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SUPERCONDUCTIVITY AND THE STRUCTURAL PHASE TRANSITIAONS“
- IN PALLADIUM HYDRIDE AND PALLADIUM DEUTERIDE '

Robert Wendell Standley, Ph.D.
Department of Physics :
Un1ver31ty of Illinois at Urbana-Champaign, 1980
The rééuits of t&o experimental studies of the superconducting
transition témpefature, TC,Vof palladium hydride, Pde’ éndfpalladium
deuteride, PdD o5 are presented. |
In the flrst study,-the superconductlng transition temperature

~of PdH (D ) is studled as a function of H(D) concentratloﬁ, X, in
thg temperatgre range from 0f2 K to 4jK. The data'301n smoothly
with those reported previously by Miller and Satfefthwaite ét'highef-'
temperatures,-and the composige data afe described by thé'empifical
relation TC =‘i56.8'(x-x0)2'244,~wﬁe%e.xo = O;715,fo£ hydride samples
and-03668.fof deﬁteride sampleé. The'results,'when éompared-With §he
tﬁeoretical.pfédictions.of Klein and Papéconstantqpoﬁ}ps, et al.,
raisg qugspiéns abouf the vélidity of»their'explanatibﬁ'of.Lhe
réverse iSotOpé efféct, which is:based solely on a éifférénce in
force‘consténts.; |

| In thé‘sécon& study, the effect of the order-disorder structural
trénsition associated with the "50 K énomaly" on the‘éupefconductivify-v
of PdHX(DX) ig,ihﬁestigated. Samples,werg quenched té.iow temper;tures.
in the disordered state, and théir,transitionltemperafures measured.
The samples wefe then annealed just below the anoéaly,teﬁperature,‘

and the orderiﬁg process followed'by monitoring the change in



saﬁple resigtaﬁée.,.The'tranéitioﬁ'temperatures in.the ordéred state
wefe.then measured. | |

In a PaD0.§17 sample, the formati§n‘of a long-rahge-ofdered
.Structure in';hé deuterium sublattice led to a 9.2% reductidn in
.Ic; In a PdH0;837 éamp;e, the formatién'of‘a longfréngg drderéd‘
_structure led ﬁb a splittiﬁg of the superconducting transition, .
roughly half dethe transitioﬁ 5eing,depresééd by f'éz;'the other
half remaining?upchangedf This splitting is ihtérpfefed'as arising
from'ghe'éoexisténce of ofdered ;nd disordered domaiﬁs; Iq a
PdDb.742 sample, long-range order did not develop;'bQ£ an'enhance—
ment of shoft—rénge‘order oécurred, which led to a 7.5% increase in
T Ih.gll égéés the changes in the shperéonductiﬁg transitions .
lwere.revérsibie,‘the ?ransitions‘réﬁeqting to their originél.values
when the éaﬁpleé werexﬁgaiﬁqdisordere&'at the end sf eacﬁ run.
These results_éfe discﬁssed in the framework ofiﬁhg,flocgi sﬁructurai
exéitagioh":modél ﬁropbsed by Ngai and Reinecke; In both.studies;
samples Qereiprepéred from Pd foils loaded with H(D) électrdiyticaiiy.
The supercéﬁdﬁéting transitions Qeré monitored by meaSUrément’gf.thg‘
diamagne;ic‘sgSceptibility of the'sam§1és, using_aﬁ‘aﬁc. mutuél

inductance method:



iii

ACKNOWLEDGMENTS

A great nany people‘have contrihuted in a‘variety of ways to
ithe‘nork presented in this thesis, for which they have:myrgratitude.‘
1 would partiCularly like to‘thank my research advisor; Dr.

C. B. Satterthwaite, for his counsel and encouragement during the
‘course of this work Special thanks also go to Dr. T. O. Brun and
| - D. M. Ginqberg for acting as my advisors during ‘periods of

Dr. Satterthwaite s ahsence.

The experinental work presentednin Chapter III'was'done in
coilaboration.With'Dr. M. Steinback,;ﬁhose knowledge'of low tempera~
.ture teehniquee; together with his senSe of.humor,.greatly‘aided in

the gathering of the data..:I would 1ike to thank ni;“A..c. Anderson
.:for hie eooperation in this. phase of the experimentai'nork "and also
for the wealth of advice he prov1ded me on several other occa31ons.

Much’ of tha resiqt1v1fy data presented in Chapter IV were
coIleoted withuthe_able_3531stance of R. C. Potter and M. E. |
ﬁisenheimer.: . - |

The neutronAdiffraction data oande were graciouslp supplied‘
by Dr;'M. H.  Mueller and Dr. T, O. Brun of Axgonne'ﬁational Labora-
tory, and-also by Dr. R}‘Kleneneic of'the Universitat der Wien. |
I enJoyed several st1muiat1ng discu331ons with, these people in our.
attempts to understand the ordered phases of PdH (D ).
| I enjoyed a lively exchange of information withtfeliow graduate

‘students A. D. Bross, P. C. Allen, D. Alde, M. Jackson; T. E. Ellis,



iv

L. E. étorm; R‘ C. Potter,'J 6bersehmidt':J- Katerbergsz' ﬁ
Nedrud, my- Juggllng partner G. L. Koos, and J. Legrange who read
part of this manuscrlpt and made valuable comments on it.

For thelr warm fr1endsh1p and moral support, I espec1a11y thank
" E: A, Dorsey, R, and K.-Munlz, and A. D..Bross. |

* Most of.ail, I wish to thank myiparents fpr.their unwayering

love, guidance; and enconragement, ann'without Whem, uitimately, i
would not.hape heen pessible. | | |

Th1s materlal is based upon work suppor ted by the Nat10na1
AQc1ence Foundatlon under grants DMR 75 13083 DMR 77 08463 and
DMR 77- 23999 The experlmental work in Chapter III was also

supported in part by Department of Energy grant EY- 76-C-02- 1198



II.

ITI.

Iv.

V.

TABLE OF CONTENTS

Page
INTRODUCTION .+« s v e eeeeennnnnenenenentocensneneneacnsneenene 1

THE PA-H(D) SYSTEM. .t uuuuunnnnnuneeeeeesssesnainninnseneees 6

Pure Palladillie..eeesesessivnnnnneeeesesionmnensnnenseneeese 6

Structure of PdHy(Dy)eeveveneennneneennnennncnnncasseanneens 7

Phonon Modes of Pde(Dx)......................... cevesees.. 10

Electronic Structure of PAHy(Dy)eevereeeeridonnnesnsaneeenns 15
SUPERCONDUCTIVITY IN PdH (D )....;;......;......;..;........ 21

Superconductivity in Metal- Hydrides......................... 21

© Superconductivity in PdH, (Dx):- Theory......a......... ...... 25

The Model of Klein and Papaconstantopoulos, et al.: cesesas 32
Tc VS. X: Experlment....................................... 36
Experimental ResultS.....cevieerecrosccncsssoecoosocanesanss 40
Discussion of. Results.......................................‘ 44

SUPERCONDUCTIVITY IN THE ORDERED PHASES OF Pde(Dx)J.....{.; 50

Structural Instabilities and High T.'s.......civniienennnenes 50
Structural -Changes Associated with the "50 K Anomaly" :
in PdHy (D  JP S S T
Ordered State T."'s: Experiment.....ceecceeveeceveionseccnnes 76
Experimental ReSULLS..cceeeteeeesssocssoeosocesnsssnsansacss 88
Dlscussion of Results................;...........;.......... 107

SUMMARY..;.f.......,....;....;.......Q;........Q;,........;. 117

REFERENCES . + ¢ ¢ st tieeevnsennennesnnenneenseonscssecseecnsoneeeers 119

VLTA s v et eeeeeenenaeeeesnsnsnssssesscasessnasasnssosnaneivnnaanss 125



1. INTRODUCTION

Thefwopdé_fmetal hydridgsﬁ_enéompass a broad varieﬁy of materials
with‘diverse'prdéérties. In fact,'tﬁé majority 6flﬁetals in the
periodic téﬁlg} énd numerous alloys,<§ill feacg with hydrogen to form
metal hyd?ides.l/ While severél ofithese metal—hyﬁfogen systems‘were
known in the iaét'céntury, tkey'aféﬁsed only limited écien£ifi¢ interest
-due to a 1éck'9f comme;cial and technological rglévéﬁée. ‘Wi;hin the

' 1as£ forty yéaré;'however, the metal hydrides'have beééme important .
facefsfof seﬁefal emerging'teéhnologies, and as such ha&e become the
focus of an éxténsive research effort.

The initial impetus to this effort arose from fhe need- to under-
stand the mechanism by ﬁhich hydrbgeh embrittles céftain'metals, notably
steels, deéradiﬁgitﬁeir mechanical propérties. Hydfogen embrittlemeﬁt
remains a problem of gréat practicél importance, and ﬁénce an area of
active research. Mpfe reéently, metal hydrides'até playing'aﬁ‘increaéing
‘role in maﬁy eﬁergy—related technoiogies. For‘iﬁstante,‘bécausé manyﬁ_
metal hydrides héve very'high proton densities (oftgn’higher thanvthat
of 1iquid HZ) énduprotons have large neutron écat;efing:crpss éections,
metal Hydridés ﬁéVe beenlconsidered‘for use as neutron moderators in
‘hucleaf fissién reactors. ‘In most of the cufrent désigﬁs for controlled
nuélear'fusion‘reactors, the éqntaiﬁment, ér'"first Qall,"Amaterial"
which contains the reacting plasmé Qill be sﬁbjectéd:to é high flux

of deuterons and. tritons, making it imperative to understand



‘the interactionsjbetween-these hydrogen.isotopes and the containment

‘ Anotherlpromising approach- to many energy problems is the proposedi
"hydrogen—based energy economy; in which energy is used to generate
'hydrogen gas‘from water, coal or other sources. The hydrogen may then ’
be stored or‘transported, and then recombined with'oxygen to yield
chemical 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, ohviating'the cryogenic equipment necessary,d
fOriliquid hydrogen storage, and inherently safer and more energy
: efficientzthan.storing'hydrogen as a highly compressed gas.
The fact.that‘the absorption and desorption pressures.of metal’
'hydrides»are strong functions of'temperature and alloy composition has
also been utilized in several ingenious thermodynamic'cycles, such as'
"solid state" heat engines, hydrogen compressors and methods of upgrading.
low grade waste heat to more useable temperatures. In 411 of these.
schemes, it will be necessary to know how hydrogen interacts with all
‘of the metal components in the systems.

Discounting the technological stimuii, 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 1sotopes of
heavierinuclei; Thus, when one iSotope‘of hydrogen is suhstituted'for
another in a metal hydride, very large and often.anomalous "isotope

‘effects" can-result. The small masses'of.the hydrogen isotopes also



lead to. important "quantum crystal" effects, such as proton tunneling and
delocalizatiqp;;and large zero point motion amplitudes,'ali of which ma& ‘
" have marked éffects‘on the'physical ﬁroperties of thg material.

'BecauSeAiﬁéérstitial metai hydrides can éxist at substoicﬁiometric 
compositions (i.e.,. nbt'éll interstitial sites are'océupied by hydfogép
atoms) and Hyd;ogen in the lattice is very mobile, maﬁy‘metal hydrides
‘exhibit ordér;diéorder transformations,.theAmateriallpassing from a phésel
in thch hydrogen atomé occupy'interstitiai sifes af faﬁdomAinto a phase
in which they_occuﬁy a spécific subset of interstitiél éites with -a
lower crystal égmmetry4as thé temperature is decreééed;?'

Finally; in recent years it has Been'found fhaﬁ-hidrogeﬁ can have
a profound efféct on'the.supérpénducting properties 6f the<host metal. 
In most cases, §he addition of hydrogen has a deleterious effectlon thé
: éuperconducfihg]properties of tﬁe'hoét material, yé;lih.a'few metals and
alloys ifigregfiy'enhances sgperconduttivity. -

An excelientlcollection of review_articles on fﬁé'basig pfoperties
aﬁd applicationsjpf mefal hydrides has recently appgéfed, to whicﬁ‘theA‘
reader is directéd for further~information on thesé ;:op'icéfZ

In many féségcts,.palladium hydride, Pde, is a podei metél—pydroéen4
system. Sinégjthe discerfy, more than a century agp, that palladium’
absorbs‘lérgefamouhts of hydrogen gas,éj the Pd-H system Has'been inten-
éively investigaﬁed; to date it is the most thoroughli‘sfudied'metal—
hydrogen syé;em.‘ While this abundant literature proVidés aAséiid foundaf
tion on which'féubuild-a théoreticél‘understanding éf PdHX,.it dées noﬁ
imply ﬁhat su;h]&n underestanding has'élreédy been regchéa. - In the past

twenty-five yéé;s, Pde haslbeeh found to. exhibit nearly all of the



phenomena which are so intriguing in metal hydrides, vié. enhancement

of sﬁpercoﬁdﬁctivity by the addition}of hydrqgén, ofderediéordér trans-
formations involying the‘hydrogén;atéﬁs, and apomaious.isqtopé effects
in such propér#ies as diffusion aﬁd ;upercohductiviiy'related to the
.quahfﬁm natufe of the light atoms. :Ah underétandiﬂg 6f phese.phenoﬁena
is only rgceﬁtlyiemerging. | |

The aim of thé experimentalAworg.preéented inithis thesis %s tp
inveétigaté'mdré‘fuily (1) tﬁg-superqopducﬁing behaviof of Pde(D#),
in particﬁlgr;thé "reverse" iéotope effect wheh‘deu;efiumiis‘subs;itufed.
for'hydrogen; énd (2) the ordef—diséfdefAtfansition.aéébciated &ith the
"50 K anomalyf.aﬁd'its‘effect on the superéonductiﬂgb;rénsition.

| Chapter II presents an intrddﬁctionAto the'basié'physicgi properties.
of the Pd—H(D) system, in order‘to:ppovide a f:amerrK for,diépussion .
.‘of the experiﬁental fésﬁlts in subseduent chapters;'.

After a brief survey of superéonauctivity in métaifhydrideé,
Chapter'III focﬁses on the supercondﬁcting proper;iés:gf PdHX(Dk)_and
the vafiéus thedretical attempté té gxplain ﬁheﬁ. wé.then pfesent‘the
reéﬁlts of meaéuréments of tﬁe superconduéfing transitipn~tempéfaturé-
éf Pde(Dx)'aS'a function of H(D) coﬁcentration in the temperatﬁre range'
'fromuO.Z'K to 4}KAand discuss hoﬁ.thése results bear'ppon éurreﬁt
theofetical tfggtmehts.

Chapter IV begins with an introduction to the empificalArelaﬁionsﬁip
between high superconducting transition temperaturéé.éﬂd stfuctural
instébilities in metals. This is fQilowea'by a déscription éf tﬁe

nature of the structural phase transitioﬁs associated with the "50 K



anomaly" inifdﬁ%(Dx). Méasureménts of fhe'effécts_of tﬁese phase -
transitions”dnAthe supércénducping tr?hsition»tEmperatgre of Pde(Dx)
are then preséﬁted, followed by a diséussion of ﬁechéﬁisms which might
4accoun£ for these effects.

Finally;_Chépter V summarizes the<résu1ts of fﬁis résgaréhAand

 the conclusions ‘drawn from them..



IT. THE Pd-H(D) SYSTEM

Pure Palladium~

Palladlum is a‘group VIII transltion metal - whlch forms a face
centered cub1c (FCC) crystal w1th a lattlce constant of 3 889 X at ‘:
room temperature. |

Whlle atomlc Pd has a 4d O electronic configuratiOn kfilled
4d shell), deHaas—Van Alphen measurements on- Pd demonstrate that, 1n
the metallic. state, the 4d—band is not fllled but contains about O. 36

5/

holes per Pd atom. Band structure calculatlons rnd;cate that 1n Pd .
metal, theaSséland Sp—states hybridize to form a broad'sepiband mhiCh
overlaps the narrow d-band and wh1ch is populated partly at the expense
of the d—band;él This 1ncomp1ete f1111ng of the d—band has profound
effects'on the propertles of Pd metal ‘The Ferm1 energy 11es Just below
the top of the d-band, and just above a sharp -peak -in the d—band density
of-states,.produc1ng ‘a 1arge.va1ue of N(0), the electronic density of |
states at'the‘Fermiilevel, as shown in Figure 3a. fhis large value of
N(0), together’With a strong exchange interaction.betWeen electrons,i
'places Pd.verp.close to the ferromagnetic instability; while'long~range
: ferromagnetic ordering in Pd is absent, neutron scattering data indicate
"a substantialishort:range ordering of electron spins;'extending over
distances of N 10 A 7/ These large spin fluctuatlons, or paramagnons,
produce arlarge'Stoner enhancement of~the magnetdc susceptlbillty, and
also presumablynaccount for the lack Sf superconductivity in pure Pd,

as will be discussed,more fully in the next chapter. Because of this



- .strong exchéhge:interaction, Pd was considered a iikély candidate'fdr a
triplet—s;ape supercondﬁctor, in whiéh the elégtrons form.CéoperAbairs
‘in a tfipleﬁ spin state, as‘do the nqélei in suPerfluid'He3,.father than
a singlet.spih étate,‘as in other‘supercohductors.' AA1ow~temperé£ure
search for}éuperconductivity in Pd shbwed-no evideﬂce‘of eithér:singlet '

8/

or triplet state superconductivity to' temperatures as low as 1.7 mK.—

Structure of PdH.(D )
. XX

When hydfoéén (or deuterium) isligtroduééd to péliadium, it is
readil& dissééia;ed and:;bsorbed info‘the Pd iattice;_thch remains FCC
but'expands_td»g maximum lattice cons;ant“of 4.090 §j(&;O84 &) for
T stoichiémetrié:f&H (PdD);at 77 K;g/‘ Néutroh diffraétﬁoq studieé;g/
reveal that.fhé H(D) atoms bééupy oniy'the octahedrai iﬁterstitiél
"sites of thede Iattiée.- Collectively, these oétaﬁédf%llsites form a
second FCC 1atti§eAwhich-interbenetfates the FCC Pd'lat;ice, and at
stoichi&metfy'(all'OCtahedral éites filled) PéH(D) ﬁaé thé simple
NaCl (Bl) strupthféL . .' o

Pde(Dx);éAﬁAexisﬁ at substoichibmetrip.compééitioﬁs aiso, Ey
‘filling oﬁly é'fraction; x ( = the rafib of H(D) atoms:to Pd atoms),’
of the-octahédrai sites. At high temperatures the frac?ion of octa-
hedral sites oétupied can be varied bbntinuously ffbmtzero‘;o one, but:
at Leulperatuf‘es:bélt")w n 3oo°cAa miscibility gap ocqu'rs iﬁ the phase
~diagram, andiééﬁpiesAof_infermediéte'compositions Qili,undergo a'ﬁhase
éeparation in£§ regions of H(D)—ﬁoor‘material (the a-pﬁase,;with
x N 0.01)-and'th)—riéh.material (the B-phase, with;x m|0.60), as:shown

in Figure 1. For compositions greater than v 0.60, a sample will be



Figure‘i.A'High temperature phdée_diagrém of the Pd-H system in
the’tempefatufé—composition‘plane; 4Thelbhase'diagréﬁ
- 6f the Pd-D system is nearly'identical,'with slight

J-differences in the location of the cfitiéal point.
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10;
"purely in tﬁelB-phase to low tempefatufes (T N 100'K) Qheﬁ:new phases
’associated with the order—disordef irﬁnsitions are encountered. 'The
phenomena of:ihférest-in‘this thesis,‘superconductivity'and the order-
disorder traﬁéitions, are propertiés of the B—phase, so in subsequenf
discussion we Qi;l neglect the-q—bhasé and two—bhaée rééions of the
phase diagram:éna festrict ourselves to the'pfoperfies of samples with
compositions bé;ween_Q,6_and 1.0.

- As previéuély mentioned, the.uptake of H(D) resqlts in an expansion
of the.FCC latﬁ%ﬁe. In the B-phase, ;heilattice céﬁstant of'Png(Dx)
increases nearly linearly with X from a value of 4.619 & (4.016 &) at
e 0.6 to 4;090 A (46.084 ) at x = 1.0. The smallér 1at;ice constant
of the deutgride relative to a hydride'pf the sameAcpmpositién is
attributed to'thé smaller zeto—point motion émplitude in tﬁé laftice of

the more massive deuteron.

Phonon Modes of Pde(Dx)

Changés in Fhe phonon spectrum upon formation of~é;phasg Pde(Dx)
have beén mohifdfed by é variety of techniques.- de temperatufe specific
heat measurémentéll:lél on Pde(Dx) indicate'a Debye.teﬁperé;ﬁre,

ey n 275 K,‘yhich.is nearly identical for.that of bure Pd, at 271 K.
| That the 1ong‘QaVé1éngth acoustic modgs (of which Qb is a measure) of
Pd and PdHX(b;)4gre so similar is rather surprising in light of the
substantial incfease in lattice parameter; app#rently the new H(D)-Pd
bonding compen;ates for the decrease in Pd;P& bonding éﬁe to lattice
expansion. Inelastic neutron scattering méasurementslé/‘on PdD0.63

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

Brillouin zone (B.Z.) boundary relativé to pure Pd, however.
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?hé inélaéfic,neutron scattering éxpériments élso yield the dispersion
.of the bptic phﬁnon modes of PdD0.63 (pure Pd,fof:éoufse, has no optic
modes). <Theser?tic modes ocgur at vefyvlow frequencieé (v 38 meV for
tréﬁsyerse thié.(TO) bhonoﬁs of PdD0.63)‘compared with‘theloptic mode
frequencies of other metal hydrides, whithare typically-two to three
times higher. The longitudinal optic (Ld) modes show é large dispersion,
impiying<strbng first and secoﬁd nearest neighbor;D;p iﬁtéréétionsﬂ»
and Pd are ééqwn in‘Figuré 2.

The phonon dispersion curves of PdD0 63

‘The phonon dispersion relations of Pde sémples athighér D cbhcentra-

tions (x = 0.88) ére‘vittually identical to those of PdD0 63'11/
The lineWidtHs of the neutron groups scattéred ffom'tﬁe PdD0 63

optic modes show a strong increase with increasing temperature, which is

16/

attributed to anharmonicity of thé botential weil of tHe:D atom.— Even
at low temperatures the linewidthé reméin'anomalousiy'ﬁrééd; this is duel
to the randomldistribution‘of D atoms in the FCC lattice. of qctahedral
sites at subétoichiometry, which in turn causés a distribution of LO
.modes.with'different dispersion, the Ld'mode dispersibné bging governedA
by the b-D intefactioﬁs;lé{ l

. As hydr¢genAis a strongly incoherent neutron sgatferer, the_phoﬁon
dispersion cﬁf?es.of Pdﬁx cannot be obtainedtby ned;féﬁ sgattering,
however the phonon density of states is readily’obtained by suéh measure-
ments, and wﬁéh.fhése ﬁeasurements.are comp;red with ﬁhe dispersién
relations of PHD#, sevérgl pieces of information may bé extracted.. Such
density Qf'stateé.measu;ements on Pde_show:a‘strong peak at an energy

V19’20/

of 56 me which, when compared with the data on PdD_, must he
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Figure 2.. Phonon dispersion relations of PdDO‘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 Pde.
If thelpptentiél well in which the H or D atom vibrafes,wéré harmonic,

then the'ratio.of these TO mode frequences should be
aglop %/ mpfog = V2

(m ié~th¢ mass of the H(D) atom), but fhe observed ratio is 1.47,

H(D)
once again demonstrating the anharmonicity of this potential.

When a harmonic force constant model, fitted to4fheAPdD0 63 phonon
dispersion curves, was used to fit the observed phonon density of states
of PdH, ., it 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

21/ o . '
good fit.— - This is also interpreted in terms of anharmonicty; the
proton,,with'a‘larger zerofpoint~motidn amplitude than the deuteron,
feels the steeper, more anharmonic part of the potentiél mbre'strongly,
increasing its vibrational frequency:(beyond the V2 ihcrease due to thé
mass_differenée between H and D), which results in a lérger effective

force constant when interpreted in a harmonic model.

"The major features of the Pde phonon spectrum aépear in Pde also,

14 .

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

in the density of states due to the random distribution of H atoms at

21/

substoichiometry.==" The acoustic mode spectra of Pde and PdDX are’
virtually ideﬁﬁical,'as these modes are.governed predomihantly by the

large mass of the Pd atoms and the Pd-Pd interactions;



15

Electronic Structure of.Pde(Dx)

The elegtronic structure qf Pdlmpst necessarily be altered upon
formation of.Pﬁﬂx(Dg) as eéch_pfoﬁqnlor deutefon entering the P&
lattice bfiﬁgs'with it an electron. 1In a simple "protonic" model éf
PdHX(Dx), théfH(D) atom enters the octahearal site aﬁd donates its
electron to the -Pd conduction‘band, thus increasing the Fermi energy,
EF’ but pro@ﬁcing no other changés. If éuch ; simblé rigid band model
‘were valid, thén oﬁe would expect the 0.36 holes/Ed in the d-band to
Be filled at a coﬁposition x = 0.36. In fact, low témperature.specific
heatll/ and magnetlc ausceptlblllty—glgé/ measurements indicate that the
d-band is not'filled until x % 0;63, which correspornds to the low tém—

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

must oceur beyond a simple increase in EF.-,

Band structure calculatlons on Pngi—él/ predict three changes in

elegtronic structure, relative to pure Pd: (1) a slightjlowering in
‘energy of the fd_d-bands, (2) a sqbsféntial iowering of some of the sfﬁ
states (dand, perhaps, d-states) ‘of Pd; which combine with thé H ls—state
to form a new bonding state ~ 5eV below the Fermi energy, and (3) a'slow
incfeaée‘in thévfermi energy with increasiné H COnéeﬁ#ration; Thé bondihg
-state invglves a. fraction of the H électroﬁ (statisticélly speaking),
while- the rémaining fraction enters the cénduction £én&;‘increasing EF;
this division of'the H electron bétﬁgen bonding statc dﬁﬁ conduction
band explaiﬁé why the‘0.36 holes/Pd in tﬁe d-band aré not filiea‘until
-a composifion ¥.= 0.63. The hydrogeneiﬁdchd bonding‘st%tes have beenl
observed in photoem1531on studles of PdH ,32 33/ but no detalledloptlcal

studles of PdH (D ) have been performed which might verify the other
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predictions-of.the calculations. Such optical studies would be difficult
at.hest, as the‘H(Dﬁ distribution in real samples is somewhat inhomogeneous,
so that any shsrp features of a property which depends sensitiveiy on
compositioniwill'be smeared out by compositional-fiuctustions. This
smearing of tlne details. because of sample inhomogeneity occurs in
measurements of many propertles of PdH (D ), often compllcatlng the
interpretation of the results, and though the inhomogeneity can be
minimized, it csn never be eliminated. |
In.the absence'of experimental‘yerification, the(details of the
varions band strdcturewcslculations? which often dehend'sensitively on
'the4Computational'methods and initiai assnmptions,'mdst~be»regarded
skepticslly. :Eﬁen so, a few general'remarks about'the gross electronic
structure of'sfphase PdHX(DX) can be made.
As preyiousiy mentioned, at the S—phase boundary the d-band is
filled;-and the Fermi level interseCts the broad, iow s;pfbsnd above the
'd—band | The drastic reduction of N(0), the den51ty of states at’ the
Fermi level wh1ch accompanles the fllllng of the. d—band decreases thex
' exchange enhancement of the susceptibility and quenches ‘the spin tluctu—
ations, so thet‘the magnetic.susceptibility,'which:masmlsrge and para-
magnetic in pure ‘Pd and o-phase PdH (D ) becomes smsilland_dismagnetic
in the B- phase-ingg/
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 1om temperature‘electronic specific

heat coefficient,
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y 5‘2/3 n?kﬁ N(O) (1+2n)

which is nearly constant in the range 0.64 < x 5_0.85.ll:l§/ For
x > 0.85 it has been reported that bofh-Y and Gb drop sharply with
14,15/

increasing x,

however we 5elieve'£hat this drop is an artifact

of the methodAof data analysis. Thié i§ the composition range in which

Fhe'supercoﬁauqting transition témpératufe, T.» inc?eases-rapidly with

x, and fhe valuéé of vy and Ob»afe deriyed from ext;aﬁoiation to:T =0

of the normal state specific heat, thus the extrapolatién rénge ipcreasés

with x, and theAvalidity of the extrapoigtion‘begoﬁesl;ncreasingly

doubtful. It_would be surprising if y did decrease rapidly in the‘range'

where Tc is'iﬁcféasing, as a}detrease in either N(O) or the eleétroné

phonon coupying constant, A, generally‘produceé a dgcfeaéevin Tc’ al-

fhough a.deq;ease in OD might partially.compeﬁSateAfof.this.A Pre}iminary

results on the sbédific heat of supefconduc;ing PdH%(ﬁx)'driven normal’

by the appliéation of a ﬁagnetic field suggest that the drops in Y and
) ‘ N o :

0. are spurious.,™—

D It is xeasonébly séfe‘to assume that N(0) femains o

_essentially qonétant, or decréases only slowiy throughout the rangé
0.64 j_i < 1.0, as predicted by the:bénd structure caiculationé.

4 Though the tofal density of states; N(0), is relaﬁively constant
fhroughout the: B-phase, the dist;ibutiop of conduction eiéctroné between
H(D) sites and Pd sites may change with'compésition;  Thé'bandfstructure
calculationé‘éf Papaconstantopoulos,'et‘al.;égiél/ éfedict that thé
dgnsity of sfates at the H(D)‘site increasés rapidly'witﬁ-increasing

F

E. (and hence with increasing x), while that at the Pd site remains

approximately ﬁnchanged. This implies that, as x increases, the

\
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probability,bf finding conduction electrons at the: H(D) site increases--

a feature which is central to their theory of superconductivity in

Pde(Dx)' There is some evidence for such a'redistributionvof conduction
35/ " -

electrons from NMR measurements.—

vThe‘caléﬁlated}ﬁbtal éndAéité-
decomposed éléctronic densities of étates of fdﬁ(D) are shown in .
Figure 3.

Armed with ﬁhis basic knéwledgé of fhe electroﬁ_and‘phonon properties’
of B-phase Png(Dx) we méy now address the problem of éupercondﬁctivity

in this system, which arises from the interaction of electrons with phonons.
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_Figure 3. ;¢aibula£ed electronic étructure of’pﬁré P& and
: Pde(Dx): | .
. (a) total deﬁsity of states of pure Pd;l.
-A'(b) total densi;? of states 6f PdH(b),,‘il"'
-"(c) deﬁsity of s-like states atAH(D)-éitézin
" PdH(D), " |
.“.(djfvariation of the totél density of‘s;afés ét
" ‘the Fermi ievel with H(D) conceﬁtraﬁiéh,
‘{(é)iv5riation'of the s—liké denéity ofiStétes‘at
theAH(D)—site at the Fermi levgi_wiqﬁ,H(ﬁ)
concenlration. | | |
.All densitiés of states are in units of,states
"pér'Ry—qnit cell. 'Arrows'indiééte poéitibns of
(faken from refereﬁcéé 30

Fermi energies, EF

and 31.)
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© ITII. SUPERCONDUCTIVITY IN PAH_(D, )

Subefconductiﬁity‘in Metal'Hydrideé

Since»léii; when Kam;rlingh Onnes diséovéred suﬁeréonductivity
-in mercury,;an enormous amouﬁt bf'research HasAbeéﬁldirecféd-at dis—
covering a'material with a superconducring transitionifemperature; Tc’
which is high enougﬁ_to dispense Wifh liquid hglium refrigeration. To
date, superbonductiyity has béen.discovered in thousan&s of metals and
alloys, yet éﬁly a few dozen of theée ﬁarerials have icfé grearer thaq‘
10 K, and thg:current record holder, NﬁéGe,with T, - 23 K;'is stiil
far below the temperature range accessible wirh liquid'éitrogen refrigera-
tion, |

inAthe early déys';f résegrch in'supercénductiyitﬁ; a variety of
empiriral rulééawere:formulétéd r;lating transition teﬁpératurés to
physical‘prqperties of_materigls, but it was not un;ii 1957, when Bardeén,
:Cooper'and Schrieffer (BCS) developed a succéssful miéroscopic theory'of

36/

superconductivity,=— '

that the upderlying relationsrbetﬁéen Tc s and
material parameters were grasped. |

The BCS theory evolved fromACooper's demonstratiqq that, in the
presence of an attractive interaction between electrohs? the Fermi sea
is unstable égginsr the formation of bound "Cooper pairs" of electronms,
regardless of:ﬁbﬁ weak the interaction is.‘ The direct; Coulomb %nter-

action between electrons is always repulsive, and so -cannot form Cooper

airs. Any additional "indirect" interaction between electrons which
P y . ‘ ec
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is suffidientiy strong to'bVercdme the COﬁlomb repuision'wiil result in.
péir formgtibﬁ, and hencé'superconductivi;y.-

In all kﬁoﬁn supercpnductors, this indirect_iﬁte;action between
electrons  is médiated by the lattice vibrationé (phoﬁoﬁs); in essence,
one electron will polarize ﬁhe medium by attracting the positive jons
tof the lattice;'and this polarization will attract the other: electron.
The gssential features of ihis interaction may Be percéived by con-
sidering the laftice to Be a poéitively chafged‘simple harmonic oscil?
lator which:is;being driven by the m@tion of one eiéétfon, and which?
in turn,‘driﬁes.the motion of a second electroﬁ. If'the first electfon
,ﬁoves with alf£equehcy below the resonant frequency.of the éscillator,A
;hen the oscillator wili'follow this motion, in phase with it. The'<
- second electroh, following>the oscillator mqtion,'willfthus follow the
first electroh,ﬁand the lattice-medi;ted intefaction between electfons
- will be.aftra¢ﬁive. If the first eléctron moves with a frequency abdvg
the resonant fteduendy, then thg.oséill§tpr,re3pond§A180° out of phase
to the firszélgctron,.with an amplitude which‘decreaSes rapidly wiﬁh A
increasing freqpéncy. In this casé,'the second.eléctron moves with a
small amplitude, 180° out of phase to the first eleétrbﬁ; the interaction.
has become weak and repulsive. Just below (above) resdpgnCe, the inter-
actiSn is 1arée and attracfive (repulsive). |

By repla¢ing:this compliqateﬁ, freqﬁency dependént:interaction
between electrons with an attractive;potential which'is a constant, V,
up to-some c#foff frequency, w_, an&;zerO'at'higher'frequencies,vthe BCS
theory derivgs_a simple expressioﬁvfor the transition.peﬁperature of a

superconductor:.
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Tc1= 1..13'(1)o exp(-1/g) - : '_< (1).

where g = N(O)V is the "coupling‘coﬁstant,"'N(O) is'the-eleétronic dénéit§
A‘of states at the Fermi.level, and thg cutoff frequency, wo; is a frequenby
charactéristic of the la;tice viﬁrétioné (ékpressed,in units of temﬁerg;ﬁreﬁ..
EquatioﬁV(l) suggests ;hat one:approach to the prqblem of high A
temperature supéréonductivity is fo“find a material Witﬁ high frequehcy
lattice vibrationg. " Since wo'm (k/m)%,_wheré k.is a'force cqhstént and
m is the ion-mass; it was suggested thatifhé hypotheticél metallic‘bhase
of hydrogen ﬁigﬁﬁAbe a high temperature supercqnductqr,:aé it has the
smallest possible ion mass. A vafiety of‘théoreéicaijqélculatioqs on
' metallic HélLéé/ have p;édictéd transition temperatures.ranging from'QO'Kv
to 200 K,'depéhding_on the assumptions made about the nature of metéllic
H. Tﬁese predic;ionslare tantaliziﬁg;'howe&er, théﬁéstiméted‘préssure -
required to fé;m metallic H, in éxcess'of a megabar, is‘far<above the
ﬁydroétatic presgures presently attginéble in the léboratofy. There ig
also no guaraﬁfée that metallic H, once_fqrmed, would remain établé if -
the applied ﬁréséure weré removéd. Metallic‘H would:hot.éeem to be-a
_practiéél ché&ée'for a commercial high_températdre suﬁéfcohductorl‘
'The hydri&eé.of the transitién metéls and early éctinides behave
in many wéys'as if they were simple binary alloys of%ﬁheAhost metal and

39/

metallic hydrogén:*L— the metal hydrides remain metéllic,-the H enters
“the lattice in the atomic, réther than the molecular, state, and the H
partial molar volumes and proton densities in the métai,hydridés are

comparable to those calculated for metallic H. Because of these

similarities;iit was hoped that these metal hydrides might mimic
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certain properties of meta}lic H, including high temperature super-

conductivity.
A search for superconductivity in the hydrides of V, Nb and Ta;ég/
. 41/ 42/ . a L
Ti and Zr,— and L yielded negative results above 1 K. -These

results were particularly disappointing, since~Nb.('fC = 9.2 K),
La (Té = 6.0fK)a,V (T, = 5.4 K) and Ta (T, = 4,5 Ki are among the best
elemental superconductors, and the formation pf the hydride phaee sup-
'presaed theirisupercouductivity. | B |

- In 1970, Satterthwalte and- Toepkeié/ discovered the first super-
conducting. metal hydride, the hlgher hydride of thorium, Th4H15 Pure
Th has a T of 1 38 K, and the d1hydr1de phase, Tth, is not super—l
Aconductlng above 1 K, but in the higher hydrlde phase the transition
temperature Jumpslto betweeh 8 and 9 K. The role of the H atoms in the
superconductivity of Th4H15 is not clear; the trans1tion temperature 1a
1ndependent of hydrogen concentration throughout the ‘higher hydrlde
phase; and the T of Th4 15 is virtually the same as that of Th& 15.é£/‘a
‘It is possible that the hydrogen serves'predominantly to stabilize the
_unusuallcrystad structure of ThAHls,‘whichpmay be more'favorablepfor
superconductiuity than the FCC structure of pure Th.

45/

In‘1972,'Shoskiewicz—— reported that a non—supercoﬁductor; Pd,
lbecame'supercohdurting upon formation of the hydride phase; Pde, for
hydrogen concentrations, x, in excess of n 0.77. Subsequent inyestiga~
..tlonséé—égl reveaied that the transitioh temperature‘inereased strongly
with increasing H concentratiom?-reachihg n 9 K for.Pdd, and that substi-

tntion of D for H led to a large "reverse" isotope effect, the T, of PdD_

being 1-2 K higher than that of Pde at the same oomposition (see
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Figure 4). Ciearly; the H(D) atoms are playing a central role in- the :
superconductivity of this material._ Further interest in thisAsystem was .
aroused when it was found that alloying Pd withAAg; Au or .Cu and: then
hydrogenating»produced transition-temperatures ranging from 13 K to
‘_17 K, 20/ values which are rivalled by only a few other materials.

Since 1972; only a few other cases of enhancement of supercondnc—
t1v1ty by the addltion of hydrogen have been’ reported notabiy in

51/ 52/

Nb- Ru—— and Nb Pd== alloys, while-several instances of degradationl

of superconduct1v1ty have been found .

éuperconductiVity_in Pde(Dx): Theory

vThe annonncenent of superconductivity\in Pde(D#) epawned a legion

. of theoreticai models.A A successful nodei must addreas~three'key aspecte.
ofieuperconductivity in this system,;namely: (1) why does snoerconouc—
tivity apoear.in'Pde(Dx) when it is;absent inApure:fd;'(Z) nhy.does the’
transition'temoerature increase étrongly with increasing H(D) concentra-
‘tion,‘and‘(j).why is the isotope effect "reveraed"? For a BCS Super—
condnctor,leqnation (1) predicts that a heavier isotope.anould nave a
i.ioner T than-a lighter isotope, by virtue of its 1ower phonon frequencies,
yet PdD has a substantially higher T than PdH (thus the 1sotope effect
is ' reversed“-from that which is normally,observed)u Equation (1) also
oredicts thattaflarge vaiue of N(d) should 1ead to a.large:coupiing
‘constant, g,;ano'hence a large TC’ yet the'hydrogenation of Pd leads to
both a 1arge-decrease in N(0) and an'increase in TC. lWe must abandon

the simp1e~BéS theory in order to diecuss‘supercondnctivity in the

Pd-H(D) system..
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A-correct'many—body treatment of supercondeetivit§, involving the
frequencyAdeﬁendenf.electron’self—energies and dressed phonon and Coulomb -
interactiqns, p;eseﬁts a difficult problem.iz/ Eliashbergéi/ derived ‘an
approximate  solution to this problémlin the fefm of two coupled integral
equations ianiQing the complex, frequency dependent-energy gap and
-electron self{energy as a function of electfdn and pﬁoﬁon structureslehd
temperature;'AWhile'tﬁese,equations emsody'the "correct" solution to the
problem*of suﬁereqnductivity,ﬂtheir predictions anut trenSitioq tempera-
tures enteriip'ah indirect and rathe} opaque manner,f_

55/

McMillénf— numerically solved the Eljiashberg equations for TC for’

various valdes‘of the material parameters involved, and then fitted the

results to an analytic,.BCS—like expfeséioh.'.The resultant "McMillan

56/

“equation," modified for d-band materials™— is given By:
- o S 1.04(L 4 X + 1)
B . exp — P (2)
c. 1.2 ,

-Gt u) (1 +0.62 3)

where k:is the'eleCtroﬁ—phonon coupling constane-(ef bﬁonon mase enhance-
ment), u* is the_Coulomb pseudopotential, up is the éa?amagnoe mase
enhancement,eand Q is-a complicated factor related eb'the’phonon‘fre—‘.
quenciés:éz/ The:terms A and up are'the:cbntributiens fo the effective
mass of the electron due to the "cloud" of lattice dietertion and electron
spinApolarizetioﬁ which accompany it. The numérator of the exponent is
the mass renermaiization factor (the ratio of the effeetive to ﬁhe band

structure electron mass is 1 + A + up), which reduces the total electron-

electron interaction. The denominator of the exponent plays the role of
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‘the total electton—eleetron'interactiou strength, g, in equation (1).

It consists'of A; which measures theastrength of the attractive, phonoua
meuiated interaction between electrons, diminished by the cbmbination

of u*, whiehlia 4 measure of the Coulomb repulsion, aud up, which reflects,
the fact that,tﬁe exchange iuteractidn favors a triblet spiﬁ state over

the siuglet»spiu state of the Cooper'pair.A If A, tﬁe attractive part,

is greater thau’u* + up,Athe repulsiue patt, then Cboper pairs form,

aud'TC > 0; if the denominator vanisaes (or is negat?ve);‘then the repul -
.sive interactaona»have "won," no paiting occurs,'anu T, = 0. The.numeticall
factors 1.04Zand‘(l + 0.62 A) are "fudge faetors"fwuieh ﬁake the expres-
sion fit the:Eiiashberg solutions. .It muat be eﬁphasiied'that the MpMiilan
equation waS'ueri&ed using a "Nb-like" phonon<density’bf states, and s0
'should-not Se-uéed to make quantitative preuictiens of T for compounds’
'w1th radlcally different phonon structure, such as- PdH (D ) Values of

T for PdH (D ) derlved from equatlon (2) and from solutlon of the

~Eliashberg equatlons agree to within " 104,30/

S0 that equatlon (2) may
be used to dlscuss trends in Tc and estlmate the magn1tudes of various.
effects.

Equatibn (Zj indicates why pure'Pd is not Suuetconducting. The large
value of N(O) in pure Pd is probably beneficial to A (as in the simple
BCS thcory,.where g = N(O)V). however it also 1eads to 1arge values of
u* and, in patticular, up.‘ Thus the repu1a1ve terms dominate, -and super-
conductiuity;is absent. The drastic reduction of N(O)]upon_fotmation of

: * , .
B-phase Pde(Dx) reduces ¥ and drives.up essentially to zero, so that in

the B-phase the up terms in equation (2) ﬁay be negleeted.
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An early theoretical treatment of superconductivity in the Pd-H(D)

58/

system, by Beﬁneman and Gafiand,;_J‘a3cribed the oﬁsgt of superconduc—"
tivity to this ﬁqu?nching"-of up, which supposediyAailpwed thé incipient
superconductiVify of the Pd lattice t¢<manifest itseif. The increaée éf-'
TC with x waé'expiained as beiﬁg due to a continuing’dgcrease of‘N(O),'i'A
and hence u*;'while the isotope effect was attributga to the'differenceA

" in lattice constants of’Pde ahd Pde. -This theory failed on 311 three
counts. ATh¢>béhd structure calculations and low temperature specific |
heat measurements iﬁdicated that N(0) is relatively cé#stént in the

' B—phaée; so thét.u* should nq; vary mﬁch; 'Latticé-coﬁstant meaéurements '
showea a muéh'éﬁéller difference between hydridg ana.deuteridé than was

. eStimatedAby:ﬁhe authdrs.‘ The_experimental'woxk-We ﬁfésent'iﬁ a laﬁer
usection,démonst;ates that, whilé up vanjshes_at X 2'0,63,‘éupefconductivify
" does not‘éppéarlﬁﬁtil appreciably higﬁer H(D) concenttatioﬁs. Finally,

' the d—band.of Pd.méy alsb be filled, and up quénche&,'by ailoying with Ag,
yet.Pd-Ag‘alioys do ﬁot exhibit superconductivity, éven»at 10 mK.Eg/.‘
While thé-quencﬁing of paramagnons is heﬁessary for éﬁperéonductivity

in Pd, it is not éufficient.

: Aﬁother early theory, by Auiﬁck,égl sugéested that Pde»was the first
example of sﬁpe;éonducting metallic H.A In: this mpdei, fhe‘Pd mat;ix
played a paésivé'role; sérving only to create én eﬂvifodment'iﬁ which
"meralllc H" could form. This was the opﬁosite poiﬁt af'view_froﬁ that
'of Benneman-and Garland, who argued that the Htatoﬁs ﬁiayed a péssivé
rble, while thé Pd matrix was responsiblé for superconductivity. 'Ahluck'é
thcory,‘whiléAiﬁ keeping with the'origina; ideas‘whigﬁ motivated the

research on superconducting metal hydrides, is not supported by experiment.
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The model couldAnot explain‘the reverse isotope effect, and aiso
predicted an'increase in T, under apoiication:of hydrostatic pressure,
while experimentally it was found that Tc decreases~yith applied
pressure. éllég/ | | |

‘A seml—quantltatlve model proposed by Gangulyéi/ marked ‘a turning
'p01nt in the understanding of superconductiv1ty in the Pd- H(D) system.
ABy making a comparlson with Nb (whlch-has nearly the same values of
"T and G as PdH), Ganguly argued that the quenchlng of - upicould not
pos31b1y account for the observed T of v 9 K in PdH, even in the extreme
case of u = 0, unless there were also a large enhancement'of A oyer that
of pure Pd; He proposed thatzthe additional contribution*to A was due to
couplinngf thelelectrons to the high frequency optic‘Phonon modes, and
demonstrated that'if‘these modes mere<anharmonic, then a reverseiisotope
'effect mas nossibie. |

4In order-to demonstrate Ganguly's arguments, we~differentiate

equation (2) to obtain:

s, 1 0401 + 0.38 uc),x s (3)

where A‘symbolizes the change in a.quantity on substdtdtion of a heavy
1SOtope for a light'one (e.g-, ATC =-Tc ofAPdDg - Tc_oflPde);

ATC/T < 0 thus corresponds to a normal 1sotope effect.: The first termv.‘
on the right, AQR/Q, is negatlve, as heavier ions have lower frequency
phonon modes. 'if;the term AA/) is suff1c1ently p051t1ye, then'the second
term on the riéht-hand side can he large enough to compensate for the

negative AQ/Q and produce a reverse isotope effect,"ATc/ch? 0
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(the(factor'wﬁicﬁ mﬁltiplies AX/A is’alwayslpésitive; és Alan& u* are
positive by definition). |
The calculation of A involves fhe phononhfrequencies aﬁd phonon

ﬁoiafizatioq vectors, which depend imblicitly on ionimass, as well as
’ eﬁplicit faétors.éf ion mass. It can.be shown on quifé géneral grounds
‘fhat.thesé~quéﬁtities,enter into A in suéh a wa& that the aggregafe'may :
be rgplacéd'ﬂy fhe inverse of thé'fofce constant matrix,éﬁ/ so that A
depends not dn:the masses, but on the force consfants between atoms,

and aﬁ iﬁcrease in fﬁrce constant produces a de;rease iﬁ X.' Force
qonsténté depend:on electronic structure, which is nérmally independeht
of isotope;béoAtﬁat for mostlmatefials, AK = 0 and ﬁhe isotbpe effect
‘enters only throﬁgh AQ, producing‘a normal isofopeAéffectf

Génggly sepérated the'electronfphonon ;9u£11ng~con$taﬁt into

cpntfibutiqns frbm the'acoustic and 6ptic»modes, A élxac + Aop; "He
reagbned that Aiac »~ 0, because the Debye temperatufgs:aﬁd lattice
conétants (éﬁ& hence Pd-Pd distances)'of Pde and Pde are nearly
identicgi.: Hé‘alsoAnoted thatvthe proton should havé:a mucﬁ larger
"zero—point motidn amplitude than the'deuteron, bﬁt‘fhat the octahedral -
cagés of'Pd atdms‘surrounding the proton ‘and deutefqn é;e peafly identical
in Siée; beéapse of the éimilarity in lattice_constaﬁté. Tﬁus the H is,
on time_a?eragé;-in‘closer proximityftb'the surrounding,Pd'; thaﬁ is the
D, and if the H(D)—Pd interaction is anharmonic, thén,thelH will feel
this anharmonicity more strongly. In a harm;nic analeis'of the optic
phonon frequencies,‘eQeﬁ;order anharmOniéity Qiil ﬁhus produce an

effective H-Pd force constant which is stiffer than the D-Pd force
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constant, as men#ioned in chabfer IL. . Thg force constant difference
then gives xop(D) >'Aop(H),-i.e., Akop > 0, and a fevérse 1sotope
effect results. |

Ganguly's model qualitati&ely explained all of the observed
featuresn9f’sﬁ§érconductivity in Pde(Dx); It demonstrated thaﬁ the
suppréssi;n offparamagpons was not sufficiént fof‘éﬁpérconductivity,
but that additional electron-phonon coupling was needed. By aécribing‘
this extra coupling to the'op;ic modes, he ‘showed thaﬁ.the reverée
isotope effect was a natural consequence.of a fércéléohstant difference
due to éérofpoin; ﬁbtion'consideration. The appliéatidn of hydrostétic'
pressure should lead to a furthér‘stiffening of thé‘HﬂD)—Pd force con-.
stant, and éo lead to a reduction of_Tc, aé observed éxperimentally.'
Because of the large mass difference bétween H(D) atbms And'Pd afoms,
the optic modes.are basicaliy modes of H(D) atom vibrations. Thus
Aap’ and henég Tc’ $ﬁqu1d depen& on the number of‘H(D2 atoms,available
.to’ couple to the electrons, producing the observed:x—depéndence;

Experiméhtéi evidence in support of Ganguly's idéas accumulated
quiékly. Thermoaynamic analeesézl and inelastic néu;rqn-scaftering

21/

data—" indicated that the H-Pd force constant is greater than the

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

66/

‘ments— impliedAa“strong electron-optic phonon coupling. More

' A : 67,68
impurtantly, 8Supcrconducting tnnneling.meaSurements,——l——/

the most
powérful probe of the electron-phonon interaction in'metals, showed

pronounced structure in the conductance curves at energies corresponding

to the optic mode frequencies of PdHy(DY). This phonon-induced
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structure'ié'a direct confirmation that the optic modes contribute -
strongly to -the pairing interaction. Unfortunately, the tunneling data
are not good enough to permit a quantitative determination of Aac‘and

A __ at this time.
"op . M

The ﬁodel of Klein and Papaconstantopoulos, et al.

In a‘sefieg of papers}ég:z;lggigl/'Klein and Pépaconstantopoulos,
-et al., have:developed a quantitativé'model (hereaffér~peferred to as
-the KP model) 6f supefconductivity_inaPde(bx) based dﬁ the concepts
advanced by Génguly. They made ab iﬁitio band struétﬁre caléulations
and used-the-Pdevphonon density of sfates (d.o.s.) obtainedAfrom neutron
scattgring éxpgriments to calculate X = Aac + Xop ahd'Té of Pde and
Pde fo;_seféral values of x.

In 6fdef to perform the'calculatiéné, thebauthorslnéededAto make
several.simplifying assumptions: (1):theAaCOustié phoﬁon d.o.s. of -
PdH_ gnd'PdD# We;e assumed to.bé ideptical, whi}e ;hé optic mode d.o.s. '
of Pde waé”dé;ived-by shifting that of'PdD.x upward'iﬁAenergy by an amount
consisteut with the 20% increase in forcelconstant,‘(Z) the x-dependence
of the phoﬁon“&;o}s. and 1étfice constaﬁts wés iéqqred; (3) the electronic
structure of PdHx and Pde were assumed to Se_identiéél, and'(4) the
acoustic mode c§ntribution, Xac’ was assumed to be dqé to c0u§ling of
the electrons ;6'thg low frequency,motions of the Pd atoms oqu, while
the optic moae‘contribution, Aop’ was‘assumed to be due ;o'thé coupling
of electroné ﬁaithé high.frequency motions of the H(D) éto‘ms-onlyT
This last assumption enabled.the aﬁthors to use a modified "conétant-

az" approximatibn.which greatly simplified the computatious.zg/
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A The‘cal;ulaﬁions prediét thaﬁ Aac,is nearly independent of x in
" the su?ercogdgcting range (0.7 iﬂ* 5_1.0),Awhile Aop increases gtfongly
with x, from a»&alue éomparable to A;c to a yélue 2;3 times greatgr,
produéing‘thé_inCreasg in Tc' Thg fgason fo? the igprégse in.kép is
twofold. First, and more obvious,'the nuﬁber of H(D) atoms to which
the eieptroﬁs ¢;ﬂ couple is increasing. Second,.tﬁe band sgfucture
calculationS»ptedict that the (s?te—decomposed) electrdnic'density of
states at thelﬂ(b)-sité increases with increésing # (sée Figufe 3e),
even théﬁgh the tqtai density of étates decreases soﬁewhat; This
" increases the iikélihood of finding én electron at ﬁhé H(D)—sife,A
enhénﬁing Aop;' The force constant difference eﬁsuréé that XOP(D) >
AOP(H), prodqqing the reverse 1sotope effect. The force constant
difference is solely responsible for the reverse isotope effect in this
‘model. | :
The.resuité of the KP model #re in reasonably gdod égreement with
experiment. At étoichipmetry, tﬁe model predicts T;'é éf 10.4 K and
9.0 K for PdD”apd’PdH respectively;gl/'ﬁhile the ﬁighést Tc's observed.~l
experimentaliy'are‘ll.§9 K and 9.49 K for samples witﬁ:éomppsitlbn

35/ .

‘x = 0.995 * 0;005,——- The KP model also predicts that the transition

temperatures of.PdHX and Pde should vanish at the Same éomposition,
72/ "
x N 0.73.—
Miller and Satterthwaiteég/ measured Tc vs. X for-Pde and‘Pde
in the temperature range from 1.5 K to 10 K. They found that by rigidly

shifting the Pde‘data to the right along the compoéitidn axis by about

0,05, it could be made to coincide with ﬁhe PdHi data., In other‘words,
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they found.tbat.PdDX had the same tfansition.temperature as’PdHX+6;'
where & 0,0S} They hypothesized that the reverse isotopé effect was
due.to a diffefence in the electronié'structures of PdHx and Pde, caused
by the difference in zero-point motion amplitudes.i'They reasoned that.
the H atom, béing closer to its neighboring Pd atéﬁs (on average)-than
abD atom,lwould:be more tightly bouna in thé lat;ite.‘ That is, the H
would contriﬁuﬁé a larger fraction of,its electron to the H-Pd bonding
state, and hencé a smaller fraction to the conductioﬁ band, fhan the D, .
so that the'Fgfmilenergy éf Pde'would lie sligﬁtiy below‘that of Pan'
If fhe Fermi}ehetgy ofAPde were equal. to thét of ?ng+6, then the BCS
equation (1) would approximateiy reptoduce the figid shift behavior

Athey obéefved.itThey cited the obser&ed differences in'diésociation
pressures ana héats'of absofption between hydride and deqteride as
evidence éf‘sdéh a bonding difference. Their model is also consisteﬁt
with the preésgre dependence of Tc’ as compressing_thézlatﬁice would ,.'-
vincréase the bonding, thus decreasihg.the Fermi .energy énd.TC. They
attribute the.force constant difference to this bonding difference, and.
not to anha:monicity. Ganguly assumed that the poﬁential wells in which
the.H and D atoﬁs~vibréted were iden;ical, and thaf»the anharmonicity of
this-potentiél; which is sampléd more stfongly by the H,atdm, producéd
the force constant difference. Millér and Satterthwaite.adoptea Fhenview
that the poteﬁtiélAwell of the H atom was deeper ‘and sﬁéeper-than ;hat
of'fhelD atbm,;because it was more tighfiy bound, fésulting in the
_force constant difference.

. We have éeén that the BCS equation (1) is not a&ééuate for dis-

cussing superconductivity in Pde(Dx)’ so that the.qQantitative argument
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‘of Miller and'Sétterthwaite regarding Tc's must be viewéd skeptically.
However, a difference in electronic structuresldf Pde and de#“induced
by the difference in zero-point motiéns ié distinctly possible. Such -
a differenceicd#ld make an additionai contribution to the reverse isotope
efféct, beyond. that of the force constant difference invoked in the KP
model. |

, Thé ideéi'fest of the KP model Qould be a compariéon of values of
Acalculated‘frém the model with thosé‘derived from tunneling measureménts;
Unfortunateiy, the presenﬁ tunnelingldata do not a116w a quanﬁitative
evaiuation»of A due to the experimentai difficulfies in preparing high
qualigy tqnnel junctions from Pde(D#).' A‘simplér, though less rigorous,
test of the KP mddel is the measurement of the H(D) coqcentration depen-
dence bf Tc'iﬁutﬁe regime of vanishiqglf sméll'Tc. ij ;he force constant
difference-(dﬁeleither to anharmonicffy or a bonding différence)'is'
solely re3pon$iﬁle for the reverse isotope effect, as it is in the KP
model, then tﬁe fransition temperatures of Pde and~Pdpx shoﬁld vanish
at the same cbﬁposition, as the KP moael pfedicts. If the transition
tempefatureé 6f hydride and deuteride do  not vanish,a;'the samevéomposij
"tion,_then we ﬁay argue that there is an additional'contributioh to the
réverse isofbpe'effect which has beenlexcluded from the KP mgdel‘by ﬁhe
assumptions upon which it is based. ThusAwe set out to measuré the
transition temperatureé of Pde and ?de'in the feﬁpérature'rggime~from

" 0.2 K to 4 K.
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T-C vs. x: ‘Experiment

Samples for this work nere prepared from 'Marz' grade Pd foil. > 73/

Soectroscoplc analysis of the foil showed the major magnetlc impurities
_ to:beAFe (%-Zblppm.atomic) and Ni (v 15 ppm atomic). The foil was cut
" into strips meaeuring approrimatel§225.4'mm §.4.8'mm XvO.OS mm (v 65 mg
of‘Pd); which were cleaned and‘etched;‘and'then annealed in vacuo at
v 830 C for 18 ‘hours.. . : “ ‘

The Pd foils were loaded with H(D) electrolytically. The Pd foil -
cathode and a Pt foil anode were 1mmersed in an electrolyte of three parts

387 HCL (DC1) 1n H)0 (D,0) to seventeen parts CHyOH (CHy0D). " The

3
denterated c0mpounds were 99+% isotopically:purei 'ihe foils were charged
for 3—l5 minutea (depending onithe’concentration desired) at a current
of'm 200 mA»(current density & 80 mA/cmz). With,the electrolyte at room_
temperature, H(D) concentrations saturated at x 2'6;82 (0.30); To reach
Ahlgher concentrations,.the samples were first charged_tO'saturation at
room temperature, and then transferred to fresh electrolyte wnich Vas
:cooled in a .dry ice-acetone bath to about —78°C. :The;cnarging process‘
was then continued for 1-3 houra at this low temperature, w1th the Chdlglﬂg
current reduced to " 80 mA to avoid heating the electrolyte.

| The dlssoc1at10n pressure'of Pde(Dx) increases rapldly with
increasing HﬂD) concentration in tne:B;ohaee. Samples with concentrations
in the superconducting range'are unstaole at rqom-temperatnre, and will
‘=spontaneously evolve H2(D2). To prevent this loss of‘H(D), the aamples
-Awere<transferredAto liquid nitrogen immediately 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_dilution refrigerator and subsequent
cool—down'required about.twenty minutes,Aduring whichdtime the sample
-was at room temperature. To prevent the loss of H(b)fduring this
period; thepsamples were immersed for<ten minutes in a potassium iodide—
iodine'(KI—I)hsolutionZé/ before mounting; This poisoned the‘Pd surface
and reduced the outga881ng rate by 2'3 orders of magnltude bor con-
centratlons 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 outg3551ng problem grew progre331velp worse (although‘
stlll far better ‘than in untreated samples) The apparatus:used for |
T measurements between l K and 4 K allowed the samples:to be.heptroold
"during mountlné,'so that the KI-I treatment was not necessary; however \
we measured several treated aslwell as untreated, 'amples 1n_thlsl
'apparatus to eheeh that the KI-I wasfnot affecting the superconducting
‘transitions. fhere were nodiscernabledifferences between treated and
untreated‘samples. -

The'ﬁ(D) ooneentrations-of the samples were.determined'by thermal '
.decomposition of_the samples and yolumetric'measurementuof the HZ(DZ)
evolved. The samples mere heated to v 450°C, and the em01yed gas was -
collected in a.oalibrated volume, while the gas pressure was monitored
by a quartz Bourdon tube pressure gange which had been oalibrated'against :
a llg. manometer. .From the pressure.'ﬁolume-and temperature of the‘gas,
the number of.moles of H2(D2) evolved was calculated from the ideal .gas
law. This number was then doubled to get the number‘ofimoles of H(D)

in the sample, The degassed Pd'foil'ﬁas then weighed to determine the

‘numberlof moles of Pd, and the ratio of moles of H(D)‘to moles of Pd
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gave the ualue-of X. The}concentratidn determinations are accurate to

'0.5%; corresponding-to an uncertainty in x of about.* 0.005. The con- ‘

centratlon analysis system is described in deta11 elsewhere. s/
.Justpprior to each TC measurement, the sample was cut in half,

.and .one half was~analYZed for H(D)'content immediately.j The.other

half was usedvfor the‘determination of Tc, and was analyzed for H(D)

content immediately after the T, measurement. ‘This routine checked

‘that the samplelhad not lost H(D) during the.course:of;the T, measure—

:ment data were acceptable only if the ‘two concentration determinations

were in close agreement (A x 0 01) The" concentration of the half

- used for the T measurement was used ‘as the sample concentration in. the

data‘analysxs.

lransition temperatureimeasurements in the range46£2 K tolK.

_ Were performed in.‘al;{e3—He4 dilution refrigerator; <lhe;sample'foil

was daubed with;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 passedfinto the perfectly diamagnetic superconducting'state'

the mutual indGCtance‘of the coil pair decreased. Thebsuperconducting

transitions of\PdH (D ) are rather broad} due to compcsitional inhomo-

"lgeneity. If the trun51t10n were monitored resistively, the high cone

centration, h1gh T parts of the sample would become superconducting

" at higher temperatures and tend to short out the regions which had not

yet become snperconducting, leading to an'overestimate of the mean i

transition temperature. For this reason we chose the inductive,technique}
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which is more Sepsitive to the entirejvolume'of the sample. -Tﬁe mutual
inductance df the coils was monitored with a mutuai indﬁctance-bridge,
operating atiﬁOOAHz. The sample temberature was determined bj a Ge
resistance theimémeter. The thermometef resistance was measured by a
four‘terminél»a.c. resistanée bridge, which eiiminated errors due to
léad resistanéeéiand thermal EMF's. &he thermometerAcélibration'was
checked againét'superconducting fixed'points and fbuﬁd'to be accurate
tot1 mK..

For meaéﬁrements in the range from 1 K to 4=K,.é'pumped He4 cryostat
was used. Two i&entical pairs of mutual inductance coils were wired
together withfthéir primaries in series and their sécdﬁdaries<in series
' opposition, aﬁdﬂthe'coils were balanéed so thé;'thg<indﬁcéd vol;ages in
the'secondapies é;ndelled each other; The sample wés p1aced in one of
) the cqil pairé; and:when it becaﬁe suberconducting, it unbalanéed thg
cpils,'and an iqduced a.q.'signal appeared acrOSS'thé Secoﬁdaries; Tﬁe
signél acroséithe‘secondaries was defected‘by a 1ockfin'amplifier, the
analog ou;puf of which Qas conﬁected to the y-axis of an x-y recorder.
The inductancé'measurements were méde at 202 Hé; Again, a Ge resistance
thermometer was ;sgd to detefmine the.temperatureiv_The resistance was
measured by é‘fbdr terminal d.c. techﬁique; the ohmié Qélfage drop
_across the Lhéfmémeter wac measured with a nanbvoltméter, the analog
output of which wae displayed on the x-axis of the x-y recorder. The
entire assembiy of coils, sample and thermometer was- immersed direétly
in the He4"ba£ﬁ5 and as the temperature was 1ower€dib§'pumping on the
bath, the'trénsition was traced out on the x-y recordef; Beéause a

d.c. method was used to measure the thermometer resistance, thermal
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. EMF's~in the thermometer voltage leadé could lead to erroneous resistance
readings. Fer'this reason, three supetcohductingAfixed<points (In,eTh
and Al) were'ihcluded in each run, as a check of the thermometfy. The
thermometry was found to be accurate to * 20 mK.

For all samhles, we adOpted thevconventlon of‘Mlller and Satter-
thwalte, deflnlng T as the temperature at which the daamagnetlsm was
'504 of its maximum value, and the hreadth of,the tran51t10n (shown as
vertical etrot:hars'in Figure 4) as the temherature interval betWeeﬁ

20% and 80% eﬁhﬁaximum diamagnetism.

ExperimentaiVResults

TheAreshlting TC vs. H(D) eoncentration data fof'bpth_heridee'
and deuterides ate'shown in Figure 4,'alpng with the:previous data of "
Miilet and.éatterthwaite at higher concentrationsm Thehpreseﬁt data
1301n smoothly with the data of Mlller and Satterthwalte, and we found °
that the comp091te data were well fitted by the empirical relatlon;

'ATAC.w 150.8 (x - XO)2.244' L ' W)

where 'x_, the concentration at which T, = 0, is Q.715‘for hydri&e
samples .and 0L668~for deuteride sampies. This empir;eal relation
(shown as the-ebiid curves in Figureaé) also providea ahgood déscription

of the T vs. X data obtalned from specific heat13 15/

17,76/

t1v1ty- ’studles. In less satisfactbry agreementAare‘the.Tc'Vs.' 

and resis-

x data of Schirber and Northrup,ég/ which show much iess curvature

than the present:data, lying about 0.5 K above out empirical relation
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Figﬁre 4.

Suﬁefcbnducting transition temperétﬁrés aé.alfunCtién of
H(ﬁj édnbentxation fof PdHi(A),and,Pde(?)."Data ét'
highéf‘concentrations for dex(A) gha Pde(IS) ére taken
from feférence 49, Solid.éurves are gmpiriéél fits to

the data, as described_in text.



TK)

“A

1

]

68 72 76 .80 .84 .88 92
T x H(D)/Pd Atomic Raho

96

.0



43

at low concéhtrétiéns (Tc = 1-3 K) but thep crossing and lfing about
1 K below it at higher concentrations-"(TC = 7-10 K). We‘caﬁ‘point to
no obvious cauée'for thiS'discrepancy; but the agreemept,with specific
heat and ?esiétivity data ﬁakes us confidént that the present work is-
;cofrgct. A
At stoicﬂiQQetfy, our empirical Felation for}Tc éitrapolatés to
9.02 K for PdH'aﬁd 12.70 K:for PdD, as compafed wifh'thg higﬁest,obsérVéa
values ofv9;49.K and"ll;59 K. Becausé of tﬁe powef-léﬁ nature 6f the -
emﬁirical reiatibn, the predicted values 6f TC neaf étoichiometry.are
vefy'sensitiveAfb small changes in the fitting paraﬁéfers, so that
the pFedicted values,oftT; fofo A 1;Q must be taken_With a“grainiéf
. salt." Hoﬁeve£,3for H(D).éoncentratipns below 0.98, the empirical L
lreiatioh‘gives goéd agreement with ekberiment.
_Thgbsuperéénduéting-fransitions of the p:eséntzinvestigétion are
several.timeélnérrower than those dbSérved.by Milléf;and.Satterthwaité,
indicating tﬁét-the H(D) distribution in:oﬁr samplés is'much more |
homogéneoﬁs. 'There are two probable ‘causes for'this impfoved homo-
geneity. The fiisf is .that we charged our fpils toféaturafion ét_rqom
temperature;”?here the H(D) diffusiop.is rapid, befofé Ehérging.at low
. temperatures, while Miller and Satterthwaite phargedftﬁgir'samples
entirély'ét ibw'temperatures; where tﬁe incoming H(D)‘a;onmsﬁoui&:ﬁéve
tro@ble diffusing frém.the‘surface to the interior of'the foil. = Second,
Miller and Satterthwaite did not anneal'their Pd f&ilé'ﬁefore charging,
‘ while we thofougﬁiy annealed our foils and toék greatibains to évoid 
bending.or cfimpiﬁg them during suBseqUent handliﬁg;' it is known that

H atoms will concentrate at regions of high negative stress (dislocations;
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etc.) in a-phase Pde;ZZ/ we speculate that this kind of stress-induced

“inhomogeneity may occur in the B-phase also.

Discussion of. Results

The. most important fact to emerge from this ekperimental investiga-
tion is that the relation first noted by Miller and Satterthwaite, that

<+S is valid down to the lowest

the Tc of PdD* is the same as-thét of’PdH
temperéturés'mgasured<(O.Z.K). This ﬁs reflegted.in the fuﬁctionél férmﬂ
of the empiri¢ai reiation, equation (4); whicﬁ gives.a value for 6§ of
0.047, in'gbod'égréement<with the yaiue.é = 0.044 reported by Miller
‘and Satterthﬁaité; | . | | |

Thé preseﬁt‘dataAforAPde extraéolate tovTC =\0 gﬁ a conceqtgafioh_
»x0'= 0.715, in fairly good égreement hith theIQalue3iou= 0.73 Aefivéd]
from.thé KP ﬁodél;_ We find ﬁhat supefconductiVity in‘PdD# ﬁefsists Fo
mUCh:lowef conééntratiqns (x;'=AO.66§), in éongradictiopata'phe KP ﬁodel
prediction tbaf,Tc of Pde should aléo vaniéh at xo ? 0.73. On the Easis
of this.discrépéncy, we question the assumption that.tﬁe‘obséfvéd H(D)-Pd
force constaﬁf difference is solely respoﬁsible-fot'theireverse isotope |
~ effect. We believe that there is an additional contfibutién to the o
“reversé'iSQtope‘ekféct which hés'been omitted from thé-KP,model because
.of’the-siablifyiﬂg assumptidns made in4performing-the.c51Cuiations.

Further_sﬁpport for an additional coﬁtribution.comes from prédic;
'fions about fﬂe'transitioﬁ tempefatures of stoichioﬁetrié PdH and PdD.
Near stoichiométry, the KP‘model should bé most reliable? beéause the
‘combutational difficultieé of treating the raﬁdom'diétributiéh of

vacancies in the_H(D)~sublattice vanish} The KP mddel:predicts_thé
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' magnitude of tﬁé‘isotope effect ag stdichiometry to be lO.A'K -9.0K =
1.4 K (ATC/T¢.=‘b.156); while expe:iméntaily it is found to be sub- |
stantially largef, 11.59 K - 9.49 K = 2.1 K (ATé/Té %:0.221). In fact,

- the KP modelAuﬁdefesfimates the magnitude of the iéotopé effect at all
compositions. - Prior to the KP calculations,‘Brownzg/‘alsoicalculated
tﬁe magnitude of thevisétopeleffect.at stoichiometry;' He assumed that
the trénsition'temperatures of PdH was 9.0 K, and fhen uéed the oBserVed
forée'constanttdifference_to predict a TC for PdD of'IO.S K (ATC/Tc =

79/

0.l6i). In_aisimilar calculatidn, Singh, et al.,— 'égsumed that Tc =
:-9.lik'for PdH, and fhen atﬁeméted to exﬁliéitly célcdiate the effect
oannharmonici#ynon the optic phonon frequencies, arriVihg at a value
of T = 10.1 K(fgr PdD (ATC/TC = 0.110). All of théSé éalculatiéns,
based only on'ﬁhe difference in H(D)-Pd fﬁfce constaﬁts, consistently
undereStimatéthe magnitude of the re#erse isotope efféét, suggesting
that the force cbnstant'differenée is responsible fdfumost,.bgg_gggigl;,
of the reverse iéétope effect.

. Thelmost!likel& additional contribution to the reverse isotope
effect stems_ffom differences in the electronic structures ot Pde and
'Pde induéed by the difference in zero—point'motiogs ofjproton and
deuteron. Iﬁdirect evidence for such a'difference may;be found in the
.isotope dependenée of several properties of PdHX(D)X,:viz. H2(D2)
absqrption—désofption pressures, heats of formation and the H(D)-Pd
" force constaﬁt} és noted by'Miller and Satterthwaite.'jAll of these
properties aré iﬁtimatelyA;elated to the‘chémical interactions between

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

the electronic structure.



Very recently, direct confirmation of an isotopic éffect oﬁ the

electronic structure of Pde(DX) has been found in NMR and de Haas-
van Alphén measurements. Wiley and Fradingi/ hﬁve performed NMR measure-
ments of thé‘spin—lattice‘relaxationltime, Tl,‘in stoichiometric PdH
and PdD. Atzlowftemperatures,'the'H(D) 1ongitudina1 épin relaxation
is dominated by coupling to the conduction electrons via the Fermi
‘ cdntactvinte?acfion, which is directly proportionalkto,the conduction
electron spin density At the H(D)-site. ’The.measufements reveal that
the conductipﬁAeléctron spin density at tbe D-site is-aﬁout 27% greater
than that at the H-site. Venema, et al.;ggf_havé measﬁred the de Haas;
&an Alphen effect<ih o-phase PdHO.01 and PdD0.01, aﬁq report sﬁall
.diffefences in the band structures. from which they con¢1ude that the
Fermi energ& éf'Pde is slightlylhigher than that of Pde, as.hypothesiied
by Miller~aﬁd,Satterthwaite.

| A theoretical.treatment of the effect of zefo—ﬁoint.motions on
electronic éfructUre ié very difficglt. ‘The rigofoqsly dorrectvapproach
requires répiaéiﬁg the standard "rigid lattice" type-of band structure
‘calculation yith'the self-consistent electron—phonon prob1ém, which is
far too compiéx'a problem for current theoretical meané}to éttaék.
Jena, et al.;§ll§g/ have developed a much simpler, though les;.exéct,
approacﬁ to studying the effcet of zero-point motiony“They use_a'
molecular cluséer model to calculate how the displé§ementAof the H(D)
atom away from its octahedfal site affects the electron:disfribution
- around the H(D). -They then take an average over all dispiacements,

weighted by the probahility that the zero-point motion will produce
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such a dispiécement. Their results indicate that, becéuse the H spehds
more time in ;he'region of high electron density surrounding the.Pd's,
..,it is more efféctively screened from the conduction electrons~than'ié
the p. This increased screeﬁing will cause a>decrea§e in AOP(H) felati?e‘_
”to Aop(D) béyond that due to the‘force constant difference, thus mak%ng
' an additional contribution to the reverse isotope effeét.

A difféf;ﬁcé in Fermi energies, as suggested by Miller and
Sattérfhwaite, can also make a contribution to the reverse isotope
effect,‘ In;ﬁﬁeAframework of the KP model, part of the increase in
,A;p.With increasing x .is due to the incregse in théf(si?e‘decomposed):
electronic"&énsity of states at the H(D)—site with‘incréasing Fermi
energy; Thus if the Fermi energy'of PdHX is slightly.lower than that:z
of PdDX"this will result in a slightly.lowerAelect;qqic deqsity of
states at,the'H—sife cbmpared to the D-site, decreasing AOP(H) even
beyond the décréase caused by the force constant difference.

A‘differencg in Fermi levels caused by zerp—point,motions.is also '
_ consisteﬁt wi;ﬁ‘the observed lack of an isotbpe'éffect in the Pd-noble
‘ métal—H(D) alidyé. The large TC values in the Pd-{Ag%fAu, Cu)—H(D)'l
- alloys are probably due, at leastlin part; to the raising of the Ferﬁi
energy up toAthé local maximum in the eleéfronic dénsit& of stateé at
fhc H(D)-site (located at an energy of abéut O.fS Ry ih Figure 3e) .
.Eecaﬁse the slope of the density of states vs. energy curve is zero
at thié maximum, a small difference in thé Fermi energies of hydride
and deuteride wiii produce no difference in their respective densities
of stétes at‘théSH(D)-site, and hence no electronic contribution to the

isdtope effect.
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The KP mOAel slightly underestimates the lc of PdHx andimore
seriously underestimates the TC of Pde, The eleetronie.differences
~.:cited aboveAmill not increase the T estimates of PdD ; but will.instead
decrease the Tx estimates ofAPdH (the r1g1d lattice approach of the
Kf model should be more correct for PdD , as the deuteron has the’
~smaller zero—p01nt motlon). These electronic dlfferences will thus
lead to better:estimates of the magnitude of the isotbne effect, but
will cause‘thenKP model te underestimate T 's of both hydride and
.deuteride. This does not 1mp1y that the arguments in favor of an
'electronic cdntribution to the reverse isotope effect are invalid.
Rather, we feel that this underestimation of TC is,caused hyianother_r,
of the,simplifying assumptisns made‘in the KP model;lnamely, that the
electrons do;not'couple‘to the acoustic mode'vihrations of the H(D)
atoms. |

Because of the large mass.difference between Eﬁé'u(n) atoms_and

_the Pd atems, the Pd atoms are nearly at rest in the Optiemede vibrations.
threughout thezBrillouin zbne, so that the coupling'of electrqns tu the
optic mode vibratiuns'of the Pd's can be ignored, as is-&one in the KP
model. However, the H(D) atoms have significant v1brat10nal amplitudes
in the long wavelength acoustic modes, and only come’ to rest near the -
zone boundary, so it is not clear that the cdupling df the electrons

To these low fquucncy H(D) v1hraf10ns can be 1gnored, as 1t is in the

KP model. Simple model calculat10ns—él§§/ have shown that the llght

~ atoms of a PdH-like’ compound can make a significant contribution to the

acouctic mode electron-phonon coupling; The omission of this contribu-

tion in the KP model may account for the underestimation of Tc' The
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acoustic modeé are governedAprimarily by the Pd—Pa'force constant ahd'
the large Pd~masé, so that the differgnée between ﬁ¥Pd and D-Pd force
éonstants should nét have much effect on the acousﬁic mgde contributions
of the H ys.,D‘atéms, that is, AaC(H) » Xa;(D). Diffefences in éﬁé
electronic strud;ures:of the H-site and D—sité‘caﬁ.respit iﬁ a decregée
of Xac(ﬁ) reiétive to Aac(D), just as in the 6ptic_mdd§'caée, providing
-still another ﬁossible contribution fo:the reverse isotope effect.

In summary, the results of this e#periﬁent indigateAthat an exp}aﬁafA
tion of . the reyerse igotope effect in Pde(DX),‘based on a force constant
’ differenceAalone; is‘toé suPerficial;"Céreful invesgiéétion of the
effects of zefd-point motion on the electronic structure ié'needed, on
‘both the experimental and theorétical fronté, as fhese éffeéts may'play
a significént role in the isotope effect in Pdﬁx(Dxl;'# ' |

This expefiment élso revealed thaf superéonductivity iﬁ the Pd—H(ﬁ)
.system:persiststéell ihto the concentration regime'qf'tﬁe structural
pﬁase transitioﬁs aésoéiated with the "50 K anomaly."‘iWe thus pro--
.ceeded tolin§e$tigate the effects of these phase traﬁsitions onithé'

superconducting transition, as described in the next chapter.
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IV. SUPERCONDUCTIVITY IN THE ORDERED PHASES OF'Pde(Dx)

Structural Instabilities and High Ic's

It has lgpg been recognized that there is a rela%iénship between
"the.cffétalistfuétures of intermetallic compounds aﬁd.their supef—
" conducting ?fépertié§.§é/ Cértain crystal structurés seem #o
~virtually guaraﬁtee supercénductivity; an exceilent examplg of this
.,is the Al5 kor B%tungsten) structure, which includéé the'materials
:Awith the highest known Tc's, suéh as.Nb3Ge‘(Té = 23 Kf,le3Sn (fci=
18 K) and V3Si.(Té - 17 K). Other c}ystal structu?es,'such-asvthg‘
B2 (br ¢SQ£)Astfuctufe, rarelyAproducé a supercqnduc;ér,with Tc greater
than 1 K. 'Ih‘tﬁe.last decade, however, it has beeﬂ fpund that it is.
‘not the structuyé, so much as instabiiity,in the struéthrea that giveéz
rise té higﬁ fraqsition temperatures. | |

Nearly évéryAhigh_Tcl(Tc 2 10 K) superconduqtor‘exhibits some éorp
of‘instability.in its cfystal_structure; thouéh the types of insta_'.
bilities are varied. Often, the high Té materialsAafé‘characterizgd
lby the existghce pf more than one phaée (aé a funcﬁion qf‘temperature'
" and/or composition), with either actual or incipient tfahsitiéns betwegp .
phases present. The phonon properties}of these materials may exhibit
aﬁomalous‘behaviof,’suéh as large ahharmonicitiesbof “séft ques" whichA
aré often precgfsors to a structural phase transition. In extreme
cases, the high Té phase of a materia; may be ;hefmédynamically unstable
or.metastable,'and'can be stabilized only by the introduction of defeéts,

.such as impurities, disorder or. nonstoichiometry, or by special
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. nohequilibrium;ﬁfeparation techniqueé; such as spuftering or quenching
from high teﬁpéfafures,'etc. To illﬁstrate fhe relationship bétWeéh A
structural iﬁstabilities gnd high Tcﬂst we cite a few examples;

It wasxin the Al5 class of mafe%ials ;hat the relétion of highﬂ
Tc's to lattice instabilities was first reéognized; épd'it is in tﬂe
Als's»that ﬁhis relatioﬁship has beeﬁAmbst thoroﬁghly.investigafed.gé/
Several AlS's'éXbibit a'martensitié transformation‘(either»actual or
" incipient) from a cubic phase to a tétragonai.phaséAat 5 témperatu#é A
somewhat'abOVe the supérconduéting T;. A large degree of anharﬁénicity
éﬁd a substantial softening of the sﬁear mode related'tb‘the tetragonal
:&iétortion appéar as precursors to tﬁis transformation.i AlS's which
demonstrate fﬁis instability, such as ijSp.and V3é%; héve Tc's in |
'éxcess of ISAK;‘while Al5's in which this instability'is absent have
-chs of alféQ Kelvins. The addition;ofta,small améﬁnf'of H fo'Nb3Sp'
suppresseé this'instabiiity, and reduces Tc from 18 K to less than 4.2 K.
Iﬁ'the Al5's with the highest Tc's, Nb3Ge and;,theoretically, NBBSi,lthe'
instability is so severe that these materials do not:réédily form'in'théA
cubic Al5 phase. In fact, in the case of Nb3Si; the cubic Ai% stfucturé
does not form at‘éll unlgss stabilizéd by a 1érge defeét concentratioh; .
wﬁich suppresseg‘the instability completely, and coﬁéeqﬁently resuits
in # low T;; AIt_is thought that if a techniqﬁe were(found for forming
cubic Al5 phaée-Nb3Si withouﬁ suppressing the in;fgﬁility,'a TC as high
aé 30 K mighttrésult. -
—foxVZ exhibit ?he highesf Tc's

The alloys ZrV HfV, and Zr

2 1

(n 8 - 9vK) 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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'orthorhombi¢.ph;se, a;companied by soft phonon modes énd perhaps an
electfonic instébili;y.

As mentiéﬁe& prgvioﬁsly, thEiBZ_(or CsCL) structure seems particu-
:larly uqsuitéd'for'supefconductivity,-and no known B2'c6mpound.has'a 1
T, in éxéés§ ofA3 K (most are not supercdnducting‘ét 1'K). The B2~allo§
Vl_XRux is;a;Agxéeptién Fo this; the<Tc of Vl_xRuxApéaké shatply at
5.5 K for x = 6;445, at which compoéition‘a cubic td:FeEragonal structural
trénsition abéears. - |

Several'ih;éfstitial compoundg of the Bl (NaCZ? structure also fit
intdlthis scheme. Examples of these compounds includezsomé of the
trénsitiqn me£él-carbides and nitrides, such as ﬁbcx, NbNx ahd‘TaCx, as
well as Pde(ﬁx).and-Pd—(Ag, Au, Cu)fo(D¥); There are maﬁy‘similéritiesA
between these materials. The host mgtals(for@ FCC 1a£fiées in:which,the
nonvﬁetal atoms‘occupy the octahedral‘interétitiai'siteé. .Ihesé cbmpounds
all gxisf at substoichiometry (0.6 < x < 1.6), and éppea# to be unstable
at full stoicﬁibmetry; These materials are all supercbndﬁcting, with
'Tc's which iﬁctgase rapidly witﬁ incréasing non-metai atom concentration,
reachingglarge'va}ues near stoichiomgtry (Tc v 10 4*181K). NhC, and
TaC#, which are good superconductors, show soft.écou3tic pﬁqnon modeg,
while in nonsﬁﬁérconducting Zer and Hfo4these soft mo?es_are absen;.
NbC_ also ethhits an order-disorder transformation ofxthe'vacancies
in the carboh:égblattice. 'MoCx and TaNx,'also goodbsupercqhductors
(Tc's fblo - 14 K), exist in,sevéral noncpbic phasesfag well as the
cubic Bl phasé: rThe optchmodes of ?de(Dx) are véfy sﬁft throughoﬁt
the Brillouin zone, and it has recently been found that'the vacancies

in the H(D) sublattice undergo a variety of order-disorder ;ransitions.
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These,transipioAs and their éffects on the supercoﬁdqc;ivity of'PdHX(D#)
constitute tﬁe remainder of this chapfer.

By citing:these exémples,we dd‘not_mean'to imbly‘phat structural -
instability in a.ﬁaterial.aUtomaticaliy leads.to a high superconducting :
Tc."A gﬁod gounter—exampie is sbdium, which;exhibité a‘stfuctural |
phaée-transition;accompanied by a séft shear mode, butlwhich.ié néf
: éupercoﬁductiqg? Rather, the conditidq which is fgvdfable to a high
_TC, nameiy_a sgrgﬁg electron-phonon iﬁteraction, w%lleftgn iéaé-to a .
structural iﬁstability. Phillips§§/ has étated this connection in a
very general wéy, which we paraphrase hefe. A stfu¢turaildistortion, A .
by changing some .ion-ion distances,. results in an iﬁcreésévin the ion-
ion interaéfion'énergy, which acts as a restoring fo;cefqp?osing the
disto?tion. when we confine ourselves to materials Vitﬁ very high Tc's,
we are selecting'pnly those materials which have a-égréﬁé glectron—ion
interaction, énd‘é str&ng electfon—ioﬁ interaction iéicapéblefof |
screening thé‘ipn~idn intefaction, reduéiﬁg the reséofing‘fbrce, énd
thus creating:én'instability, which méy lead to.a'soft phqﬂonAmode'or
a structural”chahgé. | | |

“Having éstéblished that the sfropg electron—ioﬁ inﬁeractiop &ﬁich
prodﬁces a higH.Té may also destabilize theAlattiqe; wé'now aék.how the
pesultithstructural.change will affebt Tc. Tes;ardigz(Apostulatgs
that "The conditions fbr high Tc‘supérconductivity afe‘just those which
6céur because ﬁﬁe high Tc compounds are headed toward s;rugtural in;ta—
bility.‘ Any mechanism which relieves the instability:at~low tehpératures
will leéd.to a(sérious reduction in the superconducting fransition

temperature."v In other words, the strong electron-ion interaction
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produces a iéttice_instability which results in a stfdctural change Fo‘
a néw, stable’configuration. To remove the instabilipy) the electron-
ion interaction- in the new, stable:phase mﬁst be reduced, tﬁereﬁyA |
decreaSiné Tc' EThe trick to produéing a high Tc supéfcondpctor thgn,
is to create'a; unstable 1at£ice but inhibit the trapsfofmation which
restéres stgbility. |

Beyond fheée qualitative arguments, the theory pf'ipstabilities'-
and supéfconductivity is in a‘fairlyieérly.stage of'develépment.' The
A numbef of matefials'in which supercoqﬂuctivity can be investigatéd both
befofe and aftér the occurrence of tﬁe structural traﬁéformation isi
rather small at present, and it is not clear what kiﬁds‘of'instabilitieé

's. The nature of the structural trans-

are most beneficial to high Té
formations in Pde(Dx) makes this system weil suited to‘S£udying the

" effects of these transformations on the superconducting transition

temperature. .

"Structural Changes Associated with the '"50 K Anomalyﬁ'iande(D%)

In 1937, Néce and Aston§§/ reported an énomalousfpeék in the specific

0.49°

'Further specific heat studies demonstrated that the anomalous behavior

heats of PdH and PdD0 48 samples at a temperature of about 55 K.

persisted overAalwiae range of compogitions (0.1'§1x.é-0.8). Since 1957;
a vast amount of experimental and théoretical work dn.fhe nature pf the
50 K anOmaly'hés appeared. Excellent reviews of this'Litefature may be
found'in'refefences 2 and 89, and we wili only summarize thelresults

briefly.



55

'Beéideé specific heat, anomaloué behavior in fﬁé‘temperature range
-from 50 KAtol7Q K was found in'resisﬁivity, inte?nallfriction, aﬁd HallA
constant of ?dHX(DX).‘ No anomalies were fquﬁd in the mggnetic~sus~
ceptibiiitf; e;aStic éonstants,~or Raman.spectra. Thé'aﬁomaly was
4 fpund to be an¥operty of .the B4phasé; the'tempera;ure at &hicﬁ the
anomalf-occurred‘increased'ffom n 55K for x < 0.63 to ~ 80 K for
X i20.75, ﬁhilé ?he‘magnitude of‘the;anomalous beﬁaviof decreased'witﬁ"
. increasing x, vanishing bf X = 0.89.§2/

‘The énoﬁaliés in the various prqperties showed marked deplendenc.e
'od'the théfmal history of the sample; the heéting/coqling rafes and
“time.: These erendences often ledlté apparent disc;ebancies among the
studies, énd-confused or complicated. their intefpfeﬁatibn. It did seem
clear that the ‘anomalous behavior inQolved‘thé H(D)_a;qms, and explana-
"tions involﬁing'fhe clustering of H(D) atoms or their miération from |
octahedral tohfetréhedral-sites were advancea;' Neuéroh’and'xgrayA
.'difffaction giperiments disproved these modeis; in fact, no chénge in
. étrupfureﬁwas found upon cooling samples through the anomaly temperaﬁuré.

By £he.l9i0's it was well established that the.yunétbichiomgtric"
hydrides and dgﬁterides of the BCC transition metals &,‘Nb, éndlfajexhibit
a large variéty 6f structural phase transitions. Tﬁese‘order—disorder_
transitions afe from high temﬁerature phases, in which- the H(D) atéms
(or, élternativéiy, the vacangies:in thé H(D) sublatticéf randomly
occupy'ﬁhe tetrahedral sites, to phases in which tﬁéy';dcuby specific
subsets of sites, lowering theicrystal‘symmetryland prdducing a iarger
it cell. Ihe‘?ésulting‘ordered st;uctﬁres depend on fhe H(b) concen-

tration and temperature. Such order-disorder transformations seemed a
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likely ekplégation for the 50 K anomaly in'Pde(Dx),:bup the diffraction}
studies févealed'no new "superlattice" reflectioﬁs whiéh must'nécés4
sérily acéomﬁaﬁy.the s&mmeﬁry chaﬁge ﬁrodhced by ;he‘ordering.

Tﬁe qlug to'the case of the miséﬁng sube:lattice'lines in Pde(Dx)
was,discoveréd'iﬁ 1977 by Satterthwaifé, et al.ggf <Prompted by fhe
report of aAlong.;ime constant in the:time depenééncevof the Hall co-~
_efficient,-;ﬁey studied the effects of long. term anﬁealing, at.tempe?atures
just below thé;énomaly temperature, on the eiec;rical.résistance qf.é‘
' PdHO.795 saﬁpie. They found that the resistance stayéd relatively
éonstant or iﬁcféased slightlyiin the first several houfs, but then
droéped precipitously after a very long time span (gund#eds of hoﬁrs).
The large drpﬁ (20 - 40%) in resistanée was due to a decréase-of the
residual rgsistance, thé most likely gxplanaﬁioﬁ of ﬁhich was a decrease
in scattering from the vacancies in the H subléttice;when thésé vacancies .
ordefed to fofﬁ a-periodié array. This implied.that fhé 56 K anomaly
yas‘aséociéted withian order-disorder transition, bﬁtféne which was
exéeedinély:éluggish. No superlatticé lines wéré obséfved-in tﬁé
previqus diffréctiqn experimeﬁts because the samples had not been given
4sufficient timé_to develop long range order.

Shoftly.affer this announcement, new neutrqh diffraction studieé

92,93/

were undertakeu.:'AndchOn, et al., foﬁnd that iri“PdDo'e4 and

PdDO 67 cryslals, superlattice reflections appeared'at'the points belonging
to the (1, %,:0) star in reciprocal space (i.e., the W points of the.
Brillouin zone) after annealing for 48 hours at 50 K, and disappeared

when the samplé}femperature was raised above 50 K. They named this

ordered phase the y-phase, and prbposed that the ordered structure
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belonged to the space group I4l/amd, which would be stoichiometric at

PdD0 50 (see Figure_Sa).

94/

Almost s1multaneously, Ellis, et al., reported the appearance:

of superlattice reflections at the- p01nts 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 superlattlce line was shown to correlate w1th the
decrease in. resistance, demonstrating’ that the ordering process was ‘
;responsible for the anomalous behavior in PdD . The authors proposed

that the ordered structure was the interstitial analog of the NiQMo

v

-structure, space group I4/m (shown in- Figure 5b), which is st01ch10metric_

at PdD We shall refer to thls as the §-phase.

0.80° A
Since- this time, additional neutron diffraction work at Argonne ‘

95/ 96 98/

National Laboratory—— combined with

and Institut Laue-Langevin
resist1v1tylstudies_performed here,§242§/ have‘"filled:in-the blanks" .
to the point where a coherent picture;of the ordered phaSes of Pde(D#) o
Lis emerging,'which we summarize below; |

The ordered states of PdD _may be described as deuteron density
waves forming along the [4, 2, 0] directluns, with wavelpngths which
depend on comp081tion. Figure 6a shows the Brillouin zone of an FCC
'lattice, and Figure 6b shows the q, = "0 plane of reciprocal space,
divided intn:the'various Brillouin zones. The dashed line in Figure 6hA
~indicates a typical [4, 2, 0] direction, and the open circle and:open
triangles.show respectively the locations of the (1, %, 0)4and 4/5,
2/5 0) superlattice reflections lying along that [4, 2 0] direction
fFigures 7A 8, and 9 show neutron diffraction data forineutron momentum

transfers lying along the dashed line in Figure 6b.
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E _Figﬁre 5.

‘Ordered structures of PdD_. The dashed lines show the

-unitidélls of the FCC lattice of octahedralwihterstitial-
.éites. The‘éolid lines<shdw the newAunitAqeli'of the
ordéféd structure. Solid cifcles,represeqt D'atoms,‘while
the’qﬁen circles represent vacanciés; qulthéfsake of:
simélicify;Athe Pd atoms afe‘nét éhown. (;) shows the
stfudtufe;of the Y—ﬁhase, s;oichioﬁetrié“ét;k = 0.50,

while (b) ‘shows the structure of the G-phaSe;_stoichibmet:ic'

‘at x = 0.80.
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Figure 6. -(a) The FCC Brillouin zone, showing locations of four

different points of high symmetry in the g as Ovplane.
(b) The q. " 0 plane of reciprdcal space, divided into the

various Brillouin zones. The solid squares at the zone
.centers mark the allowed reflections 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 (4/5, 2/5, 0) type superlattice reflections,

respectively.



-6l

(a)

~.(020) .

X(010) "

. .
. A"," N
-’ ' .
Cd . .




62

‘Figure‘7.1 Ngutrén diffraction data on y-phase Pde, for neutron -
' momefitum transférs in a‘[4,12, 0] direction, showing
the superlattice reflecﬁioﬁ at (1, %,'0);'.From

referehce 1.00.
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Figure.8; Neutréh diffractibn dafa on.SRO—phase PdDo;ij,vfrom
A " reference iOO. o
(a) ﬁifque'peak for>néd£ron momentum transfeérs
o élong,é [4)92; O]idifection. | |
(b)  Néutfon intensity coﬁtour map for momenéum
'.-gtransfers in the q, = 0 plane in thélvicinity
"§f (i; L, O), showiﬁgAsplittiﬁg»ofzthe diffﬁse

peak.
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0.76 for

neutron momentum transfers in a: [4, 2, 0] direction,

Figuré 9. Neutron diffraction data on S-phase PdD

showing'thé Supeflattice réflectiOn at (4/5, 2/5, 0.

From referende 94,
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At low éqncéntrations (x = 0.625; 0.64, 0.65; 0.67);.PdD¥_orders
in the Y;phasé;.prédﬁcing supérlattice reflections at (1, %, 0) and
equivalént ﬁQints_(seé Figure 7a, b); While this structure is
stpichiometriC‘at x‘= 0.50, the'actuél formation of the stoicﬁiometfié
compound is pré%gnted by the a-f phaée séparatioﬂ whicﬁ'occurs for
x £ 0.60.

| If samples in this composition réngg~aré anneaied:bélow 56 K,
their resistance will show a small (v 3'- 6%) decrease after a tiﬁe
_ span of 20 - 40lh6urs;'indicating théﬁonset-of long range order (LRO).-
By anneéling-a sample at low temperafures (v 47'K), an& then:warming it
up in steps, allowing the resistance to equiiibrate.at éach step, an
nequilibriumf~rééiStance-vs. temperature curve can be»dbtained,‘such
as those sho§ﬁ<in Figuré 10. These curve;lsﬁow a brpad{‘shallow
minimum in éﬁglrésistanée between 80 K and ldQ K, followed by an increase
‘which peaks ét v 56 K. Bélo@ 56 K, the résistancé drops off rather
sharply. Théfincrease in resistance which(occﬁrs frémAIOO K.t0»56 K
,:is probably due to the hucieatibn of short range ordéf (SRrRO), while
tﬁe developmént of LRO for temperature less than S6'K'produces:thé drop
in resistance‘as.well as the (1, %,.0) suﬁerlattice'liﬁes. The size
-of the resisténge drop is rather. small beéause the ordered‘struéture
is highly de;ected, being far from gtoichiometry. AA; x increases from
" 0.63 Lo v Q.70, the ordered structure apparently unéérgoes some dis—
tortion due to-the increasing defect concentration. In the resistance
vs. temperature data, tﬁis distortioq7decreases the magnitude of the
‘drop-off below 56 K for increasing x (see Figure 10). The'distortion

is also evident in the‘neutron diffraction data; the (1, %, 0) peak

i
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‘Figure 10. Equilibrium resistance ratio vs. ;emperatﬁré‘for
several samples of y-phase and one samp1e of SRO-phase

Pde(Dx)f
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is shifted sligﬁtly ;oward the (4/5, 2/5, 0) position (see Figure 7)
and “the negérqﬁ inten§ity distribufion'around:(l, L%, 0) in the q, = 0
plane changes;ffom pearlf axially symmétrié ﬁo véry aniSotropic.lgg/
For D cénqentrations greater than.about 0.71, tﬁis'diétortion is
great enough to suppréss the fbrmatioﬁ of LRO, and-thg Y—phase dbés
qét farm. Fot-d.?l <xg 0.75, thé.shérp Suﬁeflattiée line at (1, %, 0)
'ié replaced‘by:é,broad,'diffuse;péak wﬁich straddles'bbfh (1, %,.0)>
and (4/5, 2/5,'0),'as shown in Figﬁre78a. fhié soft of diffﬁSe scat-
tering is characteristic qf SRO with no LRO presént} 'éuch‘an interpfe-
tatioﬁ is also consistent with the resisténceAQS. teﬁpérature déta, R
wﬁere tﬁe‘déta-fdr all:sémélgs are identical for T >A561K (where only
SRO is preseﬁtj, bﬁt the decrease in rgsiétance'beioﬁ 56 K is ébsent_
in the high‘gonééntfationAsample (i = 0.715) where‘LRO‘is alsd abséqt
(see Figure 10). . -
| Blaschkb,‘etial.,gg/'interpret thﬁs diffﬁse pattern as érising
:ffom-thelcdexiéfehce of microdomaips of D022 tétragqnaiistfucture,
4étoichipmetric-at'x =.0.75, with those of the Dl; (NiAMd) strucgure4
which,occufé 1nAthe $-phase, and is stﬁichinmetric at'# = 0.80. They
hypofhesiie that'phere is a competitioﬁ'bétween tﬁesé ;Qo structures
which prevents either one from déminating and establiéhing LRO. In
PdDO.73 ghe diffuse scattering is split inﬁo three weak_peaks; as ;hoWﬁ

98/

in Figure 8b. ABlaschko, et al.,— ‘sﬁggest'that thisAis due to the
modulation of the DO22 microdomainS‘by a periodic diStribuﬁion of
antiphaseAboundaries (APBYS). The deﬁails of the spiittinngf the

diffuse intensity vary with D concentration implying that the distribu-

tion of APB's varies through this regidn of SRO.
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The,DOzéAéndADla structures_areAciosély relatéd, in'that both
may be de5cribéd as a.periodic modulafion of the occubancy of the .
4, 2, 0) pinnés of the FCC lattice of octahedral sites. In thé DO22
structure, tnis‘modulation consists of’ﬁhree full&_nccunied (4, 2, 0
‘planes follongdnby one vacant (4, 2;19) pléne, whilg in tne Dia structure
} itlconsists of four fully occupied planes.followediby one vacant plane.
Certain t&peé of antiphase boundaries can convert.reéions of one ofv
these strucfnfés.into the other,.és has béen‘shownfto'occuf in the
early qrdering'stageé of the NiAMO system.lgl/ The §ituntion_in Pde
- for 0.71 Ixg 0.75 may be similér to that in. the earif'nrdering stages
of NiaMo; Thg-résistance behaVior.of'Pde(D%) in thislgoncentration
| range has not been studied. This  is the concentratidn:range in wbichu
the nnomaly fempefature increases from the Y—phane'vaiue of'N‘56 K to
the d-phase valné of ~ 80 K.§2/ We wduld not expect nnnealing to pro-
dnce a 1nrge:drob in the‘resistance in tne absenéenof_LRO.‘

?or concgnt;ations greater than 0.75,'Pq1)x nrders_in tne Dlé
structure of tnézéibhaSe (see Figure Sb), which nrodnéeé a superlattice
reflection atn(4/5, 2/5, O)vénd cquiﬁalent points, as shown in Figure 9.
The Dla strugtnfn is stoichiometric at x = 0.80, as»dégcribed previouély;:
The 6¥phase stfucﬁure,has been_obéerved in neutron~difffaction studies
0.762£/ 6;78;22/ Re;isténCe sfudiesggf'indicate»théﬁ the

'§—phase'persist5.0ver the concentration range 0.75 E_x'5_0.82, while

of PdD and PdD
higher concentrations have not been studied, other that an x = 0.89
sample which showed no anomaly. When:sampies in this range are annealed
at temperatures below about 80 K, the .resistance stays constant or

“increases by é'BZ during the first séveral tens of hours. After a
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period ranging from 60 hoursvto several-hundred_hours; the resistance

,Shows a precipitous drop; amounting to 20 - 40% of its initial value,

as LRO develops. 'If an ordered sample is warmed up in steps to obtain

an equillbrium res1stance vs. temperature curve, the result, shown inA'

: Figure 11, is quite different from that of the Y-phase, shown in

Figure 10. The decrease in resistance below the anomaly temperature ‘

is. much larger in the d—phase than in the Y—phase ‘because the G—phase

concentrationslare»near ideal stoichiometry. Also, the strong precursor

- effects which'create'the peak in the.resistance of the y-phase are absentj

or'much,reduced in thé §-phase.. :
Because of the-iarge'incoherent neutron scattering cross'section_

of the proton, ail of the neutron diffraction work on the'ordered

structures has beenﬂperformed on PdD samples. - There is one exceptlon,

a. neutron and gamma-ray diffraction study of PdH0 739§/ which shows

the same type of diffuse scattering as occurs in PdD0;73:.'The.resistive

.behauior of'hydride and deuteride samples are very similar.. There is

an'isotopiC'difference in the orderingfkinetics, particuiarly in the.

Y- phase where the re31stance of hydride samples d ecreases more rapidly

than that of deuteride'samples during .the annealing process. The equilib— :

rium re31stance vs. temperature curves of both hydride and deuteride

oamples are nearly identlcal, however,‘as may be seen inﬂFigure 10.

The.compositionai.ranges in which the various phases‘ocCurHare also’

identical for both hydride -and deuteride, within the rough limlts in

which they‘have been,sketched out. We cannot rule out minor 1sotop1c

differences in the'phase.diagrams until. the phase bOundaries can be
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Figure 11.. Equilibrium resistance rétio'vs, temperature for a
‘§-phése PdDj 769 saﬁple; compared with that for.a
quenched, disordered PdD0~%45 sample. From reference

89."
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more accurately determined. ~ Such différences are known to occur in the

Group V hydfides;zj

: édH;(Dx)‘is'a nearly ideal system fof'studying the effects of tﬁe
Aordering ppocéss.on Tc' Because the ofdering processﬁig so sloﬁ
(takiﬁé hundfeds of'hqurs), sampies may be quenched froﬁ high tempera-
tures fo liqdid~He temperatures, freezing in the»disordér, to stﬁdy

superconductivity in the disordered state. In fact, the T, measurements

of ChaptérFIII, and all previoué work on the superconducting transition,.

were made on dissrdered B-phase material. The samples_may:then‘be.
annealéd and the'ordefing prééess ﬁonitored resistiv;iy, The'process
is slow enough~that it mayvbe arrested at aﬁy desiféd_stagé by again
quenching to»iidﬁid He temperatureé to measure the ordéred state Tc,
after-which'tﬁe,brdering process may be resﬁmed by rewérming.the sam?le
to the annealiﬁg temperature and continuing to anné;lgl_The only draw-
bagk to thelPQH%(DX) system is';hat the time scaletfar érdefing is so

. long that one 1s never sure whether the process has reached equiliﬁrium
af.a givén temperature, or just slo&ed down to an alﬁsét impefcéptible
rage. This ﬁnéertaint&, together with the simple pfoblem.of ﬁeasqring
several cbncentrationé of both isotopes when each megéuremeﬁt takes
mofe tﬁap a ménth,»are the reasons why thé p?operties of?the ordered

states .are not well known as of yet.

Ordered-State.Tc's: Experiment

The work presented in Chapter IIIﬂdemonstrated that with a pumped
He4 Cryostatbit was possible to study superconductivify'in.the'6—phase

of Ede and, possibly, Pdﬁx. By using a Hes‘cryostat, temperatures to

-~
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)
0.3 K can be_obtained, permitting the}observation of snperconduCtivity
in the SRO—phase'of Pde as weil. In the Yfphase,ithe superconducting
fc‘s of both PdHX and PdD_ are vanishingly small. |

Samples-for this work were prepared and analyzedAin the manner
described in‘Chapter ITI. A PdDO.742 sample was prepared from the same

Marz grade Pd:foil used in therprevious work. PdD and PdH

0.817 . 0.837

samples were prepared from ultrahigh purity Pd foil which contalned

02/

less than 1 ppma‘Fe;l——. Foils measured approx1mate1y 25 4 mm x 5 5 mm
wx'0.0S mm. The samples were all treated with the KI—I:solution to
retard H(D) loss. during mounting in the'He3'cryostat.: | .
Because'He3~has a much higher vapor pressure than'He4, much lower
- temperatures can be reached by evaporative coollng, e. g.,A% 0.3 K for
He3 vs. v l 0 K for He4. For this reason, we assembled a He3 cryostat
for these measurements, so that both the 6-phase and SRO—phase might
be studied. ‘Figure 12 shows the details of the He3 refrlgerator, whlle'
‘Figure 13 shows'the external equipment associated with it.
The He3-pot, sample, thermometers, etc;, were housed infa stainless
steel .vacuum can which was immersed in thP 11qu1d He4 bath. An indium
_ o-ring provided the vacuum seal between can and flange, . The vacuum can -
:could be evaeuated through a 9.5 mm 0.D. thin wall stainless steei tube.
The He3 poti-machinedifrom OFHC copper, had‘an\internal volume of
aboutAZ cm3, A layer of copper beads approximately:S mm deep was
sintered into the bottom of the He3 ﬁot toAincrease thedsurface area in |
thermal contactlmith the He3. A'6.4 mm 1ong,:threaded (%—20) oopper

stud was provided on the bottom side of thevpot, for attachment of the
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Figure 121

Details of the He3 cryostat insert. . -

"~ A. vacuum can pumping line °

B. 'epoky—sealed electrical feedthrough

C. optical baffle

D.. indium o-ring

- E. ‘'stainless steel vacuum can.

.F. He3'pot.(cutaway view)

G. heater windings

- H. Ge resistance thermometer
© I. - Pt resistance thermometer

; J;A epoxy sample clamp (éross—sectioq)

K. mutual inductance coils (cross-section)

L. He3 pumping line

. M. electrical lead (others not shown)

'N. sintered copper beads

0. thermal groundingipin
P.. Ge-Au resistance thermoﬁeter
Q. sample stage

R.  sample
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Figure 13.

Schematic diagram of He3 cryostat and He3 gas handling

system.
glass dewar vessels
B. 1liquid nitrogen
C. vacuum can pumping line
He3 pumping line
E. pumped liquid He4 bath
F. stainless steelbvacuum can
G. He3 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. He3 storage tank
0. mechanical vacuum>pump
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sample apparatus. Twenty-four evenly spaced holes weré'drilled through

the flange at the base of .the pot, and ‘short lengths of #18 insulated

copper wire were.epoxied into these holes to provide thermal grounding

pins for all éléé;rical leads. The sides of the pot were electrically

: insulatéd‘with a layer of cigarette paper and adhesive varnish, and

450 @ 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-

tect.them,A:Iﬁe'He3 pot was evacuated through a 3.2 mm 0.D. thin Gall
ét;inless steélﬁtﬁbe,.which widened to 9.5 mm O.D.,.énd ultimately,
25.4 ﬁm O,D.,thih wall stainless steel tube outside tﬁé.vacuum can.

“Thirty electrical leads (six bundles of five wifes'eacﬁ) of #36
varnished maﬁganin wire were Brought into the vacuum,can through an
epoxy-sealed feedthrough. Twenty-one of these 1eéés wefe needed for
the experiment, with niﬁe spares provided in case of bréakage, etc.
The wire Buﬁdieérwere sheathed.in teflon tubing at the epoxy seal to
provide‘straig4ré1ief{

The saﬁble‘stage_consisted éfla 16ng, flat OFﬁCAcoﬁper'finger
thch extendédiddwn from the bottom of the He3 pot.-'Thé'fingér was
éoated by an electrically insulating layer Of.cigarette:paper and
varnish, éndiﬁwo.pairs of bare copper wire electrodes Qe;e varnished
in pléce across the finger, to form the electrical contécts for
measuring the saﬁble resistance. The Qoltage electfqdes‘were spaced
about 15 mm apart. A foil samplg was -laid across thgﬁtﬁd electrode .

pairs, and preéséd firmly onto them by means of two epoxy clamps and

set screws. These epoxy clamps also sgfved to hold in place the
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mutual'induétaﬁCe coils which surréunded thg'sample;' Thesé coils con-
siSted of'83ftu;hs'of superconducting Cﬁ-clad Nb wiré‘éé the primary,
and 1400‘turhs 6f #40 Cu wire as the<$ec0ndary,:wound bq a coil form
10‘mm long aﬁdhlo‘mm.in odter diameter.‘~ | |

. Thfee the?mometerS‘were needed for the expériﬁént.A A factory

03/

calibrated Ge resistance therﬁometer,};—- mounted on the sample stage, -

was used for temperature measurements in the range from 0.3 K to 4.2 K.

04/

A Pt resistance thermometer,l—~‘ also mounted on the sample stage, was
used in the temperature range from 20 K to 100 K. A third resistance
thermometer,»consisting of a thin film of Ge-Au alloy évaporated onto

a glass-substraté,lgzl was mounted on the bottom of'the ﬁe3

pot, and
wag‘used aS‘tﬁgftemperature sensorxr fof the ;emperatute controiiér..
The R vs. f chafacteristiqs_of the Ge-Au thermomgter‘Weré:such as £6
provide géod<sensitivity from 0.3_K tollbo.K. | t

The necessafy electronics for'this experimenﬁ'are:shown échemat—A
'ically in Figure 14. |

The éupexcdnducting transitions were'monitpred indqctively; as in

06/

. Chapter III, using a mﬁtual inductance bridge£—~ operQLing at'lSS Hz
‘to~measuré'ﬁhé.cﬁange in mutual indhéﬁance of the coil'pair surroundiﬁg
"the sample. gThe resolution of the bridge was N'O.7%‘§f the totai change
.in mutuai inductance prodﬁned when the samﬁie becaﬁe.superéonducfing._'
The wagnetic field applied to the sample by the coils was about 0.5
gauss.

| The resistahée of the Ge thermometer was measuré&,by a simple,
home-built, fouf—ferminal‘a.c. resiétance bridge, opefﬁting at 17 Hz.

AThe,bridge'had'an accﬁracy of 0.1%, leading to an accuracy in the
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Figure 14, Block diagram of eléctfohiqs associated with ‘the

ordered state T, measurements.
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temperature determination of elightly better than 0;1% for 1 K< T
< 4 K, and‘an aecuracy.of 1 mK for T <:i K. The thermemeter calibration
was checked against the Tc‘of Al and.found to be accurate to 1 mK at
T 1 K. The Pt thermometer resistance was measured by a d1g1ta1
multlmeterlgz/ operating 15 a four- terminal d.c. re31stance mode.
Temperature reeolution was about 0.05 K in the temperature range from
25 K to 100 K. |

Sample resistance was determined by a fourfterminal’d.c. tech-
nique, Curreat through the sample was detetmined by ﬁeasuting the
ohmic voltage drop aeross a 10 © standard resistor placed in series

107/ . The. ohmic voltage

8/

with the sample, using a d1g1tal voltmeter .—
drop across the samplé was measured by a six dial potentiometer——

09/

and nanovelt'null detector.}——- Resistance measuremeﬁts were made
with the current:flew in each direction and then avefagea together to
‘eliminate ettote due te thermal EMF's anywhere in'tﬁe eircuit. The
resolution of'the resistance measurements was 4 - S.uQ out 6f‘a total
of 5 -9 mQ; or somewhat better than 0.17%, with a sampie current of
25 mA.

| For.,Tc measurements above 1 K, a small amount of He4 exchange gas 
was admitted to the vacuum can, anq the sampie,was eeoled bylpumping
on the He4 hArh'in which the can was immersed. To obtaln temperatures
below 1 K, rhe vacuum can was left evacuated, and the He4 bath was
pumped down to-a‘temperatute of » 1.1 K. He3 was then admitted to the
pot, wﬁere it taﬁidly condensed (He3 normal boiling point = 3.19 K).
,The~condense& He3 was-then pqmped on, rapidiy cqolingAthe potland_

 sample stage to ‘an ultimateltemperature of about 0.28 K. The four
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liter-atm. of He3 gas (about 5 cm‘3 of liquid) wefe'sufficieﬁt to maintaiﬁ
a temperature of 0.3 K for about eighﬁ hoursAunder»nqtmél operating”
conditions.

Coarse teﬁperature control was obtained by varying the pumping
Arate on' the Heafbath or, below 1 K,'thé He3 pot; by means of throttling
valves.. Fiﬁe1£éﬁperature cohtfol was‘effected by a fhree;termihal a.c.
resistance Bridge and feedback temperature controller,llg/ using the
Ge-Au resistor as a sensor.

The procedure followed for each sample was as foliows. The
eleétrolyticaliy charged sample foil was rgmoved from-storage in a dfyi
ice-acetone béth and transferred to the Ki—I'solutién for 10 minutes.
-From there it-ﬁas mounted on the samplg'stage and, aftefAchéckiﬁg the -
electrical contacts to the sample, the vacuum'één was seéled and the
.assembled‘iﬁéert.ﬁas placed in fhe précooléd de&ars.l The vacuum can
.'ﬁas'eVacuated ;ﬁd then back-filled witﬁ a small amount bf Heé exchange .
gas in order:to cool the sample. Approximagely férty ﬁinﬁtes lapsed .l
between placing the sample in the KI-I solution and'cboiing-of the -
sample and cryostat to n 100 K, during wﬂich-time thé high concentrationh
samples lostla émall amount of H(D) (Ax < 0.1)7

‘6ﬁce thé sample had cooled; the vacuum can Qaé»gvacuated'and the
sample temﬁerathre was stabilized at 100 K for 48 hpufs in order to
ensufe that Ehe'éample was disordered, and the effecfs of preyious
thermal histdry‘erased. The sample resiétance was'aléqﬁmeésured‘sévepal
times to check.thét it was not changing at this temberéfuré. The

sample was tﬁen quenched to 4.2 K, freezing in the disofder, and the

T, of the disordered state was measured. 'Following this, the sample
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was again heated to 100 K for 48 hou;s, prior to startiqg.the aﬁnealiné
process. |

‘The sample'temperature was lowered to 72 K at”theastart.bf éacﬁ
annealing run, éﬁd‘the resistance of the sample was measuréd at inter-
vals of sevefél hpufs to monitor the'brdérihg process. The annealing
temperature wésAchanged periodically,'to find a temperature at which
the sample would 6rder rapidly; the actual heat treatmenfé varied from
saﬁple to saﬁple( | | |

In the ?dD6.817 and PdHO.837 saﬁples, the gnnegliﬁg procgss vas,
interruptéd'by qgenching tﬁe sample to 1iQuid He temperétures in order
to éeasure Té‘during an intermediate stagé,ofvorderiﬁg; After this
measurément;'the sample was rewérmed toAthe anﬁealihg»témperature and
the annealingtyaS'éontinued.

After about 650 hours of annealing,-the«sample:was'égain quenched
té iiquid He.témperatures and the Té:of the ordefedfstéﬁé was‘de;er—‘
Amiged. Folléwiﬁg this, the sample was warﬁed to 100 K for 48 hours .
to disorder it égéin, and the sample resistance waé_ﬁgasured seyeral
times to check that iﬁ returned to its initial value. ﬂfhe sample was
then quenched to 4.2 K and the disordered state Tc yés remeasured to
check that any_éhanges.in_the supercanducting transition upon ordering .
Qere feversible.' The sample was theﬁ remove& from.tﬁé:cryostat and

analyzed for H(D) content.

Experiment Results

The results of this.phase of the experiment are shown in Figures

15 Lhrough 22,'and are summarized in Table 1.
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The PdD0 817 sample demonstrated -annealing behav1or fairly typical

of the B—phase samples observed by Ellis— 89/

at lower concentrations
,'(x < 0.80).' At 72 K, after an initial increase of v 2%, the resistance
began to. decrease sharply about 50 hours 1nto the anneal indicating
the establishment of LRO (see Figure 15). When the resistanbe ratid,
'R(T)/R(lOO K), had declined to a value of about O. 80 ‘the sample uas
quenched to 4 2 K and T was measured. The ordering was found to
have depressed Tc by about 7%, from its disorderednstate value of
2.211'K to a neu«nalue of 2.056 K (see Figure-17)."The'high-concen— :
- tr"ation,Ahig'h TC parts of the sample were depressed-somewhat more, and
the low»concentration, low Tc‘parts were depressed‘somewhat_iessi as
evidenced by the changes in T20 and Téb, the temperatures'at which the
sample attained" 20% and 804 of maximum diamagnetlsm, respectlvely
(see Table 1) 7 |

After this TC measurement, the sampie_was Warmed_to 68 K to_coné
tinue the.annealing. In the concentration range 0.75 < xi< 0.80, .Ellis
observed that, decrea51ng the temperature of annealed-samples producedv
‘ sample,

additional decreases in resistance. In the present PdD0 817

dropping the temperature from 72 K to 68 K and then 65 K, produced '
little change in the re51stance§Aas shown in Figure*lS.- However ,
increasing the.temperature to 78.5 K led éo an additional decrease

in resistance‘which was larger than thatlproduced by annealing.at,72 K,
-as shown in Figure 16. When the resistance ratio had‘decreased’to'a
value of approkimately 0.57, the sample was again quenched to 4.2 K

to measure'Tc. The transition temperature was depressed-by a further

2% by the additional ordering (see Figure 17),_and_the difference
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Figﬁre

15. <késistance ratio of PdD sample during'annealing

0.817
process. Sample temperature is recotded along top

ongraph. R(100 K) = 9.057 mQ.
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‘Figure 16. FulrtherAanneal'ing of PdD0 817: sample. - :
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Figure 17.

-Supercondﬁcting tfansiéions of PdD

0.81

',disordered and ordered states.
(®) initial disordered T(':

(M) ordered T_, R/R(100 K)  0.80

(A.A) final d'isordered-Tc.

7 in thel

(W) ordered T_, R/R(100 K) % 0.57
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,in.tﬁe'degreé-of:depréssion of Tzd and T80 was moretpronéuncéd, gs‘
" indicated in Table 1.

Following this, the sample”&as wérmed to 100 K to disorder it,
and_yas tﬁen‘quenched again to rémeasﬁre the Tc Qf‘thé_disofdéred state.
The tfansitiénjtemperature was resﬁéréd to its originé1-va1ue, demon-
stratihg that'the ordering procesé is responsible fqrtthe éhaﬁge in
TC,'and that fhg change is.reversible; as is therfdering process
itself. This second disordefed transition lies slightly below the
6riginal disaﬁdgfed transition at high temperatures, ;nd siightly
above it ét‘léQ témperatures, as shown in Figure 17. - This may be
dué to a éligﬁt redistribution of D atoms dﬁring tﬁé ordering process,
resulting.inaa Siightly improved‘homogeneity;’ The diffé:ence’in the .
two aisoyderéd'éﬁape transitions is comparable to.ﬁhe~éxperiﬁental
uncertainfieé in‘fhe daté, however, so that‘fhis effeét may be
spurious. No such éffeét.was seen in the other two samplés.

When the‘PdH sample was annealed at 72 K, the resistance

0.837
rose initially, as seen in other 6-phase samples, but 'did not drop
0.817

off, as shown in Figure 18. We quenched the sample‘frqm this level

Uff dgain, aé did(the PéD gample. Réther, the feSiétance léielled
“region to 4.2 K to determine the effect of SRO (which pfeéumably causes
" the initial incfease in resistance).oﬁ Tc' The resulting supercon-
ducfing tranéition was identical to that of the disbfdered'staté, as .
shown in Figﬁre 19.

Following'this measurement, the sample tempera;u;e was again
raised to continUe'the annealing. TRaising the temperature to above

77 K resulted in-a decrease in resistance, the rate of which increased
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Figure 18. Resistance ratio of PdH; g,, during annealing.

process. R(100 K) = 7.362 mQ.
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E F'igure 19. " Superconducting transitions of PdH0 837 in the’

. disordered and ordereci states,
'(»O) initial disordered T,
(A) SRO T_, R/R(100 K) % 1.0

(W) ordered T_, R/R(100 K) p 0.82

(W)~ final disordered Tc".
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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 sample, or in those observed by Ellis., Nonetheless,

0.8i7A ‘
the resistance ultimately decreased by a large amount, indicating a
éignificant deérée of LRO. |

After the resistance ratio had dgcrgased to 0.82, the sample was
quenched to 4.2 K and T, of the ordered state was meaéured. It Qas
found that the ordering process had split the tranSifibn, depressing
the gransitién:temperature of the 1ow.fc? low concéntrétion parts of
the,sample,'butlleaving unchanged that of the high fc, high concentra-
tion pafts (see Figure 19).

The'most iikely explanation of this splitting'is the coexistence
of both ordered‘S—phase and disordered B-phase domaiﬁs in'fhis sample.
There are two possible ways in which such a'coexisﬁencerf phases
might arise. Fifst, the ordéring process may consist of the piecemeal
converéion of regions of B-phase material into regiqns of S~phase
material, with‘the splitting of the tramsition reflecting the fact
that some regions had not yet been cohverted becaﬁse we 'did not let
the proceéslgo to completion. 'Alternatively,-thé éoncept;ation
x = 0,837 may be large enough that it_lies above the d-phase po;tion
of the phase diag;am, and falls instead in a B + § tﬁo—phaée-reéion.
In this case, cooling the sample below v 82 K would result in a phase'
‘sepération, aﬁd‘hence a split. transition. While we cannot rule 6ut

the first possibility entirely, we strongly favor the second explanation.

0.817

conducting transition, but instead produced a depression of the entire

The ordering of the PdD sample produced no splitting'of-the super—
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-tranSition,Aindicating that the entire bulk of the sampie was'ordering
simultaneously, and that'only the degree of order was increasing as
the annealing‘progressed. It seems unlikely that:theihydride sample
‘would order fegiqn—by—region when the deuteride»samplg ordefed uni-
.formly.

When the PdH sample was warmed to 100 K and then quenched to

0.837
remeasure the disordered state Tc’ it was found that the transitién
returned to its original form,»és shown in Figure 19.°

The third samﬁie té be studied was a PdD0.742:féili Neptrqn
diffraction dété on a PdDd.742 crystalgg/ revealed oﬁlylthg elgstic
~diffuse scattering associated with SRO, as described in>a previous
section._ The behavior of the resistance 6f this Samplé<during
annealing, shown in Figures 20 and 21, is rather‘cdmplex and difficult
to interpref. 'Anneéling'the sample at 72 K prodﬁced a smali aecrease‘
in resistance, éimilar to what one might expect if a Verj small portion
"~ of the sample were ordering in the é-phase. The temperature was subse-
quentl§ lowered in stéps, and after each step there.occurréa an
-initial, rdpid (1'— 2 hours) increase in reéistance, f6lleedtby a
slow decrease; until'the temperature was droﬁped.to"SOxK and‘below,
where ‘there was iittié change in resistance. The ihitial, 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 deéreaéing T above 56 K, but is small or abSént below.
56 K, in much the same way that the ﬁeak in the equiiibrium resiétan&e

vs. temperature forﬁthe Y-phase behaves. However,'the slow decrease
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Figure 20.,‘ Resistam’_:e'vratio of PdD0 742 sample 'dur'ing‘ annealing - -

process. R(100 K) = 8.003 mQ.
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-Figure 21. Further annealing of PdDo 242 sample.
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in resiétance_hhich foilows each increase is not typical of Y-phase
samples, as.iffoccurs at higher temperatureé and over,ionger time
intérvals thaﬁ the decreases observed:in the y-phase. As stated
previousl&,.theAdiffuse scattering‘obSerVed'in the néugfon diffraction
ﬁeasureménts.of samples in this compoéitién range is éimilar‘to that
- obsexved inifheiéarly orderipg Stagesfof the NiaMé.Sysgém; It is
-conceivablé that the slow decrease iﬁ?resistance which occurred at
T =63 K (see<Finge 20) was due to the early étages-of an ordering-
process whiCH would, after a very long time, result in the formation of
théAﬁia structure in this sample. A detailed diffra&tion étudy'ofl
fsamples in this concentration regime, made over ldng tiﬁe periods, is
'needed to dete;miﬁe what sort of structurél changes are occurring
during annealigg.

After'abqut 650 hours of annealiﬁg, the resiétancé of}phe deo.742
saﬁple had'deéfeasea by only 2.5%, inaicating that 1i;tle;'if aﬁy,.LRO '
ﬂad4de§glopcd;‘ The sample waé quenchéd Fo liquid He.gemperatures‘and ,'
TC was measufed, :surpriSingly, the Té was found to have %pcreased by
about 7.5%, ffo@ its disordered gLaLe'value of 0.401 K to a new value
Qf.0.431'K3..Theuéhanges in T20 and T80 were also ofithis m;gnitude,

. reflecting the faét that the transition was'essenfiélly5rigidlyvshifted
.upwara.in teﬁpefature by ~ 30 mK. Whenfthe samplelwasadisordéred agéin
bylheating to IOQ K, and fhen requenched to liquid Hé temperatureé, the

transition returned to its original value, as shown‘in'Figuré 22.

Discussion of Results

The PdD0;817 and PdHO.837 sampleg behaved as one_won1d expecF

_from the simple arguments advanced at the beginning of the chapter;
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Figure 22..  Superconducting transitions of PdD0 7'42 in the

' disordered'aﬁd ordered states.
(@) initial disordered Tc
(A) ordered T_, R/R(100 K) v 0.97

(B) final disordered Tc'
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Table 1.
- Temperatures at which szmples attained 20% (TZO),

diamagnetism in the disordered ‘and ordered state superconducting transitions.

50% (Tc) aﬁd 80%_(T86? of maximum. )

Sémple o Disorde;ed S;ate ' |- : "Ordered State. .-Relative<Change (TO—Td)/Td:
- B S . - T AT . AT
Jmd d d o o o 20 e 80
Top(K) T (K)  Tgq(K) ToofK) - T (K)  Tgy(K) T T ==
, | 20 c - 80
PdD) g, [2.303 . 2,211 2.122 2.129 2.056  1.978 -7.6% -7.0% -6.8%
 (all T's % 0.002 K) (for R/R(100 K) & 0.80) -
2.073 2.008  1.944 -10.0%  -9.2%  -8.4%
(for R/R(100 K) % 0.57)
PdH, g,, |1.543 1.436  1.332 1.543 - 1.436 1.332 o .0 0
(all T's *+ 0.002 K) - (for R/R(100 K) » 1.0)
| 1.543 ° 1.428 - 1.250 | - 0  -0.6%  =6.2%
* (for R/R(100 K) § 0.82)
PdD ,,, |0.427 ©  0.401 = 0.378 0.460 0.431  0.407° +7.7%  +7.5% - +7.7%
(all T's £70.001 K) (for R/R(100 K v 0.97)

01T
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the sgructurél change producgd4by gnnealing deprésséd Tc by femoving
‘the instability;that led to the‘éﬁrpctural'change.. Thé only'sufﬁrise
éncounteredeas ghe spliﬁting of the transitibn of the hydridé sample
ﬁpoq or&eriﬁg? Thié splitting is taken as indirect évideﬁéé that
PdHO.837.lies.in a fwo-phase (B + 8) region of the phése‘diagram. The
§-phase boundafy‘must then 1lie in the concentration range-0.817'<‘x

< 0.837, as the #ransition of the PdD0.817 sampie'was pét spiit;'
AAdditional diffraction work is necessary to confirm this iﬂterﬁretation.

1

The PdD transition and the low temperature paft of the

0.817

Pd transition were both depressed by 9 - 10% of their disordered

Hy. 837
.state values. The relative magnitude of this depression is similar.
to that observed in V3Si when this material undergoes its martensitic

11/

'transformaﬁioq.l——- As the electron and phonbn propérties or the
Qrdered,~6—pha§é‘qf PdHX(DX) gre not yet known, ‘we. cannot as;ribe the
depression of TC to ahy particular changes in tﬁesg prqpérties. The
symmetry changé_(from FCC to body-centered tetragonél)lproducedTby
the'érdering'will result in a new, smaller ﬁrillouin éone. This, in
turn, will caqéé the new zone boundaries to.interseét thé-electron
and phonon Aisperéion relatibns at new points, resuiting~in the
modificétion'of £heée relations near the new zone boundaries;

A common résultiéf such.é éymmetry'change is thé'creétion-of
new peaks in the electronic density qf states caused ﬁy the flagtening
out of the.baﬁdé near fﬁe new zone boundary.A If thgsé‘new peaks
form in d—phasé Pde(Dx) in such a way as to decreaSe(the.electronic
density of states. at the H(D) site, thep a decrease‘inTC would

result, as discussed in Chaptér III. NMR measurements of the effect
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of‘ordering,bn the longitpdinai relaxatioﬁ'time, Tl;’may be able to

detect such a decrease in the density of states. The absence of

23/

anomaloué behaviqr in the magnetic susceptibility%— lnear'SO K is not
‘neceSSarilylgn,iﬁdication that ;he eiectranic strﬂctu;e,is unaffected
-by the ordering:process, as theitime scaie on Whiéh theéelﬁéésufe—"
ménts were méde“(g few hours) was far foo shért.to allow LRb to

form. Simila?iy, the absence of aqy'aﬁomgly in theielastic con-=

‘ stantsllg/ oi Raman spectrallé/ does not mean that‘théi5éoustic and
optic phonon modes remain unchanged;'as once again'fhése samples were
not given suffigient time to develop LRO. We‘mighﬁlexpect thelphonon'
modes,'partiéﬁlarly‘the optic mbdes; of the ordéred‘éﬁate to be |
stiffer than tﬁose‘of the‘diéqrdered~state, on the genéfai grouqu
that'the'restofing fdrée (i.e., the force constant) ig.increased by
the restoratiqn‘qf stability in the léttice brought ;bout by the phase
transition. ‘The'ﬁroad 1inéwidths observed in the inelastic ﬁéufron |

18/

scatlering experiments on Pde, attributed to the random distribu-

tion bf Vacaﬁcies,>éhdﬁld also narrow when these'vacéncieé order.
. . o v .

Because the‘opticAmodes are so impbrtanf Lu Lhe'supertohducfivity of
Pde(Dx)’ any:chahges in the optic mode spectrum may‘hé§g a large
effect_on Tc.; ﬁew inelastic neutron scattering‘expérimenps on the
ordered,AG—pﬁase-of PdDO.?S’ which.are already under way;lli/'sﬁould
reveal any changes in the phonon spect*um.bréduced By.érdéring;

The enhancgment of '1‘c in the BdD0.742 sample which the'gnnegling
produced was a sﬁrprise. In the context of our haﬁd—Waving arguments

that increased stability leads to a detreasédATc, we must infer that

somehow the instability of this sample was increased by the annealing
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treatment. Aﬁytéttgﬁpt to expléin_fhis Tc enhancement iﬁ térms éf
symmetry changes produced by thé ordering is fraught with(difficuify::
Becaﬁse we havé50n1y SRO present in‘this sampié, we have no trans- |
lational symméfry.beybnd thatibn:a microdomain si;e'scalé. fhusra
discussion of‘elecﬁron and phonon properties based 6n'é‘change in thé
Brillouin zope,ié pffdﬁbious merit. |

. When the eﬁﬂancément of TC in PdD0;742 and the Hép?éssion of
u:TC in ?dbO.Bié and PdHO'837 are coﬁsidefed along Wiph the‘ﬁeutfon.
diffraction results, we.ciaim that iﬁ ié not necessa#ythAknow the
details of wha;‘happens to the electrons and phonons‘dpfing.the:
annealing proéesé. Instead, all of these resﬁlts fit‘neatly.into
thé‘more génefai:theory of dynamic instgbilities.in high TC super-
conductors advéqcediby Ngai and Reineckeglléll;g/

Ngai and Reinecke propose that, in aﬁ unétable ﬁéﬁerial, the
local ground¥stéte confiépratibn (electronic énd)or ionig) is separated
by a -small energy diffefence and low popential barrieflffom:oneA6f
more other pdésible configurations. The electrons and‘phonéns in
the magerial can induce transitions between these va:ioﬁs local
configurationsg‘and the authors dub these t?ansitioﬂs:“ioéal sfrgcturgi
excitations" or LSE's.

The interéétioﬁ qf LSE'é wifh,phonons leads thse§eral modifica—
tions of thevpﬁonpn properties. In thé:PdFH(D) sysﬁem,.Ngai and
Reinecke show that LSE-phononlcoupling can dualitativél? account for
the marked softnesé of the optic modes, the large méan-squafed dis—.
placement of thg-H(D) vibrations, the anharménicity'of the oﬁtic

hodes, and the:H(D)—Pd force constant difference. The ﬁhonon mode



114

 86ftening induced by the LSE's Qill incréase fhe'elecﬁronephbﬁon'
-coupling, and hénce'Tc. Additionally,‘thé eigctron—LSﬁ-interactian
can'produce an apfractive electron-electron interacfion;mediéted
directly by tﬁe4LSE's, as well aé.thatlmediated'by.thé‘bhonoﬁs;
jfurther enhahéiﬁg TC. When the degree of 1atfice insfébilify
" becomes too 1argg, the lattice will undérgo,a strucfufél‘trahsitionv'
' which, the a&fpors predict, will SplitAthe nearly degeﬁérate.energy
ievels, lowering'one level below the others.  The intfeaséd energy:b
difference bétﬁeén thé lower level and.the upper 1e§el§:supp;esses
LSE's from the iéWerAto upper levels, and so leads té,anreduction
lin»TC.ahd a sfifféninglof the phopon frequencies.

The intérﬁretation of the diffuse diffraétioﬁ iﬁtensit& éfom.
‘_ SRO-ﬁhase Pdeléé being due to coexistence of Dozébénd ﬁla micré—
. domains is consi;tent with the LSE model; fhe DOé2 énd_bl; sfrqctures
may represén; two péssible lattice configﬁrationé wﬁich'are ciosely'
spaced in‘eneréy and which are competing to establish LRd; Tﬁe
Pde neutrén;difffaction data show thét tﬁis typg'of;d%ffuse'scatte%ing
.persists.at high{tgmpefatures (up to 156 K), even af.shéft.anneéiing,
fimes (about.30'minutes), and atlhigher concentratiéns kﬁ =:0;78),‘
where it appeé;s as. a precursor to the formation ofjfheié—phasé af'
léwer tempéraﬁuréé.gg/ AThus‘it seems.likely tha£<é§ep in quencﬁed,
disordered samples tﬁere'is_é small amount of SRO pfesent in the form
Cof micrbdomaiﬁs qf'DO22 and Dla structures. LSE'é betwéen these
configurationé mg& account for the unusual phonon p%operties of

Pdﬁy(Dy) mentioned above, and may also enhance T_.
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Annealing of high concentration (§-phase) samples'fesﬁlts in ‘the -
diffuse scattéring being replaced by the sharp suﬁerlattice line at

99/

/s, 2/5, O). In the model of Ngai and Reinecke; this could

reflect the 1oweringlinienergy of the ﬁlé configuration Below that.of '
the b022 coﬁfiéufation, which would.sﬁpbress the LSEfég"This Qould_
have several consequences in fhe Ngai-Reinecke model: (lﬁ'Tc would.
be depressed,,(Z)‘thg optic mode ffequencies would be,iﬁcfeased, and
(3)'the H(b)—fd force conSt;ﬁt differeﬁcéAwould be @égrgésed.j We
 ha§e already ﬁéteé the depression of-'Tc upon formatién éf the §fphase.
The inelastic nedfron scattering results will tell whether the opfic
que frequenéies increase in the §-phase. Measuremént‘éf Tc ;s. x

for sevéral G—phése samples of Pde and PdD; ﬁpuld éﬁed somé light
onlthe fhird'effeCt; if LSE“s'are resppnsible,‘at ieast iﬁ part, for
the force con;tant difference, then the reverse isotope effect should
be aiminished (or perhaps even revert fo normal) in the §-phase, where.
‘£hg LSE's are sﬁppressed. | |

99/

The neutron diffraction results>>' show that annealing of lower

‘concentration (0.71 NI 0.75) samples produces u fiﬁéfold<inc+ease

of the diffuse scattering intenéity, but no'éhange iﬁ thé intensity
"distribution, which may imply the nucleation of mdrélmicrqdomains or
-thé increase in order in the presénﬁ ﬁidrodoﬁains; 'If.;hié prb&uces

an enhanceméut of LSE's, then annincrease in TC would fesult,‘sucﬁias
that seen exferimeptally. In this casé? we might alsd“expect a.furthér
géftening of fﬁg optié phonon frequencies in the SRd—phaSe, detectable:
~by_inelastic:ﬁeutron scattering. -Theoretically, an'increaée in thg

magnitude of the reverse isotope effect would also result, but this
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-would - be diffiéult to vgrify éxperimeptally, as the‘Tc of'Pde is
vvanishingly'gﬁéil in this concentration range.

In summary;;the LSE model of Ngéi and Reinecké"cén.qualitatiQely'
accounﬁ for'Fhé QbsérVed'behaviof of TC iﬁ the ordefgq phases of
Pde(Dx);- The relative change in T, (v % 10%) pr&dﬁced by_anngéling
is qf the(samé @agnipude as the uﬁderestimation of:TCuvélues dbtéinéd:
-from éurrent theoretical ca}culatiohs on B-phase Pde(Dx)‘descriBed
in Chapter IIi.. Other than througﬁfthe obsérved force constant
diffgfence,.thé-effects of LéE's‘oq tﬁe T; of Pde(Dx),haQe n§t been
inclgdéd in the breseﬁt theories. Their ihclusion'ShouId.help bring
the célculafed'values of T, into closér agreement with‘experimént.
Measureﬁent’bf‘thé phonon frequencies in the otderedA;hasés will

provide an additional test of -the LSE model.
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V. SUMMARY

The éxﬁerimental work presented in Chapter III‘gf.fhis thesis
‘demonstrates'that the current theoretical treatmént:of éupefconductivity
" in Pde(DX),:in siﬁplifying the problém, has omitted some of phe
'contributions:té'éuperconductiVity in this sysfem.‘:In;particular,

an explanatiop*of theJreverseIiSQtopg effect.baséd,soley_on'the
observed difféfénce in force constants results in an underestimafe

of its magnitﬂée. To briﬁg fhe calculated magni;udé‘bf:the revérsé
isotope effect into agreement with eiperiment, we sﬁggest ghét*the
‘effect of zero;Point motion of the H(D) atém on}ité éiectroﬁic envifonf
ment must be ingiuded as well. Experimental evidence 6# a;differenéé |
in electrqnic;étructures of Pde and PdeAis'now emerging..

.The inciﬁsién of the electronic difference will iﬁcfease the
calculated méghitude of the reverse isotope,effect, but will exacerbate
the undérestiﬁatién of Tc in Pde‘(thebcalculaped vélﬁe; of Tc for
Pde alreadleéihg seriously undercstimated). .Tq ipcrégse'these
calculéted Tc valués, we believe thé;Athé coupling'ofiéonduction
electrons to‘the acoustic mode vibrations ofjtﬁe H(ﬁ)_atbmé should
be included. | |

The experimental work in Chapter IV shows that ;he ordering .
of H(D) atomsAin substoichiometric PdHX(DX) can haQe_a sizeablé gtfect'
on the supercoﬁducting transition. The formation of long range order
in the S-phase led to a reduction of T_c while the enhancement of short

range order in a lower concentration sample led to an increase In Tc'



118 ..

These fiﬁdings agree with the qﬁalitative trends prédiéféd in the: '
"local structufai excit;tion" model éd?anced by Ngai aﬂd Reinecke.

Tﬁe effécts qf the;é'excitations pn'thevTc ova—phase'PdHX(D%)‘have :
nqt been exﬁlicitly included in thé‘égrrent‘theoretical caléulgtiops.
Their incldsiéﬁ should also tend to ihcrease,the caiéulaﬁédvvaiueé'
_of‘Tc,'bringiég'tﬁem‘into éldse?.agreement with ekperiéghth This

" LSE model fepreéents an impOrféﬁt step in tfying to qﬁéntitativély
deal with thé'effects.of structural instabilities iﬁ~sﬁpercopdﬁctors,.
The experimental support which we find- for this model;giQes us hope
that an under;tandiﬁg:of the réiatiohship ﬁetween ins;abiiity aﬁd
high Tc'é is neaant4hand) and that such an'undérStanaiﬁg may ie§d<:

to new advancés~in high temperature superconductivity.
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