 
.. 

il_lto strips measuring approximatelyJ25.4 mm x. 4.8 mm x 0.05 mm ("' 65 mg 

of Pd), which w:ere cleaned and etched, arid then annealed in vacuo at 

-v 830°C fdr 18 hours. 

The Pd foils were loaded with H(D) electrolytically. The Pd foil 

cathode and a Pt foil anode were immersed in an electrolyte of three parts 

38% HCl (DCl) in H2o (D20)·to seventeen parts CH30H (cH30D). The 
. . 

deuterated compounds were 99+% isotopically· pure·~ . The foils were charged 

for 3-15 minutes (depending on.the concentration desired) at a current 

2 of"' 200 rnA (current density -v 80 mA/cm ). With.the electrolyte at room_ 

temperature, H(D) concentrations s_aturated at x -v 0.82 (0. 80). To reach 
.'V . . 

_higher concentrations, the samples were first charged to saturation at 

room temperature, and then transferred to fresh electroiyte which was 

cooled in a .dry ice-acetone bath to ab.out -78°C. The-charging process· 

was then continued for 1-3 hours at this low temperature, with t:he cli.arg:i.i-,8 

current reduced to -v 80 mA to avoid heating the electrolyte. 

The disso~iation pressure of PdHx(Dx) increases rapid~y with 

increasing H(P) concentration in the ~;...phase. Samples with concentrations 

in the supercondn~ting range are unstab~e at rQom temperature, and will 

:spontaneously evolve H2 (n2). To prevent this loss of H(D), the samples 

·.were· transferred to liquid nitrogen imp1ediately after charging, and 

then stored in· a dry ice-acetone bath until they were required·. 

\ 
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. Mounting of a sample into the. di-lution refrigerator and subse·quent 

cool-down required about.twenty minutes, during which time the sample 

·was at room t.emperature. To prevent ·the loss of H(D) ·during this 

period, the.samples w~re inunersed for. ten minutes in a potassium iodide­

iodin~ (i<T-I) ~olutio~/ before mou~ting. This poisoned the Pd surface 

and reduced the.outgassing rate by z_.3 orders of magnitude. For con-

centrations below about 0.8, the KI-I treated samples lost virtually 

. no H(D) even after several hours at room temperature, while at higher 

concentrations the outgassing problem grew progressivel)T worse "(although 

still far better than in untreated samples). The apparatus._used for 

T measurements between 1 K and 4 K allowed the samples to be kept .cold c 

·during mounting, ~o that the KI-I treatment was not. necessary; however~ 

we measured several treated, as well" "as untreated,. samples in this 

. apparatus to check that the KI-I was .not affecting the supercondticting 

transitions. Th~re were no discernabi:e differences between treated and 

untreated samples. 

The H(D) concentrations of the samples weredetel:minedby thermal 

decomposition of the samples and volumetric measurement of the H2(n2) 

evolved. l'he samples were heated to "' 450°C, and th'e evolved gas was 

collected in a calibrated volume, while the gas pressur.e was monitored 

by a quartz Bourdon tube pressure gauge which. had been calibrated against 

a llgmanomctcr. From th~;" prP.Rsure. v"olume and temperatur~ of the gas, 

the number of .moles of H2 (n2) evolved was calculated "from the ideal gas 

law. This number was then doubled to get the number of moles of H(D) 

in the ::.ample. The degassed Pd.foil was then weighed to determine the 

number of moles of Pd, and the ratio of moles of ll(D) to moles of Pd 



.38 

gave the value of x. The. concentration determinations are accurate to 

0.5%, corresponding to an uncertainty in x of about± 0.005. The con-

. 1 'i i d "b d . d . "1 1 h 75 ' centratJ.on ana ys s system s escrJ.. e J.n etaJ. e sew ere.-. 

Just prior to each T measurement, the sample was cut in half, . c 

and.one·half was·analyzed for H(D) ·content immediately. The other 

half was used for the determination of T , and was analyzed for H(D) 
. . . c 

content immediately after the.Tc measurement. This routine checked 

·that the sample had not lost H(D) during the.course of·the T measure­c 

ment; data were acceptable only if the two ·concentration determinations 

were in close ~greem~nt (fl x ~ 0.01). The'concentratioil of the half 

used for the Tc measur.ement was used as the sample concentration in. the 

data analysis. 

Transition temperature measurements in the range 0.2 K to 1 K. 
. . 3 4 

were performed in a He -He dilution refrig.erator. . The. sample foil 

.was daubed wi.th Apiezon N grease and embedded in a brush of fine copper 

.wires which were. thermally anchored to the mixing chamber of the refrig-

erator. The superconducting transition was monitored. inductively; 

·the sample was. surrounded by.a pair of mutual inductance coils, and as· 

the sample passed into. the perfectly diamagnetic superconducting state 
. . 

the mutual in:~Jctanceof the coil pair decreased. The superconducting 

transitions of PdHx(Dx) are rather br.oad, due to compositional inhomo­

geneity. If the transitionwere monitored resistively, the high con-

centration, high Tc parts of the sample would 'become superconduct.ing 

. at higher temperat~res and tend to short out. the regions which h~d not 

yet become sppP.rconduc;ting, l~ading to anoverestimate of the mean 

transition temperature. For this reason we chose the inductive technique·, 

,. 
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which is more sensitive to the entire volume of the sample .. The mutual 

inductance of the coils was monitored- with a mutual inductance bridge, 

operating at.400.Hz. The sample temperature was determined by a· Ge 

resistance thermometer. The thermometer resistance·was measured by a 

four terminal a.c. resistance bridge, which eliminated errors due to 

lead resistances and thermal EMF's. The thermometer calibration was 

checked against superconducting fixed points and found.to be accurate 

to ± 1 mK. 

4 For measurements in the range from 1 _K to 4. K, a pumped He cryostat 

was used. TWo identical pairs of mutual inductance· coils were wired 

together with.· their primaries in series and their secondaries in series 

opposition, and the coils were balanced so that the induced voltages in 

the secondaries cancelled each other. 'fhe sample was placed in one of .· 

the coil pairs, and when it became superconducting, it unbalanced the 

coils, and an induced a.c. signal appeared across the secondaries. The 

signal across the secondaries was detected by a lock-in amplifier, the 

analog output of which was connected to t·he y-axis of .an x-y recorder. 

The inductance measurements were made at 202 Hz~ Agairi, a Ge resistance 

thermometer wa·s used to determine the temperature·~ The resistance was 

measured by a four terminal d.c. tech~ique; the ohmic ~oltage drop 

across the Lhermometer wac measured with a nanovoltmeter, the analog 

output of which wac displayed on the x-a~is of the x-:y recorder. The 

entire 

in the 

assembly of coils, sample and thermometer was·immersed directly 
4 . 

He bath-, and as the temperature was lowered_by' pumping on the 

bath, the trAnRii:ion was traced out on.the x-y recorder. Because a 

d. c .. method was used to measure the thermometer· resistance, thermal 



40 

EMF's·in the thermometer voltage lead:S could lead to erroneous resistance 

readings. For this reason, three superconducting fixed points (In, Th 

and Al) were ·included in each run, as ·a check of the thermometry. The 

thermometry was found to be accurate·to ± 20 mK. 

For ail samt>les, we adopted the convention of Miller and Satter-

thwaite, defining Tc as the temperature at which the diamagnetism wa$ 

50% of its max;i.mum value, and the breadth of the transi~ion (shown as 

vertical error bars in Figure 4) as the temperature interval between 

20% and 80% of maximum diamagnetism .. 

Experimental" Results 

The. resulting T vs. H(D) con~entration data for both hydrides· 
c 

and deuterides are shown in Figure 4, along with the:previous data·of· 

Miller and Satterthwaite at higher concentrations •.. The present data 

,join smoothly with the data of Miller· and Satterthwaite, and we found 

that the composite data were well fitted by the empirical relation: 

T .• 150.8 (x- x )
2•244 . 

c 0 

where·x , the concentration at which T = 0, is 0.715 for hydride 
Q . c 

samples and 0.668.for deuteride samples. This empirical relation 
. . . 

(4) 

(shown as the solid curves in Figure.4) also provides a ·good description 

of the T 
c 

13....:15/ . 
vs. x data obtained from specific heat . · and res1.s-

In less satisfactory agreement are the T · vs. ·. c . 
.. 47,76/• ·d. 

t~vJ:ty- . st.u 1.es. 
48/ . . . . 

x data of Schirber and Northrup,- l-lhich show much less curvature 

than the present data, lying about 0.5 K above our empirical relation 
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. . 

Figure 4. Superc·onducting transition temperatures as a function of 

H(D) concentration for PdH (A) .and PdD ( •) • · Data at 
. · X X . 

higher concentrations for PdH (t.) and PdD (0) are taken 
X . X 

from reference 49. Solid curves are empirical fits to 

the data, as described_in text. 

. i. 
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at low concentrations (T = 1-3 K) but then crossing and lying about c . . 

1 K below it at higher concentrations (T = 7-10 K). We can point to . . . . c 

no obvious cause for this discrepancy, but the agreement.with specific 

heat and resistivity data makes us confident that the present work is 

··correct. 

At stoichiometry, our empirical relation for Tc e"xtrapolates to. 

9.02 K for PdH and 12.70 K for PdD, as compared with the highest observed 

values of 9.49.K andll.59 K. Because of the powerlaw nature of the 

empirical relation, the predicted values of Tc near stoichiometry.are 

very sensitive to small changes in th~ fitting parameters, so that 

the predicted values. of Tc for x :t 1.0 must be taken with a grain of 

salt. However, for H(D) concentrations below' 0.98, the empirical 
. . .. 
relation gives good agreement with experiment . 

. The superconducting transitions of the present investigation are 
. . . . . 

several.times narrower than those observed by Miller and Satterthwaite, 

indicating that the H(D) distribution in· our samples is much mo.re 

homogeneous. There are two probable ··causes for this improved homo­

geneity. The first is .that we charged our foils to s~turation at. room 

temperature~ where the H(D) diffusion. is rapid, before charging at low 

temperatures~ while Miller and Satterthwaite charged their samples 

entirely at low temperatures~ where the incoming H(D). atoms wouid have 

trouble diffusing from the surface to the interior of the foil; Second, 

Miller and Satterthwaite did not anneal their Pd foils befo:re charging, 

while we thoroughly annealed our foils and took great pains to avoid' 

bending .or crimping them during subsequent handling~ It is known that 

H atoms will concentrate at regions of high negative stress (dislocations; 
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etc.) in a.-phase PdH ;!..]_/ we speculate that this kind of stress-induced 
. . . . X 

·.inhomogeneity may occur in the 8-phase also. 

Discussion of Results 

The.most important fact to emerge from this experimental investiga-

tion is that the relation first noted by Miller arid Satterthwaite, that 

the Tc of PdD~ is the same as that of PdHx+o, is valid down to the lowest 

temperatures measured (0.2 K). This is reflected in the functional form 

of the empirical relation, equation (4)~ which gives a value foro of 

0.047~ in good. agreement with the value o = 0.044 reported by Miller 

and Satterthwaite. 

The present data for PdH extrapolate to T = 0 at a concentration 
X . C , . 

0.715, in fairly good agreement with the value X: = 0.73 derived· 
. : . 0 . 

from the KP model. We find ~hat supe~conductivity in PqDx pe~sists to 
. . . ' . 

much lower concentrations (x = 0.668), in contradiction to the KP model 
.. . 0 . . . ·. 

prediction that T of PdD should also vanish at x . =:= 0 . .73~ On the basis 
. C X · 0 . . 

. . .. 

of this discrepancy, we question the assumption that the observed H(D)-Pd 

force constant difference is sole~y responsible fo~·the reverse isotope 

effect. We b~lieve that there is an additional contribut.ion to the 
. . . . 

reverse isotope effect which has been omitted from the KP.model because 

.of the simplifying assumptions made in. performing the calculations. 

Further support for an additional contribution comes from predic-

tions about the transition temperatures of stoichiometric PdH and PdD. 

Near stoichiometry, the KP model should be most reliable, because the 

· computational difficulties of treatin.g the raridom distribution of 

vacancies in the H(D)· sublattice vanish. The KP model· predicts the 
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magnitude of the isotope effect at stoichiometry to be 10.4 K - 9.0 K 

1.4 K (C!T /T = 0.156), while experimentally it is found to be sub-c c . . 

stantially larger, 11.59 K- 9.49 K = 2.1 K (C!T /T ~ 0.221). In fact, . . c c . . 

the KP model underestimates the magnitude of the isotope effect at all 

78/ compositions. Prior to the KP calculations, Brown-- also ·calculated 

the magnitude of the isotope effect at stoichiometry. · He assumed that 

the transition temperatures of PdH was 9.0 K, and then used the observed 

force 'constatit difference to predict a T for PdD of 10.5 K (C!T /T ~ c c c 

0.167). In a ··similar calculation, Singh, et al. ,J.1./ assumed that T 
c 

·9 .1 K for PdH, · and then attempted to explicitly calculate the effect 

of.anharmonicityon the optic phonon frequencies, arriving at a value 

ofT = 10.1 K for PdD (C!T /T = 0.110). All of these calculations, c . . c c 

based only on the difference fn H(D)-Pd force constants, consistently 

underestimate the magnitude of the reverse isotope effect, suggesting 

. that the force constant difference is responsible for.niost, but not all, 

of the reverse isotope effect. 

The. most: likely additional contribution to the reverse isotope 

effect stems from differences in the electronic structures ot PdH and 
X 

PdD induced by the difference in zero-point motions of .proton and 
X 

deuteron. Indirect evidence for such a difference may.be found in the 

isotope dependence of several properties of PdH (D) , viz. H
2

(D2) 
· X X 

absorption-desorption pressures, heats of formation and the H(D)-Pd 

force constant'· as noted by Miller and Satterthwaite. · All of these 

properties are intimately related to the .chemical interactions between 

H(D) atoms and Pd atoms, which are, in turn, governed by the nature of 

the electronic structure. 



Very recently, direct confirmation of an isotopic effect on the 

electronic structure of PdH (D ) has been found in NMR and de Haas­x X 
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van Alphen measurements. Wiley and Fradin~.2/ have performed NNR measure-

ments of the spin-lattice relaxation time, T1 , in stoichiometric PdH 

and PdD. At low temperatur~s, the H(D) longitudinal spin relaxation 

is dominated by coupling to the conduction electrons . .via the Fermi 

contact interaction, which is directly proportional to the conduction 

electron spin density at the H(D)-site. The measurements reveal that 

the conduction.electron spin density at the D-site is about 2% greater 

than that at the H-site. -80/ . Venema, et al.,- .have measured the de Haas-

van Alphen effect i~ a-phase PdHO.Ol and PdDO.Ol' and report small 

differences in the band structures from which they conGlude that the 

Ferini energy of PdDx is slightly higher than that of PdH , as hypothesized ·x 

by Miller and _Satterthwaite • 

. A theoretical. treatment of the effect of zero-point motions on 

electronic structure is very difficult. The rigorously correct approach 

requires repiacing the standard "rigid lattice" typeof band structure 

·calculation wi_th the self-consistent electron-phonon problem, which is 

far too complex a problem· for current theoretical means to attack. 

J al.'Bl,BZ/ hav·e developed h ·· 1 th. g·h· 1 e . t ena, et a muc s1mp er, ou. ess xac , 

approach to studying the effect of zero-point. motion.. They use a 

molecular cluster model to calculate how the displacement of the H(D) 

atom away from .its octahedral site affects the electron distribution 

around the H(D). They then take an average over all displacements, 

weighted by the probAhility that the zero-point motion will produce 
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such a displacement. Their results ind~cate that, because the H spends 

more time in the region of high eiectron density surrounding the Pd's, 

it is more effectively screened from the conduction electrons than is 

the D. This increased screening will cause a decrease in A (H) relative op 

to A (D) beyond that due to the force constant difference, thus making op . . 

an additional contribution to. the reverse isotope effect. 

A difference in Fermi energies, as suggested by Miller and 

Satterthwaite, can also make a contribution to the reverse isotope 

effect. In the framework of the KP model, part of the increase in 

A with increasing xis due to the increase in the(site· decomposed) op. 

electronic density of states at the H(D)-site with increasing Fermi 

energy. Thus if the Fenni energy.of PdH is slightly .lower than that 
. X . 

of PdDx, this will result in a slightly lower electronic densHy of 

states at. the H-site compared to the D-site, decreasing A (II) even . . . op 

beyond the decrease caused by the force constant di-fference. 

A difference in Fermi levels caused by zeru-point.motio~s is also 

consistent with the observed lack of an isotope effect in the Pd-noble 

Tjletal-H(D) alloys. The large T values in the Pd-(Ag, Au, Cu)-H(D)_ 
c 

alloys are prqbably due, at least in part, to the raising of the Fermi 

energy up to the local maximum in the electronic density of states at 

the H(D)-site (located at an energy of about 0.75 Ry in Figure 3c). 

·Because the slope of the density of states vs. energy curve is zero 

at this maximum, a small difference in the Fermi energies of hydride 

and deuteride will produce no difference in their respective densities 

of states at the .H(D)-site, and hence no electronic contribution to the 

isotope effect. 
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The Ki> mode:)_ slightly underestimates the T of PdH and·. more 
C X 

seriously underestimates the T of PdD . The electronic differences 
· C X· 

cited above will not increase the T estimates of PdD , but will instead 
C · . X . 

decrease the T estimates of PdH (the rigid lattice approach of the 
C X 

KP model should be more correct for PdD , as the deuteron has the 
X 

smaller zero-point motion). These electronic differences will thus 

lead to better•estimates of the magnitude of the isotope effect, but 

will cause the KP model to underestimate T 's of both hydride and 
c 

deuteride. .This does not imply that the arguments in favor of an 

·electronic contribution to the reverse isotope effect. are invalid. 

Rather, we feel that this underestimation of T is. caused by another ·. 
c 

of the. simplifying assumptions made in the·. KP model, namely, that the 

electrons donot couple to the acoustic mode vibrations of the H(D) 

atoms. 

Because of the large mass difference between theH(D) atoms. arid 

the Pd atoms, the Pd atoms are nearly at rest in the optic Ii1ode vibrations . 

throughout the Brillouin z'one, so that the coupling of electrons to the 

optic mode vibrations of the Pd's can be ignored, as is done in the KP 

model. However., the H(D) ·atoms have significant vibrational amplitudes 

in the long wavelength acoustic modes, and only come to rest near th~ 

zone bounde:uy, so it is not clear th<'lt the coupling of the electrons 

t:o th~se low frequency H(D) vibrr~tions can be ignored, as·it is in the 

KP model. 
. . . . 64 83/ . 

Simple model calculations . ' ·have shown that the light 
,. 
h' 

atoms of a PdH-like compound can make a significant ·contribution to ·the 

acoustic mode elP.ctron-phonon coupling. The omission of this contribu~ 

tion in the KP mo.del may account for the underestimation of T . The 
C· 
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acoustic modes are governed primarily by the Pd-Pd force constant and 

the large Pdmass, so that the difference between H.:_Pd and D-Pd force 

constants should not have much effect.on the acoustic mode contributions 

of the H vs .. D atoms, that is, A (H) "' Aac(D). Differences in the 
ac "' 

electronic structures of the H-site and D-site can result in a decrease 

of Aac(H) relative to Aac(D), just as in the optic mode case, providing 

.still another possible contribution to the reverse isotope effect. 

In summary, the results of this e~periment indicate that an explana-
' 

tion of.the reverse isotope effect in PdH (D), based on a force constant 
X X 

difference alone, is too superficial.· ·careful investigation of the 

effects of zero-point motion on the electronic structure is needed, pn 

both the experimental and theoretical fronts, as these effects may play 

a significant role in the isotope effect in PdH (D). 
X X: 

This experiment also revealed that superconductivity in the Pd-H(D) 

system persists ~ell into the concentration regime of the structural 

phase transitions associated with the "SO K anomaly." We thus pro- . 

. ceeded to investigate the ·effects of these phase transitions on the 

superconducti~g· transition, as described in the next chapter. 



IV. SUPERCONDUCTIVITY IN THE ORDERED PHASES OF PdH (D ) 
. . · X X 

Structural Instabilities and High T 's 
·C 

It has long been recognized that there is a relationship between 

the crystal .structures of intermetallic compounds and their super­

. conducting pr~perties. 84 / Certain crystal structures seem to 

.Yirtually guarantee superconductivity; an excellent example of this 

is the AlS (or 8-tungsten) structure, which includes the materials 

. wtth the highest known T 's, such as Nb
3

Ge. (T = 23 K), Nb Sn (T · = . c c . . . 3 c. 

18 K) and v3si (Tc = 17 K). Other crystal structures, such as .the. 

so 

B2 (or CsCtj structure, rarely produce a superconductor with Tc greater . 

than 1 K; In thelast decade, however, it has been found that it is 

·not the structure, so much as instability in the structure, that gives·. 

rise to high transition temperatures. 

Nearly every high T (T > 10 K) superconductor exhibits some sort. 
. c. c "' 

of instabilit~ iri its c~ystal structure~ though the types of insta-

bilities are var·ied. Often, the high T· materials are characterized . c 

by the existence of more than one phase (as a function o.f. temperature 

and/or composition), with either actual or incipient trarisitions between 

phases present. The phonon properties of these materials may exhibit 

anomalous behavior,/ such as large anharmonicities or "soft modes" which 

are often precursors to a structural phase· transition. In extreme 

cases, the high Tc phase of a material may·be thermodynamically unstable 

or meta.stable, ·and· can be stabilized only by the introdtfction of defects, 

.such as impurities, disorder ornonstoichiometry,.orby special 



nonequilibrium preparation techniques, such as sputtering or quenching 

from high temperatures, etc. To illustrate the relationship between 

structural instabilities and high Tc's,_ we cite a few examples. 

It was in the A15 class of materials that the relation of high 

Tc's to lattice instabilities was first recognized; and it is in the 

A15's that this relatio~ship has been most thoroughly investigated.~/ 

Several A15's exhib.it a martensitic transformation (either actual or 

·.incipient) from a cubic phase to a tetragonal phase at a temperature 
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somewhat above the superconducting T . A large degree of anharmonicity 
~ 

and a substantial softening of the sl).ear mode related·to the tetragonal 

distortion appear as precursors to this transformation.· Al5's which 

demonstrate this instability, such as Nb3sn and v3si, have Tc's in 

excess of 15. K, while Al5's in which this instability is absent have 

T ·,sofa-few Kelvins. The addition of a. small amotint of H to Nb3sn_ · 
c. 

suppresses this instability, and reduces T from 18 K .to less than 4.2 K. . c . 

In the Al5's with the h~ghest T 's c , Nb3Ge and, . theoretically, Nb 3Si, . the 

instability is so severe that these materials do not readily form in the 

cubic Al5 .phase. In fact, in the case of Nb33i, the cubic Al'i structure 

does not form at all unless stabilized by a large defect concentration, 

which suppresses the instability completely, and conseqJJently results 

in a low T • It_is thought that if a technique were found for forming 
c 

cubic A15 phas~·Nb3Si without suppressing the instability, a Tc as high 

as 30 K might result. 

The alloys zrv2 , HfV2 and zr1_xH£xv2 exhibit the highest Tc's 

("• 8 - 9 K) of any of the C15 (or Laves phase) compounds. These alloys 

also display a structural transition from a cubic to a rhombohedral or . 
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.orthorhombic phase, accompanied by soft phonon modes and perhaps an 

electronic instability. 

As mentioned pr~viously, the.B2 (or CsCR.) structure seems particu-

larly unsuite9..for superconductivity, and no known B2 compound has a 

T in excess o.f 3 K (most are not superconducting at 1 · K) • The B2 alloy c 

v1_xRux is an exception to this; the Tc of v1_xRux peaks sharply at 

5.5 .K for x = 0.445; at which composition a cubic to tetnigonal structural 

transition appears. 

Several· interstitial compounds of the Bl (NaCR.) structure also fit · 

into this scheme. Examples of these compounds include.some of the 

transition metal carbides and nitrides, such as NbC , NbN and TaC , as 
X · ·x X . · 

well as PdHx(Dx) and Pd-(Ag, Au, Cu)-:-Hx(Dx). There are many simiLilrities 

between these materials. · The host metals. forJ!i FCC lattices in 'which. the 

non-:-metal atoms occupy the octahedral interstitial sites. These compounds 

all exist at. substoichiometry (0.6 < x < 1.0), and appear to be unstable 

at full stoichiometry. These materials are all superconducting, w_ith 

T 's which increase rapidly with increasing non-metal atom concentration, c .. 

reaching large yaJ..ues near stoichiometry (Tc '\.. 10 -· 1~ K). NhC:x and 

TaCx' which are good superconductors, show soft acous.tic phonon modes, 

while in nonsuperconducting ZrC and HfC these soft modes are absent. 
. X x. 

NbC also exhihits ~n order-disorder transformation of .the vacancies 
X 

in the carhon sublattice. MoC and TaN , ·also good superconductors 
. X X 

(Tc' s rv 10 - 14 K), exist in several nortcubic phases: as well as the 

cubic Bl phase. The optic modes of PdH (D ) are very soft throughout 
X X 

the Brillouin zone, and it .has recently been found that the vacancies 

in the H(D) sublattice undergo a variety of order-disorder transitions. 
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These .transitions and their effects on .the superconductivity of PdH (D ) 
.. · X· X 

constitute the remainder of this chapter. 
. . 

By citing these examples we do not mean. to imply.that structural 

instability in a material .automatically leads to a high superconducting 

Tc. · . A good counter-example is sodium, which .. exhibits a structural 

phase· transition accompanied by a soft s}leal;' mode, but which .is not 

superconducting. Rather, the condition which is favorable to a high· 

' 
T , namely a strong electron-phonon interaction, will oft~n lead to a 
. c 

structural instability. Phillips86 / has stated this cn~nection in a 

very general way, which we paraphrase here. A ~tructural distortion, 

by changing some .ion-ion distances,. results in an increase in the ion-

ion interaction energy, which acts as a restoring force opposing the 

distortion. When we confine ourselves to materials with very high T 's, . . c 

we are selecting only those materials which have a strong electron-ion 

interaction, an? a strong electron-ion interaction is•capableof 

screening the ion-ion interaction, reducing the restoring force, and 

thus creating an instability, which may lead to a soft phonon mode or 

a stru~tural·cha~ge. 

Having established that the strong electron-ion interaction which 

produces a high T may also destabilize the lattice; we now ask how the 
. c 

resulting struet:uralchange will affect T . Testardi871 postulates 
c 

/ that "The eonditions for high T superconductivity are just those which 
c 

occur because the high T compounds are headed toward struct·ural insta-
c .. 

bility. Any mechanism which relieves the instabilityat low temperatures 

will lead to a serious reduction in the superconducting transition 

temperature." In other words, the strong electron-:-ion interaction 
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produces a lattice instability which results in a structural change to · 

a new, stable configuration. To remove the instability, the electron-

ion interaction in the ·new, stable. phase must be .reduced, thereby 

decreasing Tc. The trick to producing a high Tc superconductor then, 

is· to create an unstable lattice but inhibit the transformation which 

restores stability. 

Beyond these qualitative arguments, the theory of instabilities 

and superconductivity is in a fairly early stage of development.· The 

number of materials in which superconductivity can be investigated both 

before and after the occurrence of the structural transformation is 

rather small at present, and it is. not clear what kindsof.instabilities 

are most beneficial to high T 's. The nature of· the' structural tr.ans­
c 

formations in P¢1Hx(Dx) makes this.system .weil suited to. studying the 

effects of these transformations on the superconducting transition 

temperature. · 

·structural.Changes Associated with the "50 K Anomaly" in PdH (D) 
X .X 

88/ . 
ln 19.'H, Nace and Aston--- repo~ted an anomalous. peak in the specific 

heats of PdH0.49 and PdD0 •48 samples at a temperature of about 55 K. 

·Further specific heat studies demonstrated that the ano~alous behavior 

persisted over a wide range of compositions (O.l·;f:X .~ 0.8). Since 1957, 

a vast amount of experimental and theoretical work on the nature of the 

50 K anomaly has appeared. Excellent reviews of this literature may be 
-·. . 

found in references 2 and 89, and we will only summarize the results 

briefly. 
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Besides specific heat, anomalous behavior in the temperature range 

from 50 K to 70 K was found in resistivity, internal friction, and Hall 

constant of Pdf.Ix(Dx). No anomalies were found in the magnetic sus­

ceptibiiity, elastic constants, or Raman spectra. The anomaly was 

found to be a property of .the e...;.phase; the temperature at which the 

anomaly occurred increased.from rv 55 K for x < 0.63 to rv 80 K for 
. . . . 

x > 0. 7 5, while the magnitude of th.e anomalous behavior decreased. with · 
"";- . . . 

. . . h" . b. . 0 89 89 ' 1ncreas1ng x, van1s 1ng y x = . .--

The anomalies in the various properties showed marked dependenc~ 

on the thermal history of the sample, the heating/cooling rates and 

time. These qependences often led to apparent discrepancies among the 

studies, and confused or complicated,their interpretation. It did seem 

clear that the anomalous behavior involved the H(D) atoins, and explana-

tions involving the clustering of H(D) atoms or their migration from 

octahedral to tetrahedral sites were advanced~ Neutron and x~ray 

·diffraction experiments disproved these models; in fact, no change in 
. . . 

~tructure ,:was found upon cooling samples through the anomaly temperature. 

By the .1970's it was well established that t:he Itunstoichiometric 

hydrides and deuterides of the BCC transition metals V,Nb, and Ta exhibit 

a large variety of structural phase transitions. These order-disorder 

transitions aJ::e from high temperature phases, in whic.h the H(D) atoms 
. . 

(or, alternati.vely, the vacancies·. in the H(D) sublattice) randomly 

occupy the tetrahedral sites, to phases in which they .oc.cupy specific 

subsets of sites, lowering the crystal symmetry and producing a larger 

unit cell. The resulting ordered structures depend on the H(D) concen-

tration and temperature. Such order-disorder transformations seemed a 
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likely explanation for the 50 K anomaly in PdHx (Dx), but the diffraction .· 

studies' revealed 'no new "superlattice" reflections which must neces-
. . .. 

sarily accompany.the symmetry change produced by the ordering. 

The clue to the case of the missing superlattice lines in PdH (D ) 
X X 

was .discovere~ in 1977 by Satterthwaite, et a1. 90/ ·Prompted by the 
. . 

report of a long time c.onstant in the. time depenqence of the Hall co.:.. 

efficient, they studied the effects of long term annealing, at temperatures 
. . . 

just below the' anomaly temperature, on the electrical resistance of a 

PdH0 •795 sample. They found that the resistance stayed relatively 

constant or increased slightly in the first several hours, but then 

dropped precipitously after a very long time span (hundreds of hours). 

The larg~ drop (20 - 40%) in resistance was due to a decrease of the 

residual resistance, the most likely explanation of which was a decrease 

in scattering from the vacancies in the H sublattice. ·when these vacancies 

ordered to form a periodic array. This implied that the 50 K anomaly 

was .associated with an order-disorder transition, bot ·one which was 

exceedingly sl~ggish. No superlattice lines were observed in the 

previous diffraction experiments beca1.1se the samples had not been given 

sufficient time to develop long range order. 

Shortly after this announcement, new neutron diffraction studies 

92,93/ . . ... 
were undert:akeu. · Anderson. P.t: al., found. that 1n PdD0 : 64 and 

Pdu0 . 67 cry~Lals, superlatt:ice reflections appeared at the points belonging 

to the (1, ~,.0) star in reciprocal space (i.e., tpe Wpoints of the. 

Brillouin zone) after annealing for 48 hours at 50 K, and disappeared 

when the sample. temperature was raised above 50 K. .They named this 

ordered phase the y-phase, and propo~ed that the ordered structure 
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belonged to .the space group 141/amd, which would be .stoichiometric at 

· PdDO.SO (see Figure Sa). 

94/ Almost simultaneously, Ellis, et al.,- reported the appearance: 

ot superlattice reflectioris at the·points of the (4/5, 2/5, 0) star in· 

a PdD0 _76 crystal annealed at 70 K for 100 hours. The increase in· 

intensity of, the superlatd.ce line was shown to correlate with the 

decrease in resistance, demonstrating that the orderirig process was 
. . 

responsible for the an~malous behavior in .PdD • The authors proposed 
X 

. . . 
that the ordered structure was the interstitial analog of the Ni4Mo 

structure,. space group 14/m (shown in Figure Sb), which is stoichiometric 

at Pdn0 •80 • We shall refer to this as the a-phase. 

Since·this time, additional neutron diffraction 'Work at Argonne 

. Natiomtl Labor~tory22/ and 1nstitut Laue-Langevin;96~9S/ . combin~d ~ith 
89;95/ . . . . 

resistivity studies performed here, . ' have "filled in the blanks"· 

to the point where a coherent picture o~ the ordered phases of PdH (D.) 
X X 

is emerging, which we summarize below. 

The ordered states of PdDx,may be described as deuteron density 

waves forming along the [4, 2, 0] directions, with wavelengths which 

depend on composition. Figure 6a shows the Brillouin zone of an FCC 

lattice, and Figure 6b shows the q = 0 plane of reciprocal space, z 

divided into the various Brillouin zo.nes. The dashed line in Figure 6b 

indicateR a typical [4, 2, 0] direction, and the operi circle and open 

triangles show r~:spectively the locat~ons of the (1, !z, 0) and (4/5,. 

2/5, 0) superlattice reflections lying along that [4, 2, 0] direction .. 

Figures 7, 8, and 9 show neutron diffraction data for neutron momentum 

transfers lying along the dashed line in Figure 6b. 
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Figure 5~ Order.ed structures of PdD •' The· dashed lines. show the . X 

unit cells of the FCC lattice of octahedral.interstitial 

sites. The solid lines ·show the new unit cell of the 

oruere4 structure. Solid circles represent Datoms, while 

the open circles represent vacancies. For the sake of. 

simplicity, the Pd atoms are not shown. (a) shows the 

structureof they-phase, stoichiometric·at'x = 0.50, 

while (b)·. shows the structure of the a-phase_;:_ stoichiometric 

at x = 0.80. 
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Figure 6. · (a) The FCC Brillouin zone, showing locations of. four 

(b) 

different points of high synnnetry in the q = 0 plane. . z 

The q = 0 plane of reciprocal space, divided into the 
z 

various Brillouin zones. The solid squares at the zone 

.centers mark the allowed reflectio~s from the FCC 

lattice. The dashed line indicates the [4, 2, 0] 

direction along which the neutron diffraction scans 

of Figures 7, 8, and 9 were taken. The open circle 

and open triangles mark the positions of the (1, ~, 0) 

and (4/1, 2/5. O) type superlattice reflections, 

respectively. 
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Figure· 7. Neutron diffraction data on y-phase PdD , for neutron· . . . X . . 

. momeri.tum transfers in a [4,- 2, 0] direction, showing 

the superlattice reflection at (1, ~' 0). From 

reference 100. 



2000 
(/) -c 
:3 

1500 0 
,U 

c 
8 1000 -:3 
Q) 

z 
500 

0 
0 

r 

2000 
(/) -c 
:3· 

1500 0 u 
c 
0 

1000 '-. -:3 
Q) 

z 
500 

0 
o. 

I 
I 
I 
I 

. . I . 
(4 _g_ 0)~ 
5, 5, . · 1 

0.2 

'I 
I 
I 
I 
I 

/ I 
I . 
I 
I 
I 
I 

. I 

( 4 2 0)~· 5tSt I 
I 
I 
I 
I 
I 

63 

.a)· ·PdD.625 
scan· along {2~,~,0] 

· r_..~w·~x 

....... f -(1,~,0): 
: 1 

··L 
, I 
I 
I 

. I. 
I·, 
I 
I . 

1.0 

X 

b) Pd 0.65 
:scon along [2~,~,0] . · 
.r-w~x 

0.4 0.6 0.8 .. 1.0 
. ~- .... 



Figure 8. Neutron diffraction data on SRO-phase Pdn0 •73 , from 

reference 100. 

(a) Diffuse peak for neutron momentum transfers 

along .a [4, ·2, 0] direction. 

(b) Neutron intensity contour map for momentum 

·.transfers in the q = .0 plane in the vicinity 
. :z; 

of (1, ~' 0), showing splitting of .the diffuse 

p~ak. 
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Figure 9~ N~utr6n diffraction data 6n 8-phase PdD0 _76 .for 

rie).itron momentum transfers in a: [4, 2, 0] direction, 

showing' the superlattice reflec~ion at (4/5, 2/5, 0). 

From ref erenc·e 94 • 
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At low conc~ntrations (x = 0.625, 0.64, 0.65, 0.67)·, PdD orders 
X· 

in the y-phase~ .. producing superlattice reflections at (1' ~. 0) and 

equivalent p6ints.(see Figure 7a, b). While this structure is 

stoichiometric at x = 0.50, the actual formation of the stoichiometric 

compound is prevented by the a-S phase separation which·occurs for 

X < 0.60. 
"' 

If samples in this composition range are annealed .below 56 K, 
. . 

their resistance will show a small (rv 3·- ~%) 9ecrease after a time 
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.span of 20 - 40 hours, indicating the ons.et of long range order (LRO). · 

By annealing a sample at low temperatures (rv 47 K), and then warming it 

up in steps, allowing the resistance to equiiibrate at each step, an 

"equilibrium" resistance vs. temperature curv~ can be obtained, ·such 

as those shown.in Figure 10. These curves show a broad, shallow 

minimum in the resistance between 80 .K and 100 K, followed by an increase 

' . 
which peaks at rv 56 K. Below 56 K,.the resistance drops off rather 

sharply. The .increase in resistance which occurs from 100 K to 56 K 

is pr.obably due to the nucleation of short range order (SRO), while 

the development of LRO for temperature le$S than 56 K·produces .the drop· 

in resistance· as. well as the (1, ~. 0) superlattice lines. The size 

of the resistance drop is rather. small because the ordered structure 

is highly defected, being far from stoichiometry. As x increases from 

rv 0.63 Lo rv 0.70, the ordered structure apparently undergoes some dis-

tortion due to the increasing defect·concentration. In the resistance 

vs. temperature data, this distortion· ·decreases 'the magnitude of the 

drop-off below 5n K for increasing x·(see Figure 10). The distortion 

is also evident in the neutron diffraction data; the (1; ~. 0) peak 
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Figure 10. Equilibrium resistance ratio vs. temperq.turefor 

several samples of y-phase and one sample .of SRO-phase 

PdH (D); 
X ·. X 
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.is shifted slightly toward the (4/5, 2/5, 0) position (see Figure 7) 

and· the neutron intensity distribution around· (1, ~, 0) ·in the q = 0 
z 

1 h f 1 
. 11 . . . . .· . . . 100/ 

p ane c anges rom near y ax1.a y symmetr1.c to very an1.sotrop1.c.--

ForD concentrations greater than.about 0.71, this distortion is 

great enough to suppress the formation of LRO, and the y-phase does 
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not forin. Fo~ 0.71 ~ x < 0.75, the sharp supeilatti~e line at (1, ~, 0) 
·v .'V 

is replaced by.a. broad, diffuse·peak which straddle.s both (1, ~, 0) 
.. 

and (4/5, 2/5_, 0), ·as shown in Figure Sa. This sort of diffuse scat-

tering is charact.eristic of SRO with no LRO present. Such an interpre-

tation is ·also ·consistent with the resistance vs. temperature data, 

where the data for all samples are identical for.T >56 .K (where only 

SRO is present), but the decrease in resistance below 56 K is absent 
. . 

in the high concentration sample (x = 0.715) where LRO ·is also absent 

(s~e Figure 10). 

. 99/ Blaschko, et al.,- interpret this diffuse pattern as arising 

. from"the coexistenc.e of.microdomains of no22 tetragonal structure, 

stoichiometric at x = 0. 7 5, with those of the Dl ·.· (Ni4Mo") structure a . 

which occurs in the u-phase,_ and is stoichiometric at x = 0.80. They 

hypothesize that there is a competition between these two structures 

which prevents either one from dominating and establishing LRO. In, 

PdD
0

_
73 

the diffuse scattering is split into three weak_peaks, as shoWn. 
·. . . 98/ ... -

in Figure 8b. Blaschko, et al.,-- _suggest that this is due to the 

modulation of the D022 microdomains by a periodic distribution of 

antiphase boundaries (APB's). The details of the spiitting of the 

diffuse intensity vary with D concentration implying that the distribu-

tion of APB's varies through this region of SRO. 



The.no22 and Dla structures are closely related, in .that both 

may be described as a periodic modulation of the occupancy of the 

(4, 2, 0) planes of the FCC lattice o_f octahed~al sites. In the no22 

structure, this modulation consists of-three fully. occupied (4, 2, 0) 
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·planes followed.by one vacant (4, 2, 0) plane, while in the Dla structure 

it consists of four fully occupied planes followedby one vacant plane. 

Certain types of antiphase boundaries can convert regio.ns of one of 

these structures.into the other, as has b~en.shown to occur in the 

101/ early ordering stages' of the Ni
4

Mo system.-- The situation in PdD 
X 

for. 0.71 ~ 

of Ni4Mo·. 

X < 
'\.o 

0.75 may be similar to_ that in. the early ordering stages 

The resistance behavior of PdH (D ) in this concentration 
X X 

range has not be.en studied. This is ~he concentration' range in which. 

the anomaly temperature increases from the y-phase ·value of '\.o 56 K to 

the 6-phase value of '\.o 80 K. 891 We would not expect annealing to pro-

duce a large drop in the resistance in the absence of tRO. 

For concentrations greater than '\.o 0.75, PdD orders in the Dl · . x . . · a 
< 

structure of the. 6-phase (s~e Figure Sb), which produces a superlattice 
. . . 

reflec.tion at (4/5, 2/'j, 0) and equivalent points, as shown in Figure 9. 

The Dl structure is stoichiometric at x = 0.80, as described previously~ 
a 

The 6-phase structure has been observed in neutron diffraction studies 

94/ ·. . : . 99/ 
of PdD0 •76--. and PdD0 •

78
.-- Resist~nce studie~/ indicate th~t the 

_!5-phase persists over the concentration range 0.75 < x ~ 0.82, while 

higher concentrati.ons have not been studied, other that an x = 0.89 

sample which showed no anomaly. When samples in this range are annealed 

at temperatures below about 80 K, the resista.nce st~ys constant or 

increases by ~· 3%. during the first s~veral. tens of hours·. After a 



• period ranging from 60 hours to several hundred hours, the resistance 

.shows a precipitous drop, amounting to 20 - 40% of ~ts initial value, 

as LRO develops. If an ordered sample is warmed up in steps to obtain 

an equilibrium resistance vs. temperature curve, the result, shown in 

Figure 11, isquite different from that of the.y-phase, sh<;>wn in 

Figure 10. The decrease in resistance below the anomaly temperature 

is.much larger in the a-phase than in they-phase, because the a-phase 
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concentrations are near ideal stoichiometry. Also, the strong precursor 

effects which create the peak in the resistance of the y-phase are absent 

or much.reduced in the o-phase. 

Because of the large· incoherent neutron scattering cross· section . 

of the proton, all of the neutron diffraction work on the c;>rdereci 

structures has been perforinedon PdDx samples. There is one exception, 

a neutron and gamma~ray diffraction study of PdHO. ~/61 which shows 

the same type of diffuse scattering as occurs in PdD0 _73 . The resistive 

. behavior oE hydride and deuteride samples are ver.y similar.· There is 

an· isotopic difference. in the ordering kinetics, particularly in the. 

y-phase, where theresistance of hydride samples decreases more rapidly 

than that of deuteride samples during the annealing process. The equilib-
. .. 

rium resistance vs. temperature·curves of both hydride and deuteride 

oamples .<~n~ nearly identical, however, as may be seeri in· .Figure 10. 

The compositional ranges in which the various phases occur are .also · 

identical for both hydride and deuteride, within the rough limits in 

which they have been. sketched out. We cannot rule out minor isotopic 

differences in the phase diagrams until.the phase boundaries cnn be 
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Figure 11.. Equilibrium resistance rati.o·vs. temperature for a 
. . 

·o~phase PdD0.762 sample~ compared with that for a 

quenched, disordered PdD0·. 743 sample. From reference 

89. 
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more accurately" determined. Stich diff~rence.s are; known to occur in the 

Group V hydrides}:.../ 

PdH·(D) is a nearly ideal system for studying th_ e effects of the 
X X 

ordering process on Tc. Because the ordering process is so slow 

(taking .hundreds of hours), samples may be quenched from high tempera­

tu~es to liquid·He temperatures," freezing in thedisorder, to study 

superconductivity in the disordered state. In fact, the T measurements 
c 

of Chapte·r III, and all previous work on the superconducting transition,. 

were made on disordered 8-phase material. The samples may then be. 

annealed and the ordering process monitore~ resistively. The ·process 

is slow enough that it may be arrested at any desired stage by again 

quenching to·liquid He temperatures to measure the ordered state Tc, 

after which the. ordering process may be resumed by rewarming the sample 

to the annealing temperature and continuing to anneal. .The only draw-

back to the PdH (D ) system is that the time scale for ordering is so 
. X X 

long that one is never sure whether the process has reached equilibrium 

at a given temperature, or just slowed down to an almost imperceptible 

rate. This uncertainty, together with the simple problem of measuring 

several concentrations of both isotopes when each measurement takes 

more than a month,· are the reasons why the properties of· the· ordered 

states.are not well known as of yet. 

Ordered State. T 's: Experiment c 

the work present.ed in Chapter III ·demonstrated that with a pumped 

He4 cryostat it was possible to study superconductivity in.the o-phase 
3 . 

By using a He .eryostat, temperatures to of PdD and~ possibly, PdH . 
X X 



.· 

0.3 K can be obtained, permitting the observation of superconductivity 

in the SRO-phase of PdD as well. In the Y-:-phase, the superconducting 
X 

T 's of both PdH and PdD are vanishingly small. 
C X X 

Samples for this work were prepared and analyzed in the manner 

77 

described in Chapter III. A Pdn0 •742 sample was prepared from the same 

Marz grade Pd foil used in the. previous work. PdD0 . 817 .and PdH0 . 837 

sa~ples were prepared from ultrahigh purity Pd foil which cpntained 

1 h 1 · .. F 102/ ess t an ppma. · e.--. Foils measured approximately 25.4 mm x 5.5 mm 

x 0.05 mrn. The samples were all treated with the KI-I solution to 

3 .· 
retard H(D) loss.duririg mounting in the He cryostat. 

. 3 . 4 
Because He has a much higher vapor pressure than He , much lower 

temperatures can be reached by evaporative cooling, e.g •. , "'· 0.3 K for 

vs. 'V 
4 

1.0 K for He . 
3 . 

For this reason, we assembled a He cryostat 

for these measurements, so that both the o-phase and SRO-phase might. 

be studied. 
3 . 

Figure 12 shows the details of the He refrigerator, while. 

·Figure 13. shows the external equipment associated with it. 

3 . 
The He .pot, sample, thermometers, etc., were housed in:a stainless 

4 steel . vacuum can ~hich was iuunersed in the liquid 'He . bath. An indium 

o-ring provided the vacuum seal between can and flange~ . The vacuum can 

·could be evacuated through a 9.5 mm O.D. thin wall stainless steel tube. 

3 The HP. pot; machined from OFHC copper, had.an internal volume of 
. . . 

3 about 7 ~m . A layer of copper beads approximately 5 mm deep was 

3' 
sintered into ·the bottom of the He pot to increase the surface area in 

3 thermal contact with the He. A 6.4 nun long,.threaded (~-20) copper 

stud was provided on the bottom side of the pot, for attachment of the 
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Figure 12. 3 Petails of the He cryostat .insert. 

A. vacuum can pumping.line 

B. epoxy-sealed electrical feedthrough 

·C. optical baffle 

D. indium a-ring 

E. stainless steel vacuum can. 

3 He pot (cutaway view) 

G. heater windings 

H •. Ge resistance thermometer 

I. · Pt resistance·thermometer 

J. epoxy sample clamp (cross-section) 

K. mutual inductance coils (cross-section) 

L H 3 . 1" ·. e pump1ng 1ne 

M. electrical lead (others not shown) 

N. sintered copper beads 

0. thermal grounding pin 

P •. Ge-Au resistance thermometer 

Q. sample stage 

R. · ·sample 



79 

·C 

B 
L c 
T 

.2cm 
1 

M 
N 
0 
p 

I 
Q 

J 



80 

Figure 13. Schematic diagram of He3 cryostat and He3 gas handling 

system. 

A. glass dewar vessels 

B. liquid nitrogen · 

c. vacuum can pumping line 

D. H 3 . e pump1ng line 

E. pumped liquid He4 bath 

F. stainless steel vacuum can 

3 G. · He pot 

H. sample stage 

I. throttling valves 

J. 0-50 torr mechanical vacuum gauge 

K. thermocouple vacuum gauge 

L. diffusion pump 

M. compound vacuum-pressure mechanical gauge 

N. . 3 He storage tank 

o. mechanical vacuum pump 
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sample apparatus. Twenty-four evenly spaced holes were drilled through 

the flange at the base of the pot, and ·short lengths of /118 insulated 

copper wire were.epoxied into these holes to provide thermal grounding 

pins for all ~1~ctrical leads. The sides of the pot were electrically 

insulated·with a layer of cigarette paper and adhesive varnish, and 

450 Q of ·#40 manganin wire were wound bifilarly around the pot, to act 

as heater windings for the temperature.controller. -The heater windings· 

were covered with another layer of cigarette paper and varnish to pro-

3 teet them. · The ~e pot was evacuated through a 3.2 mm O.D. thin wall 

stainless steel tube, .which widened to 9.5 mm O.D. ,. a,nd ultimately, 

25.4 mm O.D •. thin wall stainless steel tube· outside the vacuum can. 

·Thirty electrical leads (six bundie.s of five wires each) of #36 

varnishe.d manganin wire were brought into the vacuum. can through an 

epoxy-sealed .. feed through. Twenty-one of these leads were needed for 

the experiment, with nine spares provided in case of breakage, etc. 

The wire bu~dles'were sheathed in teflon tubing at the epoxy seal to 

provide Strai~ relief.· 

The sample stage consisted of a long, flat OFHC copper ·finger 

3 which extended·. down from the bottom of the He pot. · The finger was 

coated by an electrically insulating layer of cigarette paper and 

varnish, and two p·airs of bare copper wire electrodes were varnished 

in place across the finger, to form the elec.trical contacts for 

measuring the sample resistance. The voltage electrodes were ?paced 

about.l5 mm apart. A foil sample was laid across tl:te two electrode 

pa.irs, and pressed firmly onto them by means of two epoxy clamps and 

set screws. .These epoxy clamps also served to hold in place the 
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mutual inductance coils which surrounded the sample.· These coils con-
. . 

sisted of 83 ·turns of superconducting Cu-ciad Nb wire as the primary, 

and 1400 turns of #40 Cu wire as the. secondary, wound on a coil form 

10 mm long and.lO rnm in outer diameter. 

Three thermometers were needed for the experiment. A factory 

. . 103/ . 
calibrated Ge re;sistance thermometer,-- mounted on the sample stage, 

was used for temperature measurements in the range from.0.3 K to 4.2 K. 

A P . . h 104 ' 1 d h . 1 t .res1stance t ermometer ,-- a so mounte on t e samp e stage, was 
\ ' 

used in the t,emperattire range from 20 K to ·100 K. A third resistance 

thermometer, consisting of a thin film of Ge-Au alloy.~vaporated onto· 
. . • 105/ . . . 3 

a glass·substrate,-- was mounted on.the bottom of the He pot, and 

was used as the.temperature sensor for the temperature controller. 

The R vs. T characteristics of the Ge-Au thermometer were such as to 

provide good sensitivity from 0.3 K to·lOO K. 

The necessary electronics for this experiment are. shown schemat-

ically in Figure 14. 

The superconducting transitions were monitored inductively, as in 

Chapter III·, usirig a m~tual inductance bridge!~/ operaling at 155 H:z 

to measure the change in mutual inductance of the coil.pair surrounding 

·the sample. ·The resolution of the· bridge was 'V·0.7%·of the total change 

in mutual inductance produr.P.d when the sample became. superconducting •. 

The magnetic field appli.ed to the sample by the coils.was about 0.5 

gauss. 

The resistance of the Ge thermometer was measured by a simple, 

home-built, four-terminal a.c. resistance bridge, operating at 17 Hz. 

The. bridge.had·an accuracy of 0.1%, leading to an accuracy in the 
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Figure 14. Block diagram of elect·ronics associated with the 

ordered state T measurements. ·c 
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temperature determination of slightly better than 0.1% for 1 K < T 

< 4 K, and an accuracy of 1 rnK for T < 1 K. The thermometer calibration 

was checked against the T of Aland found to be accurate to 1 rnKat c 

T ·~ 1 K. The Pt thermometer resistance was measured by a digital 

1 . . 107 I . . . . f . . 1 d d rnu t1mete~ operat1ng 1n a our-term1na .c. resistance rna e. 

Temperature resolution was about 0.05 K in the temperature range from 

25 K to 100 K. 

Sample resistance was determined by a four-terminal d.c. tech-

nique. Current through the sample was determined by measuring the 

ohmic voltage drop across a 10 Q standard resistor placed in series. 

107/ with the sample, using a digital voltmeter.-- . The. ohmic voltage 

d h 1 . d b . d" 1 . 1081 rap across t. e samp e was measure ·y a s1x 1a potent1orneter--. 

d .. 1 . . 11 d 109 / an nanovo t nu etector.--. Resistance measurements were made 

with the current flow in each direction and then averaged together to 

eliminate errors due to thermal EMF's anywhere in the circuit. The 

resolution of .the resistance measurements was 4 - 5 ~Q out of· a to.tal 

of 5 - 9 rnn, or ·somewhat better than 0.1%, with a sample current of 

25 rnA. 

4 
For T measurements above 1 K, a small amount of He exchange gas 

c 

was admitted to the vacuum can, and the sample was cooled by pumping 

on thlii He 4 
hAth in which the can was innnersed.. To .obtain temperatures 

below 1 K, the vacuum can was left evacuated, arid the He4 ·bath was 

pumped down to a temperature of ~ 1.1 K. He3 was theri admitted to the 

pot, where it rapidly condensed (He3 normal boiling point= 3.19 K). 

. 3 
The condensed He was then pumped on, rapidly cooling.the pot and 

sample stage to an ultimate temperature of about 0.28 K. The four 
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liter-atm. of He3 gas (about 5 cm3 of liquid) we~e·sufficie~t to maintain 

a temperature of 0.3 K for about eight hours under normal operating 

conditions. 

Coarse temperature control was obtained by varying the pumping 

rate on the He4 :bath or, below 1 K, .the He3 pot, by means of throttling 

valves. Fine temperature control was effected by a three-te~inal a.~ . 

. t b .d d f db k . 11 llO/ . h. res1.s ance r1. ge an ee ac temperature contra · er ,-. - us1.ng t e 

Ge-Au resistor as a sensor. 

The procedure followed for each sample was as follows. The 

electrolytically charged sample foil was removed from storage in a dry 

ice-acetone bath and transferred to the Kl-I solution for 10 minutes. 

-From there it was mounted on the sample stage and, after checking the· 

electrical contac·ts to the ·sample, the vacuum· can was sealed and the 

.assembled insert was placed in the precooled dewars. The vacuum can 

was. evacuated ~nd then back-filled with a small amount of He4. exchange 

gas in order to cool the sample. Approximately forty minutes lapsed 

between placing the sample in the KI-1 solution and cooling of the· 

sample and cryostat to 'V 100 K, during which time the high concentration 

samples lost a small amount of H(D) (fix~ 0.1). 

Once the sample had cooled, the vacuum can was evacuated and the 

sAmple tempera.ture was stabilized at 100 K for 48 hours in order to 

ensure that the sample was disordered' and the effects of previous 

thermal history erased. The sample resistance was alscf measured several 

times to check that it was not changing at this temperature. The 

sample was _then quenched to 4. 2 K, freezing in the disorder, and the 

T of the disordered state was measured. ·Following this, the sample 
c 



88 

was again hea.ted· to 100 K for 48 hour,s, prior to starting the annealing 

process. 

The sample-temperature was lowered to 72 Kat the.start of each 

annealing run, and the resistance of the sample was measured at inter-

vals of several h_ours to mof!itor the .ordering process. The annealing 

temperature was changed periodically, to find a temperature at which 

the sample would order rapidly; the actual heat treatments varied from 

sample to sample. 

In the PdD0 •817 and PdH0 . 837 samples, the anneali~g process was. 

interrupted by quenching the sample to liquid He temperatures in order 

i 
to measure T' during an intermediate stage of ordering~ After this 

c . 
. . . . 

measurement; the sample was rewarmed to the annealirig temperature and 

the annealing was·continued. 

After about 650 hours of annealing, .the sample was again quenched 

to iiquid He temperatures and the T of the ordered state was deter­c 

· mined. Followi~g this, the sample was warmed .to 100 K for 48 hours 

to disorder it again, and the sample resistance was measured several 

times to check that it returned to its initial value. ·.The sample was 

then quenched to 4.2 K and the disordered state Tc was remeasured to 

check that any_ changes in_ the superconductin~ transiti.on upon ordering . 

were reversibl.e. The sample was then removed from .the cryostat and 

analyzed for H(D) content~ 

Experiment Results 

The results of this.phase of the experiment are shown in Figures 

l.J· Llu:ough 22, and are summarized in Table L 
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The PdD0,817 sample demonstrated annealing behavior fa'irly typical 
. ·. 89/ . 

of the S-phase samples observed by Ellis-- at .lower concentrations 

(x < 0.80).· At 72 K, after an initial increase of~ 2%, the resistance 

began to. decrease sharply about 50 hoU:rs into the anneal, indica'ting 

the establishment of LRO (see Figure 15). When the resistan·ce ratio, 

R(T) /R(lOO K), had declined to a value of about 0.80, .the sample was' 

quenched to 4 .. 2· .·K and T was measured. The ordering was found to 
c 

have depressed T by about 7%, from its disordered. state value of 
c 

2.211K to a new value of 2.056 K (see Figure 17). ·Th~·high·concen-

tration, high T parts of the sample were depressed somewhat more, and 
. . c 

the low· concentration, low T parts were d~pressed somewhat less, as 
c 

evidenced by the changes in T20 and T80 , the. temper~tures 'at which the 

sample attained'20% and 80% of maximum diamagnetism, respectively 

(see Table 1). · 

After this T measurement, the sample was warmed· to 68 K to cori- . 
c 

tinue the annealing. In the concentration range 0.75 < x < 0.80, Ellis 

observed that.decreasing the temperature of annealed samples produced 

additional decreases in resistance. In the present Pdn0 . 817 sample, 

dropping the temperature from 72 K to '68 K, and then 65 K, ·produced 

little chan~~ in the resistance!.as shown in Figure·ts. However, 

increasing the temperature to 78.5 K led to an additional decrease 

in resistance which was larger than that produced by annealing at 72 K, 

as shown in Figure 16. When the resistance ratio had· decreased to. a 

value of approximately 0.57, the sample was again quenched to 4.2 K 

to measure ·T . The transition temperature was depre.ssed by a f'u~ther 
c 

2% by the additional· ordering (see Figure 17), and the difference 
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Figure 15. Resistance ratio of PdDO.Sli sample during annealing 

process. Sample temperature is recorded along top 

of graph. R(lOO K) = 9.057 mQ. 
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·F~gure 16. Further . annealing of Pdp0 • 817 . sample.· 
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Figure 17. ·Superconducting transitions of Pdi>O.Sl'l in the 

.disordered arid ordered states. 

(.) initial disordered T c 

.. <•) ordered T c' R/R(lOO K) ~ 0.80 

('Y} ordered T c' R/R(lOO K) ~ 0.,57 

(.A) final disordered·T . c 
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in the degree of.depression of T20 and TSO was morepronounced, as· 

indicated in.Table 1. 

Following this, the sample was warmed to 100 K to disorder it; 

96 

and was then quenched again to remeasure the T of the disordered state. 
c 

The transition temperature was restored to its. original value, demon_: 

strating that the ordering process is responsible for. the change in 

T , ·and that the change is reversible; as is the ordering process c . 
. . . 

itself. This second disordered transition lies slightly below the 

original disorder:ed transition at high temperatures, and slightly 

above it at low temperatures, as shown in Figure 17. This may be 

due to a slight redistribution·of D a~oms during the ordering process, 

resulting in.a slightly improved ho111ogeneity.. The difference in the 

two disordered state transitions is comparable to the experimental 

uncertainties in the data, however, so that•this effect may be 

spurious. No such effect was seen in the other two samples. 

When the PdH0 . 837 sample was annealed at 72 K, the resistance 

rose initially, as seen in other o-phase samples, but did not drop 

uff again, as did the PdDO.Sl1 sample. Ratht:>r, thP. resistance levelled 

off, ·as shown in Figure 18. We quenched the sample from this level 

·region to 4.2 K to determine the effect of SRO (which presumably causes 

the initial increase in resistance) on T • The resulting supercon­
c 

ducting transition was· identical ·to that of the disordered· state, as. 

shown in Figure 19. 

Following this measurement, the sample temperature was again 

raised to continue the annealing. ·Raising the temperature to above 

77 K resulted in a decrease in resistance, the rate of which increased. 
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. ) 

Figure18~ Resistanc~ ratio of PdHO.B37 during annealing 

process. R(lOO K) = 7.362 mQ . 

. ! 
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·Figure 19. · Superconducting transitions of PdH
0

. 837 in the 

. disordered and ordered states. 

(0) initial disordered T c 

(A) SRO T c' R/R(lOO K) ~ 1.0 

(•) .ordered T c' R/R(lOO K) 'V 0.82 
'V 

(-y) .· final disordered T ·~ 
c 
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with increasing temperature up to 82 K, at which temperature the rate 

again decreased (see Figure 18). The decrease was never as steep as 

in the PdD
0

_
817 

sample, or in those observed by Ellis. Nonetheless, 

the resistance ultimately decreased by .a large amount, indicating a 

significant degree of LRO. 

After the resistance ratio had decreased to 0.82, the sample was 
' \ 

quenched to 4.2 K and Tc of the ordered state was measured. It was 

found that the ordering process had split the transition, depressing 

the transition temperature of the low T , low concentration parts of . c. 
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the. sample, but leaving unchanged that of the high T , high concentra-c 

tion parts (see Figure 19). 

The most likely explanation of this splitting is the coexistence. 

of both ordered o-phase and disordered 8-phase domains in this sample. 

There are two possible ways in which such a coexistence .of phases 

might arise. First, the ordering process may consist of the piecemeal 

conversion of regions of 13-phase material into regions of o-phase 

material, with the splitting of the transition reflecting the fact 

that some regions had not yet: been converted because we did not let 

the process go to completion. ·Alternatively, ·the concentration 

x = 0.837 may be large enough that it lies above the o-phase portion 

of the phase diagram, and falls instead in a 8 + o two-phase· region. 

In this case, cooling the sample below ~ 82 K would result in a phase 

·separation, and hence a split. transition. While.we caimot rule out 

the first possibility entirely, we strongly favor the second explanation. 

The ordering of the PdD
0

•817 sample produced no splitting of the super­

conducting transition, but instead produced a depression of the entire 



l 

102 

transition, indicating that the entire. bulk of the sample was ordering 

simultaneously, and that only the degree of order w.as increasing as 

the annealing progressed. It seems unlikely that ·the ·hydride sample 

wotild order region-by-region when the deuteride sample ordered uni-

for:mly. 

When the PdH0 •837 sample was warmed to 100 K and.then quenched to 

remeasure the disordered state T , it was found that the transition c . 

returned to its original form, as shown :in Figure 19. · 

The third sample to be studied was a PdD0 _742 .foil. Neutron 

. 99/ 
diffraction data on a PdD

0
_742 crystal-- revealed only the elastic· 

diffuse scattering associated with SRO, as described in a previous 

section. The behavior of the resistance of this sample during 

annealing,· shown in Figures 20 and 21, is rather complex !ind difficult 

to interpret. Annealing the sample at 72 K produced a small decrease 

in resistance, similar to what one might expect if a very small portion 

· · . of the sample were ordering in the. o-·phase. The temperature was subse-

quently lowered in steps, and after each step there occurred an 

·initial, rapid (1 - 2 hours) increase in resistance, followed by a 

slow decrease, until the temperature was dropped' to• 5o'K. and below, 

where 'there was little change in resistance. The initial, rapid ' 

increase in R whenever the temperature was dropped is reminiscent of 

the behavior of y-phase material: the magnitude of the increase 

grows with decreasing ! above 56 K, but is small or absent below 

56 K, in much the same way that the peak iri the equilibrium resistance. 

vs. temperature for.: the y-phase behaves. However, 'the slow decrease 
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Figure 20 .. Resistance ratio of. Pdn0 _742 sample during annealing 

~ro~~ss. R(lOO K) - 8.003 mn~ 
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·/ 

··. F.igure 21. Further annealing of PdD
0

. 
742 

sample~ · 

'·. 

/ 
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in resistance which follows each increase is not typical of y-phase 

samples, as .it· occurs at higher temperatures and over. longer time 

intervals thari the decreases observed in the y-phase. As stated 

previously, the diffuse scattering observed in the neutron diffraction 

measurements. of ·samples in this composition range is similar. to that 

observed in· the early ordering stages of the Ni4Mo system. It is 

conceivable that the slow decrease in resistance which occurred at 

T = 63 K (see Figure 20) was due to the early stages.of an ordering· 

process which would, after a very long time, result.in the formation of 

the Dl structure in this sample. A detailed diffraction study of 
a 

samples in this concentration regime, made over long time periods, is 

~eeded to determine what sort of structural changes are occurring 

during annealing. 

After about 650 hours of annealing, the resistance of the PdDO. 742 

sample had decreased by only 2.5%, indicating that little,if any, LRO 

had developed.· The sample was quenehed to liquid He temperatures. and 

T was measured. Surprisingly, the T. was found to have increased by 
c c 

about 7.5%, tror~ its disordered 1;;Lal~ vd.lue of 0.40l.K too ncw·vo.lua 

of 0.431 K. The changes in T20 and T80 were also of this magnitude, 

reflecting the fact that the transition was essentially rigidly shifted 

.upward ,in temperature byrv 30 mK. When·the sample wasdisordered again 

by heating to 100 K, and then requenched to liquid He temperatures, the 

transition returned to its original value, as shown in Figure 22. 

Discussion of Results 

The P<1D0 _817 and Pdn0 •837 samples behaved as one wonlci expect 

from the simple arguments advanced at the beginning of the chapter; 
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Figure 22 ... Superconducting transitions of PdD
0

_
7

[.
2 

in the 

disordered·and ordered states. 

<e) initial disordered T 
c 

(A) ordered T c' R/R(lOO K) 'v 0.97 
'V 

.(.) final ·disordered T . c 

. ' 
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Sample 

FdD0.817 

PdH0.837 

;. • 

Table 1. 

Temperatures at which sc.mples attained 2.0% (T20), 50% (Tc) and 80%. (T80) of maximum 

diamagnetism in the dis.ordered and ordered state superconducting transitions. 

Disordered State Ordered State. · Relative Change (To-Td) /Td 

d Td(K) d £1T20 £1T £1T80 0 T0 (K) 0 c 
T20(K) T80(K) T2o(K) T8o(K) --

T8o c c Tio· T c 

2.303 2.211 2.122 2.129 2.056 1.978 -7.6% -7.0% -6.8% 

(all T's ± 0.002K) (for R/R(lOO K) 'V 0.80) 
'V 

2.073 2.008 1.944 -10.0% -9.2% -8.4% 

(for R/R(lOO K) 'V 0.57) 
'V 

1.543 1.436 1.332 1.543 1.436 1.332 0 ~0 0 

(all T's ± 0.002 K) (for R/R(lOO K) 'U 1.0) 
'V 

1.543 1.428 1.250 0 -0.6% -6.2% 
-· 

·.(for R/R(lOO K) ~ 0.82) 

PdD0.742 0 .. 427 0.401 0.378 0.460 0.431 . 0.407. +7.7% +7.5% . +7. 7% 

(all T's ± 0.001 K) (for R/R(lOO K ~ 0.97) 

-



the structural change produced by annealing depressed T by removing 
c 

the instability that led to the structural change. The only surprise 
' . 

. . 
encountered was the splitting of the transition of the hydride sample 

upon ordering. This splitting is taken as indirect evidence that 

111 

PdH
0

. 837 lies iii a two-phase (S + a) region of the phase diag.rain. The 

a-phase boundary must then lie in the concentration range 0.817 < X 

< 0. 837, as the transition of ·the PdD0 . 817 sarnp_le. was not split. 
. . . . . 

. Additional diffraction work is necessary to confirm this interpretation. 

The PdD0 ~ 817 transition and the_low temperature part of the 

PdH0 •837 transition were·both depressed by 9- 10% of their disordered 

.state values. The relative magnitude of this depression is similar. 

to that observed in v3si when this material undergoes its martensitic 

. . 111/ 
transforrnati.on.-- As the electron and phonon properties or the 

ordered, a-phase of PdH (D ) are not yet known, we cannot ascribe the 
X X . 

depression of T to any particular changes in these properties. The 
c 

symmetry change . (from FCC to body-_center.ed tetragonal) . produced· by 

the ordering will result in a new, smaller Brillouin zone. This, in 

turn, will cause the new zone boundaries to intersect the electron 

and phonon dispersion relations at new points, resulting in the. 

modification of these relations near the new· zone boundaries. 

A common result of such a symmetry change is the creation of 

new peaks in ·the electronic density of states caused by the flattening 

out of the.bands near the new zone boundary. If these new peaks 

form in a-phase PdH (D ) in such a way as to decrease the electronic 
X X 

density of states. at the H(D) site, then a decrease in·T would 
c 

result, as discussed in Chapter III. NMR measurements of the effect 



of ordering .on the longitudinal relaxation time, T
1

, may be able to. 

detect such a decrease in the density of states. The absence of 

anomalous behavior in the magnetic sus~ept.ibilitF/ near ·so K is not 

necessarily an. indication that the electronic structure. is unaffected 

by the ordering· process, as .the time scale on which the!=le measure-·· 

ments were made (a few hours) was far too short to allow LRO to 

form. Similarly, the absence of any anomaly in the .. elastic con-' 

112/ . . 113/ 
stants--- or Raman spectra--- does not mean that the acoustic and 

optic phonon modes remain unchanged~ as once again these samples were 

112 

not given sufficient time to develop LRO. We might expect t.he phonon· 
. . . . . 

modes, particularly the optic modes, of the ordered state to be 

stiffer than those of the disordered state, on the general grounds 

that the restoring force (i.e., the force constant) is increased by 

the restoration of stability in the lattice brought about by the phase 

transition. ·The broad linewidths observed in the inelastic neutron 

. 18/ . 
scattering experiments on PdDx;- attributP.d to the random distribu-

tion of vacancies, should also narrow when these vacancies order • 
. / 

. . 

Because the optic modes are so important Lu L,l:u~· superconductivity of 

PdHx(Dx)' any: changes in the optic mode spectrum may .have a large 

effect on T . · New inelastic neutron scattering experiments on the 
c 

114/ . 
ordered, a-phase of PdDo.7a' which are already under way,--- should 

reveal any changes in the phonon spectrum.produced by ordering. 

The enhancement of Tc in the P_dn0 • 742 sample which the annealing 

produced was a surprise. In the context of our hand-wav~ng argumentR 

that increased stability leads to a decreased T , we must infer that c . 

somehow the instability of this sample was increased by the annealing 



treatment~ Any attempt to explain this T enhancement iri terms of . . . c . 

symmetry.changes produced by the ordering is fraught with difficulty. 

Because we have.only SRO present in this sample, we have no trans-

lational symmetry beyond that. on a microdomain size ·scale. Thus a 
. . 

discussion of· electron and phonon proi>er.ties based 6n ·a charige in the 

Brillouin zone. is of. dubious merit. 

When the enhancement of Tc in PdD0 •742 and the depression of 

. Tc in PdD0 . 817 a~d PdH0 •837 are considered along with the neutron. 

diffraction results, we.claim that it is not necessary to know the 

details of what happens to the· electrons and phonons .during the . 

annealing process. Instead, all of these results fit neatly into 

the more general theory of dynamic instabilities. in high Tc super-

d d d. b N . d R . k. 115,116/ con uctors a vance y ga~ an e1nec e.. . · 

Ngai and Reinecke propose that, in an unstable material, the 
. . . 

113 

local ground-state configuration (electronic and/or ionic) is separated 

by a small energy difference and. low potential barrier from one or 

more other possible configurations. The electrons and phonons in 

the material can induce transitions between 'i:hes~ vartou.s lpcal 

configurations·, ·and the authors dub these transitions ,;local s.tructural 

ex~itations" or.·LSE's. 

ThP. interaction of LSE' s with .phonons leads to. several modifica-

tions of the phonon properties. In th~:Pd-H(D) system, Ngai and 

Reinecke show that LSE-phonon coupling can qualitatively account for 

the marked softness of the optic modes, the large mean-squared dis-. 

placement of the H(D) vibrations, the anharmonicity of the optic 
. . . 

modes, and the.H(D)-Pd force constant difference. The phonon mode 



softening induced by the LSE's will incr~ase the elec~ron~ph6non · 

coupling, and h~nce T .. Additionally, the electron-LSEinteraction 
c 

can produce an attractive electron-electron interaction mediated 

directly by the.LSE's, as well as that mediated by the phonons, 

ft~rther enhahcing T . When the degree of lattice ins~ability . . . c 
. . . 

oecomes too large, the lattice will undergo .a structural transid.on 

which, .the authors predict' will split the nearly degenerate energy 

levels, lowering one level below the others. The increased energy 

difference between the lower level andth~ upper levelssuppresses 

LSE' s from the lower .to upper levels, and s.o leads to .a: reduction 

in T and a stiffening of the phonon frequencies. 
c 

The interpretation of the diffuse diffraction intensity from 

SRO-phase PdDx as being due to coexistence of no22 and Dla micro-

. domains is consistent with the LSE model; the no22 and Dla structures 

may represent t:wo possible lattice configurations whi.ch are closely 

spaced in energy and which are competing to estahlish LRO. The 

114 

PdD neutron.diffraction data show that this type of.diffuse scattering 
X 

·persists at hightemperatures (up to 150 K), even at short annealing. 

times {about 30 minutes), and at higher concentrations .(x = 0. 78), 

where it appears as a precursor to the formation of: the o-phase at 

. . . 99/ 
lower temperatures.- . Thus it seems likely that even in quenched, 

disordered samples there is a small amount of SRO present in the form 

·of microdomains of· no22 and Dla structures. LSE's between these 

configurations may account for the unusual.phonon properties of 

PdHx(Dx) mentioned above, and may also. enhance Tc. 



Annealing of high concentration (a-phase) samples results in.-the 

4iffuse scattering being replace9 by the sharp superlattice line at 

. . 99/ 
(4/5, 2/5, 0) .-.-. · In the model of Ngai and Reinecke; this could 

reflect the lowering in energy of the Dla configuration below that of 

the no2 2 configuration, which would suppress the LSE's.· This would 

have several consequences in the Ngai-Reinecke model: (1) T would . c 

be depressed, ( 2) th,e optic mode frequencies would be. ihcreased, and 

(3) the H(D)-Pd force constant difference would be dec;:reased. · We 

115 :; 

have already noted the depression of T upon formation of the a--phase. . c . . ··. . . 

The inelastic neutron scattering resul.ts will tell whether the optic 

mode frequencies increase in the a-phase. Measurement of T . c VS. X 

for several a-phase samples of PdH and PdD would shed some light 
. X · X . . · 

on the third effect; if LSE •·s . are responsible, at least in part, for 

the force constant difference, then the reverse isotope effect should 

be diminished (or perhaps even revert to normal) in the a-phase, where. 

the LSE's are suppressed. 

. 99/ The neutron diffraction results--. show that annealing of lower 

COncentration (0. 7l < X < 0. 75) samples prodUC~S a fivefold inc'n~ase 
'V 'V 

of .the diffus.e scattering intensity, but no change in the intensity 

distribution, which may imply the nucleation of more microdomains 'or 

the increase i11 order in thl:' present microdomains. If_ this produces 

an enhartceme11t ·of LSE' s • then an increase in T would result, such as c 

that seen experimentally. In this case, we might also expect a further 

softening of the optic phonon.frequencies in the SRO-phase, detectable 

·by_ inelastic· nP.utron scattering. Theoretically, an increase in the 

magnitude of the rever.se isotope effect would also r~sult, but this 
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I . 

-would·be difficult to verify experimentally, as the T of PdH is 
C X 

. . . 
vanishingly small in this-concentration range. 

In summary, the LSE model of Ng.ai ~nd Reinecke can qualitatively 

accqunt for the observed behavior of T in the ordered. phases of · 
c 

PdHx(D). The relative change in Tc ("' ± 10%) produced by annealing 

. is of the sam~ magnitude as the underestimation of Tc values obtained 

from current theoretical calculations on 8-phase PdH (D )·described 
X X 

in Chapter III .. Other than through the observed force constant 

difference, the -effects of LSE's on the T of PdH (D) .have not been 
C X X 

included in the present theories. Their inclusion should help bring 

the calculated values of T into closer agreement with experiment. c . . . . 

Measu.rement of. the phonon frequencies in the ordered P,hases will 

provide an additional test of the LSE model. 
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V. SUMMARY 

The experimental work presented in Chapter III of this thesis 

demonstrates that the current theoretical treatment of superconductivity 

in PdH (D ) , .in si~plifying the problem, has omitted some of the 
. X X 

contributions. to superconductivity in this system. In, particular, 

an explanation of the .·reverse isotope effect. based .soley on the 
. . . 
. observed difference in force constants results in an underestimate 

of its magnib.ide. To bring the calGulated magnitude of· the reverse 

isotope effect into agreement with experiment, we suggest that·the 

effect of zero-point motion of the H(D) atom on its electrol)ic environ-

ment must be in.cluded as well. Experimental evidence of a. difference 

in electronic structures of PdH and PdD .is now emerging •. 
X X 

. The inclusion of the electronic difference will increase the 

calculateu magnitude of the reverse isotope effect, but will exacerbate 

the underestimation of T in PdH (the calculated values of T for 
C X . . C 

PdDx already being seriou~ly undercetimat~n). To increase these 

calculated T values, we believe that. the coupling of ··conduction c . . 

electrons to the acoustic mode vibrations of the H(D) .atoms should 

.he included. 

The experimental .work in Chapter IV shows that the ordering 

of H(D) atoms in substoichiometric PdH (D ) can have a sizeable etfect 
X X. 

on the superconducting transition. The formation of long range order 

in the a-phase led to a reduction of T while the enhancement of short c 

range order iri a lower concentration sampl~ led to an increase ln Tc. 
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These findings agree with the qualitative trends predicted in the 

"local structural excitation" model advanced by Ngai and Reinecke. 

The effects of these excitations on the T of 8-phase PdH (n· ) ·have 
C · . X X 

not been explicitly included in the current theoretical calculations. 

Their inclusion should also tend to increase the calculated vaiues 

of T , bringing them into closer agreement with experiment. This . . c . . 

Um model repres-ents an important stel). in trying to q~antitativ~ly 

deal with the effects of s.tructural instabilities in super.conductors. 

The experimental support which we find for this model:gives us hope 

that an understanding of the relationship between instability and 

high Tc 's is near. at hand, and that such an understanding may lead · 

to new advances-in high temperature superconductivity. 
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