THESE

présentée a

LUNIVERSITE SCIENTIFIQUE ET MEDICALE
ET LINSTITUT NATIONAL POLYTECHNIQUE
DE GRENOBLE

pour obtenir le grade

DOCTEUR ES-SCIENCES PHYSIQUES
par

Alain RAVEX

SUJET
Propriétés thermiques a trés basses températures
d'alliages supraconducteurs amorphes a base de Zirconium

et effets de recuit

Soutenue e 7 mars 1986 devant la commission d'Examen

President J. DURAND

JE. PHILLIPS

. MAYNARD

L. LASJAUNIAS
. HICTER

. BETHOUX

Examinateurs

oo 0=







INTRODUCTION

CHAPITRE I - ELABORATION ET CARACTERISATION DES ECHANTILLONS

ET DEFINITION DES TRAITEMENTS THERMIQUES

I - Préparation
IT - Caractérisation
1. Contrdle d'amorphicité ; diagrammes X
2. Etude cristallisation : analyse thermique différentielie
3. Analyse chimique - homogénéité - densité
4. Gaz résiduels
III - Traitements thermiques

CHAPITRE II - TECHNIQUE EXPERIMENTALE ET RESULTATS EXPERIMENTAUX

I - Chaleur spécifique
1. Technique de mesure
2. Addenda - résultats expérimentaux
3. Méthodes d'analyse des mesures
IT - Conduction thermique
1. Technique de mesure
2. Analyse des résultats
IIT - Thermométrie

CHAPITRE III - ANALYSE DES RESULTATS -~ PROPRIETES ELECTRONIQUES
ET SUPRACONDUCTRICES - EXCITATIONS DE .BASSE ENERGIE

I - Etat normal - densité d'état é@lectronique - température de Debye
IT - Propriétés supraconductrices - couplage électron-phonon
IIT - Propriétés thermiques d trés basse température - excitations
de basse énergie
1. Modéle des systémes & deux niveaux
2. Excitations de basse énergie ; densité d'états et couplage
aux noyaux

3. Excitations de basse &nergie : interaction avec les phonons

11
13
15
18

21

22
22
28

37
37
39
40

44

45
51

61
66

71
78




CHAPITRE TV - EFFETS DES RECUITS SUR LES PROPRIETES ELECTRONIQUES ET
SUPRACONDUCTRICES ET SUR LES EXCITATIONS DE BASSE ENERGIE 84

- "Effect of structural Relaxation on the Low Temperature Thermal

Properties of the Superconducting Amorphous Alloy Zr76Ni24“ 856
- "Heat Treatment Effect on Thermal Superconducting and Structural
Properties of amorphous Zr76Cu24“ 91
- "Effect of Structural Relaxation on Critical Fields He and He, and
on Resistivity in sputtered amorphous Alloys Zr766u24 and Zr76N124“ 109
CHAPITRE V¥ - ETUDE DE PROPRIETES STRUCTURALES 129
[ - Analyse thermique différentiells - apparftioh de ia phase a du
Zirconium 130
IT - Diffraction des Rayons X et diffusion aux petits angles 134
IIT - EXAFS 140
IV - Résistivité Electrique et module de cisaillement : effets
réversibles et irréversibles ' ' 142
CHAPITRE VI - CONCLUSION _ 144
ANNEXES
A. Chaleyr spécifique de PdCuSi amorphe et cristallisé 148
B. Chaleur spécifique de LaZn amorphe et cristallisé - propriétés
supraconductrices - relaxation d'énergie 162
C. Résultats expérimentaux de la série ZrM 181

D. Chaleur spécifique du Zirconium cristallin & 1'état normal et
supraconducteur 206
E. Analyse "B.C.S." des résultats expérimentaux 209



INTRODUCTTION







I1 y a une dizaine d'années des mesures de chaleur spécifigue
et de cohduction thermique (Zeller and Pohl, 1971 ; Stephens et al.,
1973 ; Lasjaunias et al., 1972 et 1974 ; Zaitlin and Anderson, 1374) ont
montré qu'a basses températures les propriétés thermiques a ]'Etat
amorphe {désordonné) de solides isolants différent notablement de leurs
propriétés & 1'état cristallin (ordonné). Nous avons en particulier mis
en évidence expérimentalement dans le cas de la silice amorphe a-5102
(Lasjaunias et al., 1975 ; Ravex, thése 1976) sur prés de deux décades
de température (20 mK & 1 K) un excés de chaleur spécifique voisin de
la Tinéarité en température et une variation quadratique avec la tempé-
rature de la conduction thermique.

Ces comportements trés différents de ceux de 1'@tat ordonné
{chaleur spécifique et conduction thermique des phonons variant avec
te cube de la température pour un cristal isolant) surprennent car 1'on
s'attendait 4 ce qu'au fur et a mesure que la température ou plus
généralement 1'énergie diminue , une description en continuum de la
matiére qui efface les différences structurales entre 1'amorphe et le

cristal soit de mieux en mieux appropriée.

L'expérience montre au contraire qu'il existe dans le solide
désordonné des excitations de basse énergie qui n'ont pas d'équivalent
systématique dans 1'@tat cristallin ordonné. Quasi simultanément des
comportements inhabituels ont &té &galement observés dans les propriétés
acoustiques {Hunklinger et al., 1972 ; Piché et al., 1974 ; Golding et
al., 1973) et diélectriques & basse température d'isolants amorphes
variation logarithmique avec la température de la vitesse du son et de
la constante diélectrique, saturation de 1'atténuation ultrasonore
résonante, Ces comportements nouveaux tant pour les propriétés thermiques
qu'acoustiques ou diélectriques peuvent &tre justifiés en supposant que
les excitations de basse énergie observées en chaleur spécifique sont
assimilables a des systémes & deux niveaux SDN (ou "two Tevel systems"
TLS) qui peuvent interagir avec les phonons. Un tel modéle a été
développé simultanément par Anderson et al., 1972 et Phillips, 1972.







L'exposé de ce mod&le ainsi que la revue des résultats expérimentaux
obtenus pour les isolants ont récemment fait 1°objet d'une monographie
(Amorphous Solids - Low Temperature Properties - W.A. Phillips).

Actuellement la nature microscopique de ces excitations de
basse énergie n'est pas éclaircie, en particulier a cause de son uni-
versalité 1iée & 1'état amorphe, bien que Tes structures locales des
systémes étudiés puissent &tre trés différentes. Quelques modéles
structuraux ont &té proposés - par exemple dans la silice avec hydroxyle
(W.A. Phillips, 1981) - toujours reliés & 1'aspect covalent des liai-
sons atomiques (J.C. Philiips, 1981}. I1 apparut donc intéressant dans
une phase ultérieure d'étudier des solides amorphes métailiques afin de
savoir si la présence de liaisons covalentes &tait une condition
nécessaire 4 1'existence de SDN. En outre se posait la question de
1*interaction éventuelle de ces SDN avec les @lectrons de conduction.

C'est dans cette perspective que faisant suite aux mesures
des propriétés thermiques de la silice amorphe, nous avons entrepris
1'&tude des propriétds thermiques d'alliages métalliques amorphes

rapportée dans ce mémoire.

Une premi&re série de mesures sur un alliage PdCuSi, facile-
ment amorphisable par trempe du liquide & température ambiante et déja
étudié par d'autres auteurs au-dessus de 2 K {Chen and Haemmerle, 1872;
Golding et al., 1972) ne nous a pas permis de conclure guant a la
présence de SDN qui n'auraient représenté que quelques pour-cents
de 1a contribution des &lectrons normaux & la chaleur spécifigue.
Néanmoins ces mesures rapportées .en Annexe A ont permis de mettre en
évidence par la contribution quadrupolaire nuciéaire & la chaleur spéci-
fique une grande similitude de 1’ordre local dans les dtats amorphes et
recristaliisés. D'autre part est apparue la nécessité de travaiiler sur
des alliages supraconducteurs pour s'affranchir de la contribution

dominante des &lectrons de conduction aux propriétés thermiques.

Une seconde tentative sur un alliage supraconducteur amorphe
a-LaZn rapportée en Annexe B s'est avérée également infructueuse quant
3 Ja mise en évidence des SDN & cause de la contribution des impuretés

magnétiques contenues dans la terre rare. Cette gtude a toutefois permis




d'observer pour la premiére fois un phénoméne de relaxation d'énergie

1ié a la transformation ortho-para de 1'hydrogéne moléculaire niégd dans
un échantillon. De plus ces mesures ont permis d'analyser et de comparer
les propriétés supraconductrices dans Tes &tats amorphes et recristalli-

5€es.

Suite & ces deux essais préliminaires, 1'@tude d'une série
d'alliages supraconducteurs & base de Zirconium obtenus par pulvérisation
cathodique sur substrat froid a permis de mettre en évidence des SDN
par les propriétés thermiques caractéristiques qui leur sont assocides
(excés de chaleur spécifique, conduction thermigue). Le couplage de
ces SDN aux noyaux de Zirconium a également &té observé. Les mesures de
chaleur spécifique permettent en outre 1'&tude des propriétés électroni-
ques tant & 1'€tat normal (densité d'état au niveau de Fermi} qu'a
1'état supraconducteur (couplage &lectronon-phonon, champ critique
thermodynamique, etc.). La comparaison des résultats obtenus pour nos
échantillons bruts de pulvérisation aux résultats d'autres auteurs paur
des échantillons de composition similaire généralement obtenus par trempe
rapide du liquide suggére un plus grand désordre (en termes de densita
d'état de SDN) dans nos échantillons.Des &tudes structurales indiquenf
d'autre part le caractére plus désordonné des allizges pulvérisés. De
plus le traitement thermique & 1'@tat amorphe (recuits au-dessous de la
température de cristallisation) de ces &chantillons pulvérisés engendre
des effets importants sur les SDN (en opposition avec le comportement
des fsolants amorphes) et les propriétés &lectroniques (en opposition
avec le comportement des échantillons trempés du liquide). L'effet de
ces traitements thermiques a Egalement &té &tudié sur les mémes &chantil-
lons au moyen d'autres techniques complé&mentaires de mesure des propriétés
€lectroniques (résistivité électrigue, champ critique HCZ) ou structu-
rales (diffusion des rayons X aux petits angles, EXAFS). L'ensemble de
ces résultats et leur analyse sont développés dans ce mémoire suivant
le plan ci-aprés



. Elaboration et caractérisation des &chantilions, définition des

traitements thermigues
. Technique expérimentale et résultats expérimentaux

.>Ana]yse des résultats : propriétés &électronigues et supraconductrices -
excitations de basse &nergie (SDN)

. Effets des recuits sur les propriétés électroniques et supraconduc-
trices et sur les excitations de basse énergie (5DN)

Etudedes propriétés structurales

. Conclusion.
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CHAPITRE I

ELABORATION ET CARACTERISATION DES ECHANTILLONS,
DEFINITION DES TRAITEMENTS THERMIQUES







[ - PREPARATION

Les &chantillons sont é&laborés par le Service Métaliurgie du

laboratoire par pulvérisation cathodique & grande vitesse a l'aide d'un

systéme diode magnétron sous atmosphére réduite d'argon.

1}

Pression d'argon

w5 ox 10'3 torr

Courant ionigue = de 100 a 400 mA
Tension = 500V

Vitesse de pulvérisation

Temps moyen de pulvérisation

~ o 10 wm/hr
n~ 5 § 10 heures

L'alliage cibie est obtenu par fusion en semi-lévitation et

couléepar centrifugation dans un moule de cuivre refroidi. Deux familles

d'alliages ont &té& Elaborés dans le cadre de cette étude :

a) La 782n 29 3 partir de Lanthane 3N ou 4N et de Zinc 6N,

b) une série Zr("'l_n)MX & partir de Zirconium
d'addition M de pureté 5N :

(4N) et d'éléments

M x (at %)

Ni 24 (analysé)
Cu 24 (analysé)
Ag 35 {nominal)
Pt 25 (nominal)
Fe 24 (nominal)
Mo 30 (nominal)







I1 - CARACTERISATION

La caractérisation des échantillons porte essentiellement sur
des contrdies d'amorphicit® et d'homogénéité.

1. Contrale d'amorphicité : diagrammes_de rayons X

Les &chantillons bruts de pulvérisation sont systématiquement
étudiés par diffraction des rayons X en utilisant la radiation Ku du
cuivre. Un enregistrement typique de diffractométre est représenté en

figure 1.
Zr Cu . %; -r%}%a : Fﬁg;.l
ﬁ!l{“--l-__- L'EFA(ZG)VZ
ul.){vffﬁ*!? < i ‘I‘“”LA .
.. {pw;ﬂ,-:}? I 'ﬂx‘a’ ?jﬂ‘L“?" ,
R A ! “«%ﬁbwﬁw?@m
1
1
e N C T 5 e = = 3 m = a3 =
2 @ @ = m @ ® @ p2 oW 2 2 B W @ W @ T 2 & £ @ @
(53] ] m — ry ™M -+ s '(ﬂ . m 2 3} - n e -+ i tn P- T m )
1 1 1 ™~ m [l tex [l f'\ Faal ™ e} - -+ -+ -+ -+ - - - i .
201 mMax. Angle de dlﬁractton 26

la forme générale du diagramme est caractéristique de la
structure amorphe avec un large premier anneau de diffraction. la posi-
tion 26 .. et la largeur 3 mi-hauteur A(28)1/2 de ce premier pic pour
les divers échantillons &tudiés sont rapportées dans le tableau 1.
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Les cibles obtenues ont un diamétre de 60 mm (en 3 secteurs
de 120°) et une épaisseur de 1,5 mm. Lors de Ta pulvérisation le d&pdt
s'effectue directement (sans graisse & vide) sur un substrat de cuivre
sablé refroidi par circulation d* eau (dépdt & 300 K) ou circulation
d'azote liquide (dépdt & 77 K). Ce substrat composé de facettes rectan-
gulaires constituant approximativement une calotte sphérique permet
d'obtenir 1'&chantillon sous forme de 6 plaguettes

dimensions = 23 x 46 mm
épaisseur == 80-190, um
poids = quelques grammes.

Cette méthode de préparation a été choisie de préférence &
la trempe rapide du liquide {enclume ou rouleau) car elle permet
d'obtenir des échantillons relativement massifs facilitant les mesures
de chaleur spécifique & trés basse température et parce qu'il est
d'autre part possible d'obtenir par pulvérisation des compositions
d'alliages amorphes non obtenues actuellement par trempe du liquide.
Les résultats exposés dans Ta suite de ce mémoire montrent par
ailleurs que 1'état de désordre obtenu par les deux méthodes n'est pas
forcément identique {voir tes résultats de résistivité, EXAFS et
diffusion de rayons X aux petits angles discutés lors de 1'étude des
Propriétés Structurales), les &chantillons pulvérisés présentant une
densité de SDN et une contribution électronique plus élevées, ainsi
qu'une plus grande sensibilité aux traitements thermiques.



11

2. Etude de la cristallisation : analyse thermique différentielle

Une analyse thermique différentielle est systématigquement
effectuée sur un témoin de quelques dizaines de milligrammes prélevé
sur chaque échantillon afin de déterminer sa température de cristalli-
sation. La figure 2 montre 1'enregistrement obtenu 3 une vitesse de
chauffe de 40 K mn! pour un &chantillon Zr,cCu,,.

Fig.2 AT.D_ZrCu

I
650 600 550 T(K)

On observe deux pics de cristallisation successifs caracté-
risés par des maxima & environ 321°C et 357°C. La déviation par rapport
d la ligne de base indique un début de cristallisation & environ 300°C.
La détermination de cette température de début de cristallisation est
indispensable pour déterminer les niveaux de température auxquels nous
pourrons recuire les &chantillons en préservant 1'état désordonné. Le
résultat présenté en figure 2 est en bon accord avec ceux obtenus par
Samwer et von Lohneysen (1982) ; Calvayrac et al. [1983) sur-une
série d’échantil]ons‘ZrXCul_x trempés du Tiquide. La présence de deux
pics successifs de cristallisation semble &tre générale pour les
alliages amorphes & forte concentration de Zirconium que nous avons
etudiés : les températures des pics d'ATD sont reportées dans le
tableau 1. Pour certains &chantillons (ZrNi notamment) les deux pics
ne sont observés qu'en diminuant la vitesse de chauffe (de 20 K mn'1

d 5K mn_1 puis 2,5 K mn'1 on sépare nettement les deux pics (fig. 3)).
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Fig-3 Analyse Thermique Différentietle

Zry, Nijg

vitesse de chauffe:

«— 20K/ mn

— 5 Kimn

o ————
! ! | I

{
550

«—1L25K/'mn

620 610 600 580 T(K)

L'apparition successive de deux phases de cristallisation a
&té analys@e plus en d3tail pour 1'&chantillon Zr76Cu24 dont la courbe
d'ATD est reportée en fig. 1. La formation des deux phases cristallines
possédant des cinétigques de croissance différentes a €galement &té
suivie par mesure de résistivité (Ravex et al., 1984). L'analyse par
diffraction de rayons X de ces deux phases a permis de mettre en
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évidence dans un premier temps 1‘apparition superposée au fond amorphe
de raies caractéristiques de la structure métastable « du Zirconium.
Cette phase apparaft généralement dans les alliages trempés cubigues 4
face centrée riches en Zirconium ou sous pression supérieure d 40 kbars
dans le Zirconium pur. La seconde &tape correspond d un mélange des
phases d'équilibre ZrZCu et a-Zirconium hexagonal compact avec subsis-
tance d'un peu de phase w . Ces résultats suggérent que le traitement
thermique entraine une décomposition de i'alliage amorphe en de petits
domaines (clusters) d'une phase amorphe de Zirconium presque pur qui
cristallise dans la structure @ et d'une seconde phase amorphe plus
riche en cuivre qui par la suite c¢ristallise dans les phases d'équili-
bre (ZrZCu et Zr-a). L'apparition de la phase w en début de cristalli-
sation a 8té également observée récemment par Buschow et al. (1983)
sur des alliages d base de Zirconium aux mémes concentrations obtenus
par trempe du liquide.

3. Anaiyse chimique - homogénéité des échantillons - densité

Des mesures de composition chimique et de densité sont
effectuées pour évaluer 1'homogénéité des échantillons.

La densité est mesurée par la mé&thode d'Archiméde dans le
toluéne. La précision de cette méthode est de 1'ordre de 0,01 gcm'3
pour des morceaux d'échantillon de 0,5 g. Des mesures effectuées sur

Tes six plaquettes de Zr76Cu24 obtenues lors d'une méme pulvérisation
font apparattre une fluctuation de 1'ordre de * 0,015 g can”> entre
plaquettes (fig. 4). Si 1'on attribue ces fluctuations a des différences
de composition, elles correspondent d des variations de concentration
atomique de 1'ordre de = 1 at % - en effet dans le cas d'ailiages
Zrl_XCuX la variatign de la fensité en fonction de Ta composition vaut
do/dx = 0,017 g cm = {at %)~
en bon accord avec par exemple la largeur de la transition supraconduc-

. Une telle dispersion de composition est

trice observée en chaleur spécifique. En effet, & partir des mesures
de Garoche et al. (1982), Samwer et al. (1982), Altounian et al. (1983)
pour une série d'alliages Zr;_ Cu on peut évaluer dT./dx = 0,11 K(at %)_1.

Les mesures de densité mettent donc en &vidence une inhomogénéité de




Fig.4 Variations de densité entre plaquettes
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k]

Al
I Ct
A4 l—*"‘"— A2
C2
A3
o, écart
plaquette | densite moyenne
Cl1 6,81 - 0,01
C2 6,81 - 0,01
Al 6,31 - 0,01
A? 6,81 - 0,01
A3 6,83 + 0,01
A 6,34 + 0,02
moyenne 6,82

Fig.5 Analyse chimique d'une plaquette

échantillon: Zr. Ni .. brut

76, 2%

1 2 3
14 5 6
8 9

plaquette A3

maorceau

OO S wro—

moyenne

echantillion:

Zr. C brut de
624 pulverisation

composition
X (b/oClt. Ni )

25,4
27,4
26,3
23,3
25,0
24,7
20,6
21,9
21,6

24,0 + 3,4
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plaquette & plagquette. Une &tude de composition par analyse chimique a
par ailleurs é&té entreprise sur plusieurs morceaux (9) d'une méme pla-
quette de Zr76Nj24(fig. 5). Les fluctuations de concentration atomique
observées sont de 1'ordre de * 3 at % pour une composition nominale de
24 at %.

4, Les "gaz résiduels"

Un sujet de préoccupation concernant les échantiilons
amorphes est la présence de gaz résiduels inclus Jors de la préparation
et qui pourraient contribuer aux propriétés physiques mesurZes. On
développera lors de 1'analyse des résultats expérimentaux une argumen-
tation basée sur la mise en évidence d'un couplage SDN-noyaux qui
permet d'écarter une telle origine pour les résultats de chaleur spéci-
figque et sur 1'interaction SDN-phonons en ce qui concerne les mesures
de conduction thermique. Nous insistons ici sur les analyses ou
contrdles effectués sur les échantillons afin d'évaluer la gquantité de

gaz inclus.

Lors de séries de mesures de densité, de faibles pertes de
poids d'échantillon ont &té& observées en fonction du temps de stockage
et des traitements thermiques. Par exemple la perte de poids d'une
plaquette traitée 1 h d 200°C a été de 0,07 %. Apres fusion de cette
méme feuille sous vide, la parte de poids est de 0,12 %. Si 1'on
attribue ces pertes a de 1'Argon piégé dans 1'échantillon au cours de
la pulvérisation, le contenu initial serait donc de 1'ordre de 0,4 at %
d'Argon, L'hypothése Argon est trés probable car Tes autres gaz usuels
(05 N Hy)
du traitement thermique et ainsi ne s'@chappent pas de 1'alliage.

peuvent donner des composés stables avec Te Zirconium lors

D'autre part des mesures de la teneur en hydrogéne ont été
effectuées au Service de Microanalyse du CNRS de Gif-sur-Yvette. Pour
la plupart des échantillons (voir tableau 1), la quantité d'hydrogéne
présente 8tait inférieure & la limite de détection de la méthode, soit
100 ppm en poids, soit moins de 1 at #%. Pour deux échantillons seulement
(ZrNi déposé a 300 K et ZrMo) la teneur en hydrogéne atteint 4 at %.
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. Rayons X Densifé A.T.D, " Teneur en
h 11 , ‘ -
Echantillon 20(degré) Ael/z(degré)(g/cm ) pTed du ler| hydrogéne
‘ pic 0
(°Celcius) ¢ at.
a 20 X/mn
Zroi,, 77 K | 36,5¢0,2 | 5,060,2 (5,85¢0,01 362 <19
recuit 36,4 4,8 6,95 365 <14
Zr76N124 300K 36,0 4.5 6,85 349 4 9
Zr‘76Cu24 77 K 36,0 4,0 6,78 297 <149
2 mois o
300K 36,0 3,8 <13
ZrooCuyy 77 K **6,805 282 <14
o {6,82 290 1%
Zr‘76Pt25 77 K 36,0 4,7 9,27
Zr65Ag35 300K 36,3 3,6 7,49 354
Zr76Fe2@ 77 K 36,7 5,6 6,87 380
Zr70M030 77 K 7,40 4 9

Mesures effectuées sur des morceaux d'échantillons différents.
* - . - .
X Mesures effectuées sur le méme morceau d'échantillon.

Tableau 1 - Récapitulatif des mesures de caractdrisation effectuées pour
les &chantillons étudiés.
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Ces valeurs sont loin d'atteindre certains chiffres avancés
parfois pour certains échantillons préparés par pulv@risation cathodi-
que (Boucher et Chiéux, 1983) et sont du méme ordre de grandeur que
celles observées dans des échantillons trempés du liquide (Calvayrac

et al., 1983) quand Tes mesures ont @té effectuées.
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ITT - TRAITEMENTS THERMIQUES

Afin d'étudier 1'effet de la relaxation structurale sur les
propriétés thermiques 1i&es au désordre (SDN) et les propriétés élec-
troniques {supraconductivité) des métaux amorphes, des traitements
thermigues ont été effectués au-dessous de la température de cristalli-
sation déterminée en ATD afin de faire évoluer la structure de 1'&chan-
tillon tout en restant & 1'@tat amorphe (température de recruit de
1'ordre de 0,7 fois la température de cristallisation). Le tableau ci-
aprés caractérise les recuits effectués sur deux échantilions pour
lesgquels les effets sur les propriétés thermiques (chaleur spécifique
et conduction thermique) sont analysés dans la suite de ce mémoire.

Echantillon Traitement

Zr76N124 24 heures 3 250°C sous vide
(température de cristallisation ~ 350°C)

(A} | 1 heure & 200°C sous atmosphére d'argon
(température de cristallisation ~ 300°C )

(B} | vieilli 70 jours & température ambiante
puis 1 heure d 200°C sous argon

L'amorphicité des échantillons aprés recuit a &té sytéma-
tiguement contrdlée par diffraction des rayons X. Aucune évolution n'a
&té observée dans ia limite de résolution.

Des mesures de densité effectuges avant et aprés traitement
thermique sur une méme plaquette d'échantillon {ZrCu recuit 1 h a 200°C)
montrent une augmentation de 6,805 g cm'3 d 6,822 g cm"g. Cette variation
de densité est du méme ordre de grandeur que celle observée par d'autres
auteurs (Garoche et al., 1982 ; Chen et al., 1983 ; Johnson et al.

1983) sur des échantillons trempés du liguide.
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Des mesures de résistivité, de diffraction de rayons X,
de diffusion de rayonx X aux petits angies, d'EXAFS ont été effectuées
en collaboration avec d'autres laboratoires sur nos dchantiilons avant
et aprés recuit afin de chercher d mettre en évidence des évolutions de
structure. Ces résultats seront &voqués lors de la discussion des
résultats expérimentaux.
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Les matériaux supraconducteurs amorphes sont caractérisés

7 ] g-l K-l 3

par teur faible chaleur spécifique (typiquement Cp = 107
50 mK) et leur mauvaise conductibilité thermique (de 1'ordre de
k =100y cn?

ne permettent pas d'obtenir des masses importantes d'échantillon

K-1 3 100 mK). D'autre part les techniques d'élaboration

{plaquettes d'environ 500 mg) ni de fortes epaisseurs (~ 100 um).
Nous allons donc exposer dans ce chapitre les techniques adoptées pour
mesurer de trds faibles capacités calorifiques ainsi que de fortes
résistances thermiques d trés basse température.

I - CHALEUR SPECIFIQUE

1. Technique de mesure

La mesure de faibles capacités calorifiques nécessite
1'emploi de méthodes transitoires. En effet les puissances parasites
(rayonnement, vibrations, conduction par les supports d'échantillon,
gaz résiduels, etc.) des divers montages cryogéniques que nous avons
utilisés (réfrigérateur 3 désaimantation adiabatique - Keystone et al.,
1968 ; réfrigérateur a dilution -Gandit, These, 1983), de 1'ordre du
nanowatt (10“9
Nous avons donc adopté une technique par impulsion de chaleur, 1'échan-

W) & 50 mK, interdisent toute mesure en adiabatique.

tillon étant relié & la source froide par une fuite thermique. Cette
méthode déjd utilisée pour les mesures de chaleur spécifique d'isclants
amorphes {Ravex, 1976 ; Lasjaunias et al., 1977) a été adaptée 3 1la
nouvel le géométrie et aux capacités calorifiques plus faibles des

échantillons supraconducteurs amorphes.

La figure la montre un schéma du montage expérimental adopté
ainsi qu'un circuit thermique &guivalent (fig. 1b}. Les plaquettes
d'échantillon (généralement 4, soit environ 2g) sont serrées entre
deux plaguettes de Silicium monocristallin trés pur (trés bonne diffu-
sivité thermique et faible capacité calerifique). Le contact thermique
entre plaguettes est assuré par de la graisse d vide Aptezon N {enviran
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10 mg) déposée par immersion des plaquettes d'échantillon dans yne
solution graisse-trichloréthyléne puis &vaporation. L'ensemble est

comprimé par quatre vis nylon dans un cadre de cuivre.

Le chauffage constitué d'un fil de Platine-Tungsténe .
(Pti, 8 %) de 12 um de diamétre est placé entre une des plaquettes de
silicium et une plaquette d'échantillon. Le choix du P]atiﬁe Tungsténe
se justifie par la grande stabilité en température de sa résistance
électrique {variation de quelques pour milie de Ta résistance entre
10 mK et 10 K) et par sa faible contribution & la capacité calorifique
des addenda’.. Ainsi la chaleur spécifique quadrupolaire nucléaire qui
apparait 4 trés basse température (T < 100 mK) est deux ordres de
grandeur inférieure & celle du constantan {Ho et al., 1965).

Le thermométre, une pastille de Silicium dopé au Phosphore
(Frossati et al., 1575}, est collé (graisse Apiezon N) sur la seconde
plaquette de Silicium dorée sur laquelle est en outre soudée la fuite
thermique Rf reliant 1'&chantillon & une cage-écran réguiée en tempéra-
ture. Ce montage dans Tequel 1'énergie de chauffage doit nécessairement
traverser 1'&chantillon avant de s'@vacuer & la source froide évite les
problémes rencontrés pour 1'étude de matériaux de faible diffusiviteé
thermique avec des montages o chauffage, thermomé&tre et fyite thermique

sont regroupés sur un méme cOté du support.

La fuite thermique doit &tre choisie de facon & ce que la
constante de temps 1 = Rf X Cp de retour & 1'équilibre du systéme
aprés une impulsion de chaleur soit nettement supérieure d la constante
de temps de mise en &quilibre interne de 1'&thantillon. Cette dernidre
commandée soit par la diffusivité de 1'échantillon, soit par les
résistances thermiques de contact echantillon-chauffage ou échantillon-
thermomé&tre a pu &tre estimée expérimentalement récemment lore de 1a
mise au point d'un systéme d'acquisition automatique de données : elle
est de T'ordre de quelques centiémes de seconde dans la zone la plus
critique {400-500 mK) ol la constante de retour 3 1'équilibre atteint
sa valeur minimale (= 0,8 sec). Dans la pratique, 1'enregistrement
graphique du temps de montée en température apraés le pulse de chaleur
est 1imité vers les constantes de temps rapides par les caractéristiques
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de la chaTne de mesure : pont de mesure” (constante de temps 0,3 sec) et

enregistreur.

La fuite thermique est pratiquement assurée par les vis Nylon
pour la plus grande partie de 1a gamme de température explorée
(T 2150 mK) ; un fi1 de cuijvre (diamétre p = 35 um, tongueur 20 cm)
Timite ia résistance de fuite Rf d trés basse température et permet
ainsi d'obtenir des mesures jusqu'a 40 mK. Les valeurs de constantes de
temps observées dans le cas le plus critique rencontré au cours des
mesures sont report@es en figure 2. Sur la méme figure est tracée 1a
variation avec la température de la résistance de fuite déterminée
expérimentalemant (R1c = %—). Le régime en T_2 suivi d'un plateau carac-
téristique de 1'état amorBhe correspond au régime de fuite par les vis
nylon alors qu'a trés basse température la conduction métallique du
cuivre impose un régime en T'l.

La fuite thermique Rf ne relie pas directement 1'échantillon
a la source froide mais 3 une cage~écran de cuivre elle-méme reliée 3
travers une fuite RF d la source froide, en 1‘occurrence la boita 3
mélange du réfrigérateur & dilution. La cage ecran est suspendue & la
boTte & mélange par un ressort jouant le rdle de filtre pase-bas afin
de diminuer ies apports de puissance parasite par vibrations. La
cage &cran est réqulée en température ce qui assure une référence de
température trés stable & nos mesures. D'autre part la fuite RF est
calibrée de fagon & imposer & trés basse température un gradient trés
faible (quelques milTiKelvins) avec la boite i mélange et par contre
pouvoir réguler jusqu'd 7 K sans désamorcer ou rendre instable le
réfrigérateur d dilution.

Dans ces conditions la réponse du thermométre 3 une impulsion
de chaleur W telle qu'on 1'enregistre est représentée en figure Ic.
Pour toutes les mesures éffectuées dans le cadre de 1'étude des alliages
amorphes & base de Zirconium, une seule constante de temps bien définie
de retour d 1'@quilibre a été observée, conduisant d une détermination

sans ambiguTté de Ta capacité calorifique Cp. La capacité calorifique Cp

* détecteur multifonction développé au CRTBT.
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est déterminée par la relation Cp = f% o AT est Te saut de température
déterminé par Ta loi des aires (pointillés et hachures :sur fig. lc) qui
correspondrait & un temps de chauffe infiniment court, une diffysivite
thermique infinie et des résistances thermiques de contact nulles entre
échantillon, chauffage et thermométre. L*&énergie de 1'impulsion de
chaleur W est calculée (W = Rchizt) a partir de la mesure de Ta résis-
tance de chauffage Reh {pont 4 Fils), des courants (1) et temps: de

chauffe (t)(source de courant programmable construite au Taboratoire).

2. Addenda - résultats expérimentaux

La capacité calorifique obtenue expérimentalement est celle
de 1'ensemble échantillon-addenda (porte-échantillon : plaques de
Silicium, graisse a vide, thermométre, chauffage, ...). Une mesure
Tndépendante du groupe de mesure seul a donc 8té effectyée afin de
pouvoir Te soustraire aux mesures avec échantillon. Les résyltats expé-
rimentaux présent&s figure 3 montrent gue Ta contribution des addenda
peut s'analyser grossiérement sous la forme

a = 24 erg.K”
8 -2

3 + b7 + T b = 10 erg.K™?

Caddenda =

1l

[a
Fa
T
fos) (¥
-
[fa]

s

C

Ces valeurs correspondent raisonnablement i ce que T'on peut calculer.
On peut en effet a priori chercher & déterminer les contribuy-

tions des principaux &léments constitutifs des addenda : plaguettes de
Silicium, couche d'or évaporé, graisse & vide, fil de chauffage, masses
thermiques,... Toutefois une telle évaluation ne peut &tre gu'approxima-
tive &tant donné 1'incertitude sur la chaleur spécifique de certains de
ces @léments (papier & cigarettes, isolant des fils, etc.). Afin de
prendre en compte dans 1'analyse des mesures de chaleur spécifique une
bosse observée vers 100 mK sur la courbe expérimentale ainsi que 1la
remontée basse température certainement due 3 des impuretés magnétiques,
nous avons pour tous Tes résultats pr@sent@sdans la suite de ce mémoire
retranché la contribution des addenda sous Ta forme d'un polyntme du

6 i . < . . ;
a; T}) ajusté par moindres carrés sur les données

sixiéme degré ( &
expérimentales &EIQPOUpe de mesure. Les valeurs des coefficients et les

ecarts valeurs calculées - valeurs expérimentales sont données en Annexe C.
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En figure 3 est €également reportée la mesure de capacité
calorifique totale (&chantillon + addenda) 1a p1us défavorable {contri-
bution d'échantillon Ta plus faible rencontrée). Ceci permet de situer
Ta contribution relative des addenda.

3. Méthodes d'analyse des mesures

La figure 4 donne un exemple de courbe de chaleur spécifique
obtenue aprés soustraction de la contribution des addenda. Toutes les
courbes de la série d'alliages ZrM étudiée présentent un aspect simi-
taire. Dans 1'annexe C sont fournies sous forme de tableau les valeurs
numériques de la chaleur spécifique pour tous les échantilions &tudiés.
La procédure d'analyse des résultats expérimentaux pour extraire les
différents paramétres physiques qui seront discutés dans la suite du
mémoire est développée sur 1'exemple de la figure 4. La courbe de
chaleur spécifique est découpée en trois zones : la partie haute tempé-
rature (T > TC), au-dessus du saut de cha1eur‘spécifique caractéristique
de la transition supraconductrice (Tc)’ correspondant & 1'état normal,
la région de la transition supraconductrice et enfin la zone trés basse
température (T < 500 mK).

d. EP%E_DQEQQl,I_quc

A 1'état normal, dans 1a camme de température explorée (T < 7 K),
Ta chaleur spécifique comporte deux contributions. L'analyse habituelle
C/T = f(TZ) présentée en figure 5 permet de mettre en évidence la contri-
bution linfaire en température (yT) due aux &lectrons normaux et la
contribution cubique en température (BT3) caractéristique des phonons.
En particulier i1 n'est pas nécessaire d'introduire de terme en T5 pour
rendre compte des résultats expérimentaux du c3té haute température.
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b. Transition supraconductrice (T =T )

A 1'Etat supraconducteur, la condensation en paires de Cooper
des &lectrons doit théoriquement entrafner une décroissance exponen-
tieile de Teur contribution & la cha]eur spécifique, Si 1'on admet
que dans 1'état supraconducteur Ta contribution du "réseau" demeure
identique d celle déterminée dans 1'état normal (ce probléme sera
discuté pour certains échantillons par la suite), il est passible de

calculer Ta chaleur spécifique &lectronique Ce =C - BT3 aussi

totale
bien & 1'état normal Cen qu'd 1'Btat supraconducteur Cos

En portant C /T = £(T), figure 6, on peut &tudier la transition
supraconductrice. On observe une largeur de transition de quelques
dizieémes de Kelvin due & 1'inhomogénéité des &chantillons (en particu-
tier gradients de concentration}, la température de transition T, est
alors déterminée par une loi des aires correspondant dans ce diagramme

a un bilan entropique.

Le saut de chaleur spacifique a& la transition (AC/YTC) est

€galement déterminé au moyen de cette 1oi des aires.

A ce niveau de 1'analyse, le critére de 1'égalitéd de 1'entropie
a TC des états normal et supraconducteur constitue un test de la
validité de T'extrapolation en dessous de Tcsdes contributions électro-
niques et phononiques sous la forme T et BT, telles qu'elles sont
determ1nees d 1'état normal au~dessus de T . £n supposant que le terme
BT est entiérement phononique, et donc qu'il n'est pas modifié entre
1'état normal et 1'&tat supraconducteur, 1'égalité des entropies se
réduit a celle des contributions &lectroniques

TC Cen TC CES
Sn(TC) = SS(TC) = —'T—-’ dT = 0 —T-—' dT

ol Ces est determ1ne expérimentalement au-dessous de T

CeS = Ctota]e BT et C an” YST déterminé exper1menta3@ment au-dessus

de TC est extrapolé au-dessous. Les deux déterminations sont en assez
bon accord avec toutefois une valeur systématiquement plus forte pour
SS(TC). Cet accord conforte la validité des résultats expérimentaux

ainsi que 1'analyse de ces résultats & 1'état normal. Nous reviendrons
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dans Te chapitre suivant et en annexe £ sur cette analyse en discutant
Te probiéme d'un terme T3 additionel éventuel.

Aux températures inférieures 3 TC, la décroissance de l1a chaleur
spécifique &lectronique supraconductrice s'écrit dans un modaie type BCS
sous la forme

A

.
0 [
Cos ™ Y Te &xp (- g7 )

ol ZAO est la largeur de bande interdite 4 T = 0 K. La figure 7 repré-

. c T
sente dans un diagramme semi-Togarithmigue Log §$5 = f(TE) les résultats
expérimentaux. On constate pour 1 < TS < & un bon“accord avec fa loi

théorique, ia valeur de la pente semi-logarithmique variant d'un échan-
tillon & 1'autre autour de la valeur théorique du modéle BCS (1,44 dans
cette gamme de température) .Pour TS > & la courbure observée met en
évidence l'apparition de contributions supplémentaires & la chaleur

spécifique totale.

Notons enfin qu'a partir des mesures de la chaleur spécifique
€lectronique on peut déterminer le champ critique thermodynamique

7! T
¢ e (1) - c ()
HC(T) - [3_'[[ / dT'/ £s - an a7 ]1/2 '
ol T! T

Ce champ critique HC(T) est une mesure quantitative de la différence

d'énergie entre les états normaux et supraconducteurs, Hg(O)/8w étant
1'énergie de condensation. La comparaison de la variation thermique de

ce champ critique avec la température i une variation quadratique en

(1 - L%—)Z) est un critére trés sensible de 1'intensitéd du couplage
é]ectroﬁ—phonon. Le calcul et T'analyse du champ critique sont développés
pour certains &chantilions dans les publications reproduites au chapitre

syivant.
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c. Chaleur spécifigue & trés basse température

Au-dessous d'environ 500 mK,si 1'on retranche § la chaleur
spécifique totale 1es‘contr1butions du réseau {BT3) et des électrons
supraconducteurs (CeS obtenu par extrapolation de la Toi de décrais-
~ sance exponentielle), 11 reste une contribution rapportée en figure 8.
Comme éxpliqué dans Te chapitre suivant, cet excés de chaleur spécifi-
que est attribué aux excitations de basse énergie {SON) caractéristiques
de 1'état amorphe et & la contribution quadrupolaire hyperfine des noyaux
de Zirconium. Le choix du mode d'analyse pour déterminer les variations
thermiques de ces deux contributions n'est pas unique. Nous aurions pu
a priori fixer une variation lindaire en température de Ta chaleur
specifique des SDN comme suggéréd par les modales théoriques les plus
simples. Cela conduit alors & une contribution résiduelle d trés basse
température difficilement exploitable physiquement. De plus des mesures
antérieures (Lasjaunias et al., 1972 et 1975) ont montré que la
variation thermique de la chaleyr spécifique des TLS est rarement rigou-
reusement linaire. Nous avons donc choist d'extrapoler la 107 de
puissance T® observée expérimentalement au-dessus de 100 mK et de
1'affecter aux SODN. Une telle analyse conduit systématiquement a une
contribution trés basse température en T'Z, physiquement attribuée &
des interactions nucléaires dues aux hoyaux de Zirconium (912r). la mise
en évidence d'une corrélation entre les deux contributions ainsi ana-
lysées pour toute Ta série d'échantillons &tudiés (Lasjaunias and Ravex,
1983) contribue a posteriori a justifier ce choix.
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IT - CONDUCTION THERMIGUE

1. Technigue de mesure

ta figure 9 représente le montage adopté pour les mesures de

conduction thermique. Une demi-ptaquette d'échantillon (4cm x Smm x 80 um)}
est attachde & une extrémité sur un bloc de cuivre solidaire de la cage-
écran {identique & celle utilisée en chaleur spécifique). Le thermométre
Th 1 pilete la régulation de cette cage et maintient donc une tempé-
rature constante au niveau du contact 1 . Un second contact 2 équipé
d'un thermométre Th2 permet la mesure du gradient thermﬁqué AT entre
contacts. Deux mesures successives sont effectu€es pour une méme tempé-
rature de.régulation T1 en 1'absence de chauffage puis en présence d'une
nuissance Q dissipée par une jauge de contrainte collée & 1'extrémité
1ibre de 1'@chantiiion. Le gradient a vide est impos& par les apports
de chaleur parasite éo du montage ?igérimeT;aT. Malgré d'excellentes

alo

résistance thermique des &chantillons nous impose une température

performances cryogéniques (QO = 10 Watt), la trés grande
minimale de 1'ordre de 100 mK. Il s'agit d'une méthode classique d deux
chauffages, deux thermométres ; un seul thermométre sert d la détermi-
nation du gradient de température ce qui &limine les erreurs d'étalon-

nage 1iées a 1'utilisation de deux thermométres distincts. Une courbe

-1 .4
CAT

figure 10. Cette conduction étant trés faible, i1 est indispensable de

expérimentale de conduction thermique (K =R ) est montrée en
vérifier que la conduction par les fils d'amenée de courant au chauffage
et de prise de tension aux thermométres est n&gligeable. La conduction
thermique de ces fils est essentiellement due & leur gaine de cupronickel
(Cu-Ni) (Fairbank and Lee, 1960), 1'ame supraconductrice (Nb-Ti) ayant
une trés faible conductivité., Les longueurs de fil utilisées nous -
permettent de calculer que seulement quelques pourcents de Ta puissance

de chauffe est ainsi court-circuitée.
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2. Analyse des résultats

Le principal probléme pour le calcul de la conductibilité
thermique k est la détermination du facteur géomé&trique de 1'Echantil-
fon % (k = K .-%). La distance % entre contacts (de 1'ordre de 20 ma )
est déterminée d 1'épaisseur prés de ceux-ci (v~ 0,5 mm). D'autre part
la section s n'est pas cdnstante au long de 1'&chantillon du fait méme
des -variations d'épaisseur 1iées 3 la technique de pulvérisation. Nous
avons déterminé pour chaque &chantillon une section moyenne obtenue 4
partir de la mesure de sa masse et de sa densité en 1'assimilant & un
parailépipéde. 11 est donc clair que les valeurs absolues des conduc-
tibilités thermiques ne sont déterminées qu'a 10 % ou 15 % prés. Etant
principalement int&ressés par les variations de cette grandeur sous
1'effet de traitements thermiques, nous avons Te plus souvent effectué
Tes mesures sur le méme échantillon afin d'@liminer 1'incertitude Tiée
au facteur géométrique. Ce point sera d'ailleurs précisé dans chague

cas lors de la discussion des résultats.
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ITT - THERMOMETRIE

L'éTément crucial de toute mesure thermique est &videmment
la thermométrie. On demande en général & un thermométre secondaire un
certain nombre de qualités : sensibilité, reproductibilitéd et faible
capacité calorifique (pour diminuer les temps de réponse et la contri-
bution aux addenda ). Les thermométres au Silicium dopé& au phosphore
ou au bore par implantation fonique développés au laboratoire en colla-
boration avec le LETI remplissent ces conditions.

1, Sensibilite

La sensibilité de ces thermométres (variation Résistance-
Température) varie fortement avec les conditions d'implantation et de
recuit (Bourgoin et al., 1979). A titre d'exemple est présentée en
figure 11 la caractéristique R(T) du thermométre utilisé pour tes
mesures de chaleur spécifique. La sensibiTité de ces thermomdtres est
largement suffisante pour couvrir la gamme de température explorée
(10 mK - 10 K), en particulier avec 1'utilisation des ponts de mesure
alternatifs d détection synchrone de grande sensibilité développés et

utilisés au laboratoire.

2. Reproductibilité

Les thermométres au silicium dopé sont utilisés depuis environ
7 ans. Ils ont &té étalonnés au moins trois fois sur toute leur gamme
d'utilisation suivant un processus décrit dans un paragraphe ci-aprés.
En outre,aprés chaque mesure de chaleur spécifique,nous faisons guelques
points d'étalonnage en fonction de la pression de vapeur saturante de
1"héTium 4 (entre 1,3 K et le point lambda 2,19 K). Dans le cadre de
ces contrdles systématiques les variations de la caractéristique R(T)
n‘ont jamais dépassé 2 & 3 °/,,, ce qui est excellent en comparaison
des résistances au carbone.
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3. Capacité calorifique

Aucune mesure spécifique de Ta capacité calorifique des ther-
mométres au Silicium n'a &té effectue. Toutefois des recoupements de
mesures d'addenda permettent de supposer que cette capacité calorifique

est principalement gouvernée par 1z matrice de Silicium (C ~ T3).

4. Etalonnages

Les thermométres sont &talonnés péricdiquement par rapport &
un thermométre primaire (monocristal de CMN). On &tablit dans un premier
temps entre 10 mK et 2 K 1a relation R(M) entre la résistance du thermo-
métre et Ta susceptibilité du CMN mesurée par un pont' de mutuelle
inductance. Ensuite en introduisant du gaz d'échange dans le calorimétre
et en mesurant la tension de vapeur du bain d'hélium on détermine la
relation R(T) (tables NBS T-76 *He) entre 1,2 et 4,2 K. La loi M(T)
n'est pas directement &tablie pour &liminer 1'effet &ventuel d'un iéger
paramagnétisme dd au calorimétre. A partir des mesures R{M) et R(T)
on calcule 1a loi de Curie du thermométre primaire (M = A/T + B) par
moindres carrés entre 1,2 et 2 K. Par extrapolation de cette loi Jjusqu'a
10 @K on établit la Toi d'étalonnage R(T).

Entre 4,2 K et 8 K les thermométres sont &talonnés par rapport
d un thermométre de Germanium lui-méme &talonné par ailleurs au labora-
toire. Lors de cet étalonnage la loi du thermomé&tre Germanium est
contrdiée entre 1,2 et 2 K par rapport & la tension de vapeur de 1'hé-
1ium, puis un point fixe {transition supraconductrice du Plomb :
T. = 7,20 K) sert de contrGle & haute température.

Pour le dépouillement des mesures, les courbes d'étalonnage
R(T) sont approximées par moindres carrés au moyen de lois paraboliques
de la forme lfog R = a{LogT)2 + blogT + ¢. La précision de cette loi,
sur des tranches de température correspondant & 7'pQ1nts d'&talonnage,
atteint la dispersion expérimentale de nos &talonnages soit enviren
quelques 1073 au-dessous de 50 mK et mieux que 107 jusqu'a 8 K. Las
valeurs des coefficients a,b,c, pour la gamme de température couverte
et le thermométre utilisé pour les mesures de ce mémoire sont rapperiées

en Annexe C,
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CHAPITRE III

ANALYSE DES RESULTATS : PROPRIETES ELECTRONIQUES ET
SUPRACONDUCTRICES - EXCITATIONS DE BASSE ENERGIE (T1.8)
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Dans ce chapitre, nous présentons et analysons les résultats
de chaleur spécifique et de conduction thermique des alliages bruts de

pulvérisation.

Les effets de recuit ou de vieillissement & température
ambiante seront analysés dans le chapitre suivant.

| 'étude des propriétés physiques développées ici reprend le
plan utilisé lors de la présentation des méthodes expérimentales au
chapitre précédent

- propriétés a 1'état normai (T > Tc) . densité d'état électronique,

température de Debye ;

- propriétés supraconductrices (T é!TC) . intensité du  couptage

&lectron-phonon ;

- propriétés d trés basse température (T 4:Tc) : excitations de basse
énergie - densité d'é&tat, couplage aux noyaux, couplage aux phonons.

I - ETAT NORMAL - DENSITE D'ETAT FLECTRONIQUE - TEMPERATURE DE DEBYE

'analyse des résultats expérimentaux exposée au chapitre
précédent (C/T = f(TZ)) a montré qu'au-dessus de T_ et jusqu'a environ
8 K (température limite supérieure de nos mesures),on peut définir deux
contributions & la chaleur spécifique. L'une cubique en température peut
&tre attribuée aux phonons (Cph), Tlautre 1inéaire aux éjectrons de
canduction (Cen) ainsi
3

c =C, +C, =gl

totale ph en bt
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Température de Debye :

L'observation de 1a contribution cubique 8T3 invite & utiliser
le modale de Debye qui permet d' expr1mer te coefficient g en fonction
de Ta température de Debye BD ou de Ta vitesse du son :

B = l%—R = J? (J mole T K'4)
D
avec
L a-L Ol~ +-£L) , = densité
ERRPI A
C g t

L'observation de 1a loi et 1'utilisation du modéle de Debye
pour décrire une contribution de "réseay® peuvent paraitre surprenantes
dans te cas d'un matériau amorphe. Ceci d'autant plus qu'il n'a jamais
&té observé une pure lai en T3 dans le cas des isolants amorphes pour
lesquels un excés systématique de chaleur spécifique apparatt par
rapport aux valeurs calculées & partir des mesures de vitesse du son.
Les coefficients g et les températures de Debye 6y correspondantes
sont rassemblées dans le tahleau 1 ci- -joint,

Pour certains de nos échantillons 1'analyse des résultats a
basse température (notamment entre 300 et 500 mK) nécessite d'utiliser
comme contribution des "phongns" des valeurs inférieures 3 celles '
obtenues en extrapolant Ta loi BT déterminée au-dessus de T qui
contient probabiement des excitations non propagatives. Nous verrons
lors de 1a discussion des propriétés supraconductrices qu'une partie
du terme en T3 pourrait 8tre d'origine &lectronique et disparattre 3§
1'8tat supraconducteur (voir &galement Annexe E).

IT n'existe actuellement qu'un seul échantillon (Zr4OCu60
trempé du liquide) pour lequel existent & la fais des mesures acoustiques
(Arnold et al., 1982) et calorimétriques (Garoche et al., 1980) permet-
tant une double détermination de la température de Debye 6p. Les mesures
de vitesse du son (V = 4,3 . 10 cm/sec et VT = 2,1 . 105 cm/sec)

conduisent & une va1eur (85 = 272 K) nettement plus forte que celle tirée

D .
du coefficient de chalaur spécifique (eD = 230 K). En 1'absence d'autres
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résyltats de vitesse du son qui permettraient de systématiser cette
comparaison, nous analysons nos résultats, en utilisant des valeurs de
températures de Debye calculées a partir de nos mesures de chaleur spé-
cifique comme cela a d'aillaurs &t€ fait de fagon systématique par
d'autres auteurs pour Tes alliages correspondants obtenus par trempe du

liquide.

Les températures de Debye observées sont systématiquement plus
faibles que celles déterminées pour le Zirconium cristaliin ou pour des
alliages cristallisés (Garoche et al., 1983), L'effet de 1'amorphisation
sur les propriétés élastiques semble d'ailleurs plus impertant sur nos
&chantillons pulvérisés gque sur les alliages trempés du liquide {Garcche
et al., Samwer et al., 1982, Kroeger et al., 1983). Par exemple pour un
~alliage Zr 5:Cu 0 on obtient les températures de Debye suivantes
pulvérisé : 155 K , trempé du liguide : 189 k , cristallisgé : 315
Un modéle théorigue de liaisons fortes {Cyrct-Lackmann, 1980) explique
semi-quantitativement pour Tes métaux de transition les variations de

propriétés élastiques ainsi observées. La diminution de 9, s'explique

principalement par la réduction de la vitesse transverse ges andes
acoustigues vy simplement reiide au module de cisaillement u

(Vt = y1i/p). Comme les variations de densité p ne sont gue de 1'ordre du
pourcent, les variations de vitesse transverse dépendent directement de
ceiles du medule de cisaillement. En 1'absence d'information sur les
arrangements atomiques, une estimation moyenne des fréquences de vibra-
tions supposant que tous les sites atomiques sont plus ou moins équiva-
lents conduit & une diminution de 1'ordre de 10 % de la température de
Debye & 1'état amorphe. L'écart avec les réductions cbservées expérimen-
talement (dé 1'ordre de 35 % pour les alliages trem@és du tiquide et 50 %
pour nos alliages pulvérisés) peut s'expliquer par le fait que dans la
réalité les fluctuations de densité et les régions "molles™ rencontrées
dans le matériau peuvent localement diminuer fortement le module de
cisaillement.
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Densité d'état électronique :

A partir du coefficient v de la contribution Tinéaire da Ta
chaleur spécifique au-dessus de TC attribuée aux électrons de conduc-
tion, on peut calculer la densité d'atats électroniques au niveau de

Fermi Ny(E Dans un modéle d'électrons indépendants on a la relation

F)'

NY{EF) = 3% kv v(md/mole K&)

La densité d'états N (EF) ainsi caiculée et exprimée en &tats
eV'1 atom -1 ast amplifiée pal rapport d la densité d'état "nue" N
calculée dans le modéle de 7'€lectron libre par les interactions.
électron-phonon. En négligeant d'autres interactions éventuelles
(telles que fluctuations de spin par exemple), on peut écrire

NY(EF} = N (1 +2)

La constante de couplage électron-phonon A sera déterminée
ultéricurement é.partir des températures critiques de fransition
supraconductrice (TC) et de Debye (8 ) dans le cadre de la formulation
de McMillan. Nous avons reporté dans ]e tabieau1 ]es valeurs de Yy
(déterminées pour T = T par 1'analyse Ctota]e = BT + YNT) ainsi que
Tes valeurs de densité d état électronigue "habillée" Y( F) que 1'on
en déduit.

Comme nous 1'avons vu au chapitre précédent, la détermination
de 1'entropie & T dans les deux états normal et supraconducteur est
~en fait un test de 'analyse effectuée au-dessus de T, (vT + BT )
Nous avons donc également reporté dans le tableau 1 la valeur de vy
déterminée & partir de 1'entropie dans 1'é&tat supraconducteur

T 3

- 5,(T) .1 ¢ Ciotare - BT dT
Ys T, T. T
0
Yo © Y
ainsi que 1'écart relatif entre les deux determinations &L = wémgjwii
N

Dans la majorité des cas 1'accord est bon (5 % < &y <10 %}
sinon excellent (ZrMo (2 %) ; ZrCu vieilli et recuit (1,5 %)) &
1'exception de 1'Eéchantillon ZrAg.
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Toutefois on constate que Ta valeur déterminée a4 1'état supra-
conducteur Y, est systématiquement. plus €levEe de celle obtenue & 1'&tat
normal YN' Notons que 1a contribution résiduelle due aux systémes 3
deux niveaux est totalement négligeable dans ce calcul et ne peut donc
pas justifier cet &cart systématique. Par contre, ainsi que cela sera
discuté au chapitre suivant {Ravex et al., 1983), i1 apparait que le
terme BT3 attribué aux phonons présente une valeur trop forte pour
1'analyse 4 plus basse température (T = 0,5 K). I1 n'est donc pas
exclu qu'une partie de cette contribution soit d'origine &lectronique
et disparaisse progressivement dans 1'&tat supraconducteur en méme
temps que la contribution &lectronique correspondant au terme Yy En
1'absence d'expériences sous champ magnétique nous ne pouvons confirmer
. P'existence d'un tel terme en dessous de TC d 1’état normal, ni donc
prévoir dans quelles proportions sera modifid 1'écart des entropies.
Ainsi que nous le discutons dans la suite, la présence d'un terme
électronique en T3 permet une analyse des propriétés supraconductrices
en meilleur accord avec la théorie BCS (voir Annexe £).
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II - PROPRIETES SUPRACONDUCTRICES - COUPLAGE ELECTRON-PHONON

L'analyse des résultats expérimentaux & la transition supracon-

ductrice permet ?e déterminer le saut ralatif de chaleur spécifique
¢ $ TC) - Cen Te)

8lectronique T (Ces chaleur spécifique &lectronique
4 1'état supracondug%eu%, Cen i 1'8tat normal). Les valeurs obtenues
pour cette discontinuité de chaleur spécifique (souvent notée %%—)
sont données dans le tableau 2. ¢
Tableau 2 - Propriétés supraconductrices
Echantillon . Irhg ZrNi | ZeNi [ ZrCu | ZrPt | ZrMo BCS
300K 77K
TC(K) 1,76 | 3,22 | 3,17 | 3,45 2,91 4,28
AC/YTC (+ 0,05) 1,75 | 1,70 { 1,75 | 1,90 1,85 2,10 1,43
a (+ 0,5) 11 9,5 | 8,5 (10 11 8,5 8,5
b (£ 0,02} 1,44 { 1,51 | 1,43 1,57 1,51 1,51 1,44

Ces valeurs expérimentales sant proches de la valeur théorique
du mod&le B.C.S. (1,43) pour des supraconducteurs i couplage faible.
Ce méme modéle prévoit une décroissance exponentielle de la chaleur

spécifique électronique au-dessous de TC exprimée sous la forme

A

C T
es 3 A 3 C\2 A
= { )7 (=) 13K, {7=) + K
yTC ZWZ kBTC T 1 kBT
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o0 A représente la bande interdite et Kl’ K3 les fonctions de Bessel
modifiées de deuxiéme espéce. Dans la Timite %T » 1, plus précisément

pour 2,5 < TE < 6, cette expression est bien approximée par une loi du

type
Te
= a exp(-b Trﬂ avec a = 8,5
et b= 1,44

Ces
YT,

11

L'analyse des résultats expérimentaux dans un diagramme semi-logarithmi-

Ces
gue lLog T

déterminerSles coefficients a et b rapportés dans le tableau 2. Les

= f(TC/T) (comme exposé au chapitre précédent) a permis de

valeurs obtenues par cette analyse confirment la tendance indiquée par
la discontinuité de chaleur spécifique : les alliages é&tudiés ont un
comportement compatible avec les hypothé&ses du modé&Te BCS. I1s peuvent

&tre qualifiés de supraconducteurs d couplage faible ou intermédiaire
{cas de ZrMo).

Dans le cas des alliages Zr76Cu24 et Zr75N124, 1'analyse du
champ critique thermodynamique HC(T) et de sa fonction déviation par
rapport a une loi parabolique, qui est un critédre trés sensible pour
la détermination du couplage, confirment un trés bon accord avec la
théorie BCS (Laborde et al., 1984). Les résultats sont présentés en
méme temps que les effets de recuit dans le chapitre suivant. La méme
analyse pour ZrMo (Lasjaunias et al., 1983) conduit 3 un couplage

intermddiaire,

Cet accord avec le mod@le BCS nous a conduit & une analyse
nouvelle des résultats expérimentaux(développée en Annexe E} qui permet
de déterminer la contribution des phonons au-dessous de TC. Cette
contribution apparaft plus faible que ceile obtenue au-dessus de Tc‘
Cette nouvelle analyse confirme 1'éventualité d'une contribution
cubique supplémentaire & la chaleur spécifique éIectronique.
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Couplage électron-phonon :

Dans le cadre de la théorie de BCS, ia température de transi-
tion T peut 8tre calculée en fonction de 1a densité d'état au niveau de
Fermi N , d'une fréquence moyenne des phonons < @ >(par exemple la

frequence de Debye w et du potentiel d'interaction &lectron- phonon v

o)

T. = 1,14 < w >exp(—l/NOV)

L'introduction par Eliashberg {1960} de 1'interaction coulom-
bienne éiectron-&lectron et d'un traitement plus précis de 1'interaction
&lectron-phonon valable méme pour les couplages forts a conduit a une
expression analogue & la précédente

-(1 + 1)
A - pE(<o> /mo)ku*)

To = o, exp

Dans la limite des couplages faibles A <« 1 cette expression
se réduit @ celle de BCS, A - " Jouant le rbie de NV 5 o est la
fréquence maximum du spectre de phonon. La constante de coupiage
électron-phonon est définie par

o
A= 2 // az(w)F(m)'ag .
0

F(w) étant la densité d'état des phonons et az(m) une meyenne de

Q.

1*interaction électron-phonon,

En 1'absence de mesures de tunneling, la guantité uz(w).F(w)
n'étant pas connue, 1'expression numérigue obtenue par McMillan (1968) &
partir de données expérimentales relatives au Niobium et a des alliages

de métaux de transition constitue le seul moyen de relier TC et A

1,04(1 + )
(1 + 0,62 2)

En prenant pour la constante de coupiage coulombien px = 0,13, valeur
préconisée par McMillan pour les métaux de transition, on tire pour la
série d'alliages &tudiés les valeurs de la constante du couplage
&lectron-phonon A (tableau 3).
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Tableau 3 - Couplage €lectron-phonon ; densité d'état'nge"

Echantillon ZrAg | ZrNi | ZrNi ZrCu | ZrPt | ZrMo Ir
300K 77K cristal-
1isé
‘ 8 0,7 0,68 | 0,77 | 0,41
AMcMillan 0,58 { 0,69 ¢ 0,6 0
N (états 1,26 | 1,75 | 1,97 | 1,55 | 1,40 ¢ 1,72 | 0,8¢
ev'l at“l)

Les valeurs de X obtenues correspondent bien d des couplages

faibles ou intermédiaires comme prévu précédemment.

La densité d'état électronique nue Nd (densité d'état de

structure de bande) peut donc &tre obtenue 4 partir de v et 3

(tableau 3)

NO(E

2,2
‘f") = 3'\(/11' kB{l + }\)

Varma et Dynes (1976) ont montré & partir de relations empiri-

ques entre les paramétres déterminant la Supraconductivité que pour

Une méme série d'alliages de métaux de transition la constante de

couplage &lectron-phonon

ne dépendait que de la densité d'état

&lectronique au niveau de Fermi No' [1s ont établi empiriquement que

dans 1'expression de cette constante de couplage,

le terme

< I

M_{_wz_ >
relation linéaire entre A et No :

No <12 57
2

M o<cw >

2w

2

NO

densité d'état €lectronique au

niveau de Fermi.

. < 12

> moyenne du carré de 1'&lément de

matrice d'interaction €lectron-phonon.

de

2 > moyenne du carré des fréquences

phonon.

est quasiment constant si bien qu'il existe une

A= 6N0.
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Tenhover et Johnson (1982). ont étendu cette corrélation a des
alliages amorphes de Zirconium et de métaux de transition 3d ou 4d
(Zr7OX30) de composition proche de nos &chantillons. Eh_figure 1
nous portons les points représentatifs de nos alliages de Zirconium
sur le diagramme &tabli par Varma et Dynes pour Tes métaux et alliages

cristallins 4d et utilisé également par Tenhover et Johnson.

T 1 1 1

121 bande d(haut) / 1

alliages 4d:

o cristallin 08

{Varma etDynes) A

e amorphe
(Tenhover.johrson) 0.4

o nos echanfillons

D(Eg) (etat/eV.atom)

Fig 1. couplage electron_phonon( ) fonction
de la densite d’états at niveau de Fermi

S

Le bon accord de nos résultats expérimentaux avec la ligne de
corrélation &tablie pour les métaux de transition 4d dont Te niveau de
Fermi se situe dans la partie inférieure de la bande d montre que
1'intensité du couplage des alliages &tudiés est déterminée principale-
ment par les propriétés &lectroniques elles-memes largement influencées
par le Zirconium. La structure &lectronique de 1'&lément d'addition
(3d : Ni et Cu, &4d : Mo et Ag, 5d : Pt) ne semble pas déterminant. Ce
résultat est en bon accord avec les mesures existantes de spectres de
photoémission sur des alliages amorphes de Zirconium de compositions
proches des ndtres (Amamou et al., 1978 ; Qelhafen et al., 1979 et 1880),
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qui montrent que la structure €lectronique au voisinage du niveay de
Fermi est principalement déterminée par Ta bande d du Zirconium pour
Tes alliages ZrCu, ZrNi et ZrPt. Aucune donnée expérimentale n'existe
pour les alliages ZrAg et ZrMo, D'aprés les mesures d'Oelhafen ot al.
(1980) qui ont étudid 1'effet du nombre d'@lectrons de conduction et
de la série de 1'&lément d'addition on peut prévoir que la situation
sera identique pour ZrAg. Par contre dans le cas de IrMo les deux

pics 4d de chaque &1&ment se confondent probablement en un seul pic
unigue (Tenhover-Johnson, 1983) et dans ce cas la densité &lectronique
de Mo doit Btre aussi d&terminante.

D'autres auteurs ont &tudié les effets de composition sur des
séries a-ZrXCul_x {von Minnigerode and Samwer, 1981 ; Samwer and v.
Léhneysen, 1982) ou aquxNil_x (Onn et al., 1983) avec 0,5 < x <0,75.
Globalement les propriétés supraconductrices. observées entrajent parfai-
tement dans la corrélation A - NO établie ci-dessus : 1a supraconduc-
tivité est dé8terminée essentiellement par le Zirconium. Une analyse plus
fine montre quelques différences de comportements dans la dépendance en
composition des propridtés supkaconductrices entre les deux systémes
qui peuveni Btre expliquées par des différences de structure de bande

observées en photoémission.

Dans tous Tes cas og la comparaison est possible (Zr766u24,
Zr76N124,Zr76Fez4), les densités d'états NO de nos alliages pulvadrisés
sant supérieures de 20 % environ & celle de t'alliage correspondant
obtenu par trempe du liquide. D'autre part, 1'effet d'un traitement
thermique est de réduire NO, rapprochant sa valeur de celle de T'alliage
trempé (voir chapitre suivant).

- Ci-aprés nous rapportons un travail sur ZP7OM030‘ Cet alliage
présente un couplage supraconducteur plus fort que 1as alliages
ZrNi et ZrCu qui seront analysés au chapitre suivant.
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Specific heat, resistivity and critical superconducting ficlds (£, and Hﬂ;)
measurements show that amorphous ZrogMogg Is an intermedinte super-
conductor (T, =4.3 K; k= 0.77). The coupling strength is mainly governed
by the electronic properties. Like in the Zr—3d alloys previously investl-
gated, a discrepancy between the measured and caleulated upper critical
_ field stope Is reported. Tlie effect of two-level systems (TLS) needs 1o be

clarified.

INTRODUCTION

WE REPORT SYSTEMATIC low-temperature calori-
netrie, resistive and superconductive measurements on
an amorphous ZroMosg alloy prepsred by sputtering.
A similur study was previously done on several Zr—3d
alloys (mainly on Zr—Cu and Zr—Ni) and appéared to be
very fruitful [1, 2], To our knowledge, it is the first
time that such a work Is achieved on the amorphaous
Zr—Mo system; T, data were reported for amorphous
films evaporaled at 42K (3], but samples of this
system prepared by fast quenciing from the melt were
reported to be crystalline [4], This system is g priori
more simple than the Zr—3d alloys since it is composed
of twa neighbouring 44 metallic elements, what leads to
a different clectronic struciure [5]. The supercon-
ducting transition temperature T, is 4,28 £ 0.05 X from
calorimetric measurements, and 4.35 £0.007K from
resistive ones: it follows the Collver—Hammond law
where T, is only a function of the number of elecirons
per atom [3]; on the conirary, T, data for ZrCu or ZiNj
are at variance with the Collver—Hammond curve [6].

EXPERIMENTAL

Full details concerning the preparation and charac-
terization of samples and the experimental techniques
will be found elsewhere [7]. The alloy was prepared by
a high-rate (12 umh™") sputtering technique [8]. Amor-
phicily was checked by X-ray analysis; the first diffrac-
tion halo is located at g, = 2.58 A™, Density is 7.40 ¢
0.07gem™ . Dilferential thermal analysis shows no indi-
cation for recrystallization up to 900 K. The transition
widths AT, defined as usually are respectively 100 mK

*Also: Service National des Champs Intenses, same
address.

and 14 mK from calarimetric and resistive determinations.
Botl are narrow (much mwore than for sputicred Zr—Cu
and Zr—Ni), what is often referred as a criterion of good
homogeneity. Specific heat (C,) awd resistive (p)
measurements were performed on the same sample.

THERMODYNAMIC PROPERTIES

The spceific heat data analysis is similar to that

" previously described for other Zr-based afloys {7, 9].

Below 0.6 K, C, is dominaled by low-energy excitations
that we ascribe to iwo-level systems (T1.8), like for the
other Zr-based ailoys of this series (Fig. 1). Similarly to
the other “as-sptiltered™ samples [9] Cqpg varies as
7%5; but the absolute value is about lwo times larger
than in ZrqgNiyge (sce figure) which already exhibits the
largest TLS signal among this class of ailoys prepared
elther by spuitering or melt-spinning {2].

Between T, and 7K, the highest temperature of
measurements, C, obeys the usual T+ BT? law. Tie
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Fig. 1. Residual specific heat anomaly due to T1.§
excitations in sputtered ZroMogy and ZrogNigy. 173
and C,y refer to phonon and eleetronic contributions
for ZI10MI.)3D .
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electronic contribution obtained after subtracting the
phonon term 73 is shown in the whole lemperature
range in Fig. 2. Usiug the criterion of equalivation of
entropy 5,(7.) = S,(T,)} for both normal and super-
conducting states below T, we determine a value of
Cen/T below T, which agrees to 2% with v determined
above T,. The different thermodynamic parameters such
as the electronic density of stales at the Fermi level, the
Debye temperature, are collected in Table 1.

AMORPIOUS SPUTTERED ZryMosg
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Fig. 4. Deviation Tunction for the thermodynamic
ciitical [ield /.. Frror bars result from the indeter-
mination on the limit of Integration relaled to the
width of T,.

The reduced specific heat jump at T, (AC/yT,) =
2.12, a value lfarger than the B.C.S, one (1.43) expecied
for a wenk-coupling superconductor. In Fig. 3, the
clectronie specific heat plotted as log C, /7T, versus
T./T shows an exponential decay with a slope of 1.51,
somewhat larger than the B.C.S. value of 1.44. The
thermodynamic criticat field H.(T) is oblained from the
specific heat below T, [1]. The ratio yT2/H2(0) is
0.149, smailer than the B.C.S. valve of 0.168. The
thermal variation H,(T) is analysed as the deviation
from the parabolic faw, which is a sensitive test o evalu-
ate the conpling strength. It is piotted in Fig. 3 versus
(TT.).

All these results indicate a significant deviation from
a weak-coupling behaviour described by the B.C.S,
model like that, for instance, of crystalline niobium
characteristic of an Intermediate-coupling superconduclor
[10]. This is confirmed by the electron—phonon coupling
parameter A=10.77 caleufated from the McMillan

Tomwla {L1] (with g* =0.13 and 0 = 150K). The

coupling character is therefore stronger than that of
Zr—Cuand Zr—Ni which were found to be weak-coupling
superconductars.

Varma and Dynes [12] pointed out that in a plot of
A versus No(Ep) (the bare density of states = N )
1+ RX), the experimental data (or a given series of

Tuble 1. Thermodynamic paraineters wmind traisport properties of amorplious Zr oMoy,

, 3y N, i,

9 PP = - 8 H{0 e
T N (L) nid o= 1T il D (0} pamk ( a7 .
(mImole™ K™%) (stateseV™! atom™) (nmole™ K™%} (K) {Oe)})  (uflcm) (kOeK™)
720101 3.05 1.72 0.580 t 0.602 150 152 25+ 1
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crystalline transition metals and alloys lie on two well
defined lines according to whether £ is located in lhe
upper or lower half of the d-band. Data for 4dd-based
amorphous altoys also lie on the same lines [t3]. For
Zr,gMosg the result is in good agreement with the lower
4d-band line.corresponding to the bording haif-band,
as expected for alloys from twa eardy transition metals.
This resuit Is close to that of crystalline niobium, due
to close values of botn X and No(Eg) [11]; this implies
that the strength of coupling is mainly governed by the
electronic properties in these metallic systems, indepen-
dently of the Debye temperature.

RESISTIVITY AND UPPER CRITICAL FIELD

The reskstivity p(T) s plotted against T from T to
room lemperature in Fig. 5. 1t depicts the typical
yariation observed for amorphous metals with a negative
temperature coefficient above about 10K; with
p(273K) = 152uS2cm, and {p(10K) — p(273 K/
p(273K)= 4.8 x 107*. Superconductive fluctuations
are apparent from T, to about 37, They are responsible
for the decrease of p with decreasing T in this range of
temperature.

The upper critical field is measured resistively with
H perpendicular to the sheet. Two examples of tran-
sitions measured at different constant temperatures by
varying the field are shown in the insert of Fig. 5,
together with the transition versus T at H=10. The
slope of the critical field near T, is: Hé, = ”(dHc,idTJq-,_.
=25+ 1k0eK™.

The parameter k(1) = HCJ(T)/x/ch(T) is plotted
against /T, in Fig. 6. Its thermal variation is in good

.
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Flg. 5. Resistivity and supercenducting transitions of
amorphous ZroMogg.
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apreement with that predicted by the G.LAG, mnded

[14], also drawn in Fig. 6 with & =53, Deviations

between experimental and caleuluied vasialions were

larger in the case of Zr- Cn and Ze-Ni, but & was of

the same order of magnitude, .
The formula

Hy = 448x 107 yxp m

using the measurcd values p(10K}= 159 pfkem and
¥=3574x 10? ergem™ K™%, pives a calenlateld slope of
40.9k0e K 1. As previously pointed ont, especiully for
Zi—Ni [1], we note a large discrepancy hetween the
measured and the caleulated vajues. In alt wmorphous
systems we have investigated np to now |21 we remink
that large deviations between the experimental and
calculated slopes are correlated to large 'T1S terms in the:
specific heat and slso to targe 7.

Indeed formula (1) has only been verified in case of
amarphous alloys like Mo—Ru—B |15} or Zr--Cu [16},
which exhibit v values about two times smaller than for
ZrnMoyg. Large deasities of states could involve cor-
rections to relation {1}, not accounted for by the model.
However, we still have not obvious explanations for
these high 7 valies. Moreover, in order tu conclude
about the origin of these discrepancies, we need theor-
etical eateulations for the effect of the T.L.S. on H, (T}
which are as yet not available.

CONCLUSION

From this extensive calorimetric and resistive study
of amorplious ZrygMoye which obeys the Collver -
Hammond law, we conclude Lhat it is an intermediate-
coupling supercouductor. The coupling strength and the
electronic density of states are close to those of crystai-
line Nb. The correspending data Jie, In a Varma-Dynes
plot, on the right lower d-band line, showing that the
strength of tlie coupling is driven by the clectronic
properties.

This alloy exhibits a very high deusity of two-level
systems. The discrepancy between the measured and
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7.

caleulated upper critical field slope previously reported
in weak-conpling Zr—3d afloys is still obscrved: hence,
the fack of correlation between this devialion and the
coupling strengili is confinned. The effect of the TLS
on the upper critical fiefd needs to be clarified.
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111 - PROPRIETES THERMIQUES A TRES BASSE TEMPERATURE - EXCITATIONS DE
BASSE ENERGIE

La chaleur spécifique résiduelle qui subsiste au-dessous de
500 mK lorsque 1'on a retranché d la capacité calerifique totaie les
contributions des phanons (terme BT3 extrapolé de 1'état normal) et des
dlectrons supraconducteurs (extrapolation de la loi de décroissance
exponentielle type BCS) est affectée aux excitations de basse énergie
caractéristiques de 1'&tat désordonné. Ces excitations,décrites en
terme de systémes & deux niveaux (SDN),ont été largement é&tudiées dans
les isolants amorphes et leur présence dans des verres métalliques a
8té évoquée pour analyser un certain nombre d'expériences : chaleur
spécifique et conduction thermique (Graebner et al., 1977), vitesse et
atténuation ultrasonore (Belessa et al., 1971 ; Weiss et al., 1980 ;
Doussineau, 1981).

L'analyse des résuyltats expérimentaux, effectuée comme décrit
au chapitre précédent conduit & représenter la contribution des SDN
sous la forme

n

C aT

SDN
tes valeursde 1'exposant n de la loi de puissance pour divers

dchantillons ainsi que 1'amplitude de la contribution CSDN a 100 mK

sont données dans le tableau 4 ainsi que dans la publication ci-aprés.
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LOW TEMPERATURE SPECIFIC HEAT OF AMORPHOUS SUPERCONDUCTING ZIRCONIUM ALLOYS
L

4, Ravex, J,C. Lasjaunias and O, B&thoux

Centre de Recherches sur lesy Trés Basses Temp&ratures, C.N.R.S., B.P. 16§ X,
38042 Grenoble C&dex, France

We have measured from 40 mK up to é K the
specific heat of a series of amorphous supercon-
ducting Zr alloys to study the low temperature
contribution assigned to two level systems. We
also deduce normal electronic and phonon contri-
butions to the specific heat and thermodynamical
superconducting properties,

1, SAMPLES PREPARATION AND CHARACTERISATION

Samples are obtained in the form of thick films
(about 100 um) by high .rate sputtering. Conden=-
sation occurs on a substrate held either at

300 K(Ag,352Zr 65, Ni 94Zr 74) or at 77 K

(M, 2427 75, M = Ni, Cu, PL). Samples are checked
to be amorphous by X-rays analysis, The specific
heat 1s méasured by a transient heat pulse
technique (1) on samples of about 3 grams
weight,

2. SPECIFIC HEAT ABOVE Te

Above the superconducting transition temperature
Te, the specific heat of each sample is well
fitted by a yT + RT3 law. The values obtained
for vy and B with this dnalysis are verified
below Ty by checking both normal and supercon-
ducting state entropies to be equal. Calculated
values of the normal electronmic contribution v,
phonon contribution B' and correspondlng Debye
temperature §p are reported inm table 1,

Ni Ni
o Ag 380 K 77K Cu PE pure ir
2 5,4 7,15 8,15 6,5: 5,85 *
¥ il /mole K°) 10,8 $£9,18¢ 10,2] ta,15] ro,25] 2
§tma/mole k) 0,525 o,45 | 0,465 | ©,508 0,65
8, (K) 155 183 161 157 144 291%*

Table ! : v, Bapd 3: for Zr i alloys
* measured value of the parent crystalline Zr

.
from litarature for crystalling Zr

3. SUPERCONDUCTING PROPERTIES

Transition temperature T., specific heat jump
AC/YT, deduced from the specific heat curves are
reported in table 2. From the slope of the
logarithmical variation of the superconducting
electronic specific heat Cgq versus Tg/T we
obtain the value of Ay/kgT. where A, {s the
superconducting gap at O K. Superconductivity in
these alloys will be discussed elsewhere.

0378-4363/81/0000—-0000/$02.50 & North-Holland Publishing Company

Ki i

M 2
i oK 17K e Cu
T, 1,8 1,30 3,15 2,32 3,43
/vt 1,75 1,70 1,85 1,80 1,85
doskgT, 1,35 1,50 1,40 i,50 1,50

Table 2 : Supergonducting properties of Zr alloys

4., SPECIFIC HEAT EXCESS AT LOW TEMPERATURE

After subtracting the phonon and superconducting
electronic contributions from the total specific
heat, it remains below about 500 mK a residual
contrlbutlon as shown in fig. 2. If we assume
the presence of two level systems (TLS) as it
has been suggested in similar alloys ¢2,3,4),the
theory predicts a linear temperature dependence
of the specific heat excess. However experimental
dats are well fitted by a power law TT down to
about 100 wK. Values of n and of the TLS contri-
butien at 100 mK are reported in table 3. If this
power law is still valid at lower temperatures,
it is necessary to introduce a suplementary
contribution to take into account the whole
specific heat excess., It couid be the onset of

a quadrupolar nuclear effect (CNT'Z) due to
Zirconium ; from specific heat measurements we
know the value of Cy for the crystalline parent
Zt in normal state, but the difference in elec—
trical field gradients between crystalline Zr
and amorphous Zr alloys enables us to check
precisely this assumption,

Ni i i ¢
" Ag 300K x| © e
n froqus=aTn Q,85 c,5 Q,55 Q,5 9,5
{exg/mole K} 10 195 28Q 95 180
CrLs at 0.1 K ]
¢y {erg K/mole) 7107 | 33,1072 11,1072 | 3¢. 1072

Takle 3 : TLS and nuclear contzributions

The TLS specific heat varies from an alloy to the
other but the order of magnitude at 0.1 X is
similar to that of insulating glasses or to that
of other glassy metals quenched from the melt
(2,3}, We note that the highest TLS contribution
is obtained for a ZrNi sample which has been
sputtered at a lower speed than ours other sam-
ples (a factor 3 in deposition speed). Cur
feeling is that low pulverisation speed induces

a higher degree of disorder which enhances the

395
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TLS contributicon. Indeed, we have observed the

reverse effect in an annealed ZrNi sampie (5).
Furthermore, for two different samples (ZrCu and

ZrPt) with the same composition and sputtered in
the same manner, we observe a large variation in

the TLS contribution,
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Tableau 4 - Excitations de basse énergie pour les échantillons bruts de

préparation
Echantillon] “"85"935| 276N 24| ZrygMTpg ) Zryglupg| Tragluyg | ZrygPt,g | Zry o401 510,
300 X 77 K
1 1 0,4 0,55 | 0,7 | 0,65 9,5 0,5 | 1,3
Cspn @ 605 11905 260 | 90:5 | 140 1655 | 500 | 50
0,1 K
erg/moTek

* La comparaison de ces valeurs avec celles obtenues pour la

silice amorphe (Lasjaunias et al., 1975) - valeurs standards représen-

tatives des proprié@tés des isolants amorphes -~ et avec celles publides

pour des verres métalliques obtenus par trempe du liquide (Graebner et

al., 1977 ; Samwer et al., 1982) appelle quelques commentaires

i)

les valeurs absolues du signal affecté aux SDON sont systématique-
ment plus &levées dans nos &chantillons pulvérisés que dans les
échantillons métalliques trempés du liquide ou dans les isolants.
Ceci est 3 rapprocher des résultats précédents sur les densités
d'8tats &lectroniques NO{EF).

la loi de variation thermique {coefficient n généralement < 1) est
différente de la varfation linéaire observée par Graebner {1977)
et Samwer (1982) sur des &chantillons trempés du liquide. Cette
derniére semble conforme aux prédictions du modéle théorique de
Phillips (1972) et Anderson (1972). Toutefois i1 est & noter que
ces auteurs se contentent d'analyser les résultats bruts sans
chercher d retrancher les contributfons‘phononiques et @lectroni-
ques, Dans une telle ana]ysé nos résultats bruts se rapproche-
raient &galement d'une variation linéaire ! D'autre part nos
mesures sur la silice amorphe (Ravex, 1976) ont montré que méme
pour les isolants amorphes 1a variation linéaire n'était qu'une
premiére approximation. Cependant dans ce cas 1'exposant n était
plutét supérieur & 1.
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ii1) 1'amplitude et la loi de variation thermigue de Ia contribution
des SDN peuvent &tre modifiées sous 1'effet de traitements ther-
miques. Ce point-qui fait 1'objet du chdpitre suivant constitue
une différence essentielle par rapport aux autres systémes étudiés
(isolants amorphes, verres métalliques trempés du Tiquide} qui
semblent peu sinon pas sensibles aux recuits.

Ces constatations am@nent bien sOr & s'interroger dans un
premier temps sur la validité de 1'analyse, plus précisément sur
1'8ventualité d'une autre origine pour 1'excés de chaleur spécifique
observé. L'hypothése la plus souvent avancée est la présence de gaz
inclus qui pourraient &tre & T'origine d'une partie de 1'excés de
chaleur spééifique. Dans du cuivre hydrogéné, par exemple, une anomalie
de chaleur spécifique de type Schottky a @té observée entre 1 et 2 K
(Waterhouse, 1969). Aucun signal de ce type n'a &té détect& dans nos
mesures.Plus récemmeht une anomalie de chaleur spécifique approximati-
vement linéaire en température au-dessous de 1 K a &té observée dans du
Niobium Titane cristallin dopé & 1'hydrogéne ou au deuterium {de 0,3
3 3 at %) (Neumaier et al., 1982). Une explication avancée pour expli-
quer ce résultat est la possibilité pour les atomes d'nydrogéne {ou de
deutérium) de tunneler entre deux sites tétraédriques voisins. IT est
i noter que les atomes d'hydrogéne (deuterium) ne sont piégés qu'en
présence d'impuretéé interstitielles (0, N ou C). Un tel phénoméne
pourrait &tre envisagé pour nos &chantiilons é&tant donné la grande
affinité du Zirconium pour 1'Hydrcgéne et la .présence prozabdle (voir
chapitre "Caractérisation des dchantillons") d'Azote et d'Hydrogéne.
Toutefois aucune mesure d'effets de recuits ou de conduction thermique
n'a été effectue sur les échantillons de Nigbium Titane dopés permet-
tant de pousser plus avant les comparaisons des résultats avec ceux bien
connus de 1'&tat amorphe et plus particuligrement ceux de notre série
d'&chantillons. Enfin lars des mesures effectuées sur 1'alliage amorphe
LaZn (Annexe B), la présence d'Hydrogéne s'est traduite par un important
dégagement d'énergie jamais observé dans la série d'alliages d base de

Zirconium,

Par contre, deux faits expérimentaux permettent de confirmer
1'origine de 1'anomalie dans des défauts de structure intrinséqgues
décrits par le modé&le tunnel classique : .
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i) une corrélation &tablie entre 1'amplitude de 1'anomalie affactée
aux SDN (aTn) et celle du terme quadripolaire (CNTz) observée 3
trés basses températures s'interpréte par une interaction(TLS)nSDN
noyaux de Zirconium.

i1) Ta relation systématique lors des recuits entre les variations du
signal de chaleur spécifique et celles du terme quadratique de Ta

conduction thermique généralement assigné & 1'interaction $pM-
phonons .

Avamt d'expliciter ces deux pofnts dans Tes deux publications repro-
duites ci-aprés, nous rappelons rapidement les hypothéses et résultats
essentiels du modéle théorique des SDN (ou TLS) (Phiilips, 1972 ;
Anderson et al,, 1972), '

Notre propes n'est pas de détailler les calculs du modéle
original exposés dans de nombreux ouvrages ou publications (voir par
exemple Anderson, 1979 ; Giintherodt and Beck, 1981) mais simplement
d'en rappeler 1'esprit et les principaux résultats appliquables & nos

mesures.

L'idée de base est qu'un verre se trouve figé pour des raisons
cinétiques dans un état qui n'est pas 1'état d'équilibre (qui est Te
cristal). IT existe certainement un grand nombre d'autres coenfigurations
énergétiques &quivalentes énergétiquement dans Tesquelles le systame
aurait pu 8tre figé. Alors les excitations de basse énergie (TLS pour
two level systems) correspondent & des transitions par effet tunnel &
trés basse température que le systéme peut effectuer entre deux de ces
configurations dans 1'échelle de temps de 1a mesure physique. 11 appa-
raft donc que Tes TLS sont trés probablement associds & des réarrange-
~ments Tocaux de petits groupes d'atomes. Cette situation peut Etre
représentée en mécanique quantique par le probléme d'une particule se
mouvant dans un double puits de potentiel asymétrique.
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V:-hauteur de barriere
A .energie d'asymetrie
d :distance entre minnma

A

En prenant comme base les états fondamentaux de chacun des deux
puits pris indépendamment, et le zéro de 1'énergie & la moyenne des
énergies de ces deux &tats fondamentaux, la matrice représentant
1'Hamiltonien du systéme s'écrit

A -4

1
Hy = 7 )

- iy
avec A, = hmo exp(-2), A= 7Y ZaV

m &tant la masse de la "particule" et hmo dtant de 1'ordre de 1'énergie
de point zéro de chacun des puits (de 1'ordre de 10-2 eVv).

La diagonalisation de cet Hamiltonien conduit aux valeurs
propres vraies du systéme qui possédent les énergies + £ Dans cette

-2
base 1'Hamiltonien devient
E 0
H! -1 ( ) avec g2 = Az + A2
o 2 0 -E 0

Lfinteraction des TLS avec les phonons est prise en compte par
un Hamiltonien de dé&formation

Y 0
Hy = ( )E o ¢ représente le champ de contrainte au
0 -Y .

34

. : -
niveau d'un TLS et vy -

Te potentiel de déformation. Dans la base
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propre du systéme cet Hamiltonien s'écrit :

AJE ZAO/E .
Hip = ey )
Zn /B -AJE
0
o , , 1,0 1 21,1 0
En utilisant 1a notation de Pauyli Sx = é( 1 0 ) et SZ --E( 0 -1 )
1'Hamiltonien H' = H' + H'1 devient
0 2_ 2, .2
£e= ﬁ + Ao
(- = 0
H' = ES, + (ZMSX + DSZ)E avec M= Y
- 2A
D = EY

Le splitting en énergie E des TLS ne peut pas &tre inférieyr &
A, (en effet E = A, pour un double puits symétrique A = 0). Ceci
imp]ique)du-fait que ies TLS ne sont observés expérimentalement qu'a
basse température (typiquement E < 1 K))qu'ﬁ1 existe une hauteur de
barriére minimale ‘\Jfrm.n {(correspondant & Anin = Rn(hmo/E)).

L'observation expérimentale des TLS implique la possibilité
d'induire la transition de 1'état fondamental & 1'état excité par
T'intermédiaire de 1'é1émént de couplage hors-diagonale de ia matrice
sQit MSXa. Pour une valeur donnée de E la valeur de la constante de
couplage M varie de sa valeur maximale M = y dans Te cas symétrique
(4 =0, Amin
mesure physique (x

) & une valeur minimale Tiée 4 1'échelle de temps de la
max) : tous les TLS de méme énergie ne seront dong
pas tous couplés identiquement aux phonons.

Afin de compléter le cadre du modéle, i1 est nécessaire de se
donner une distribution des paramétres descriptifs du systéme A et AO.
Les hypothé&ses habituelles du mod&le sont que ia fonction de distribu-
tion est indépendante de A et ne dépend de AO qu‘d travers le paramétre X
qui est supposé uniformément distribué. On a donc une probabilité
oonstante P(A,x) = P de trouver par unité de volume un double puits de
caractéristiques {A,A). En passant aux variables E et AO et en écrivant

P(a,x)dady = P(E, AO)dE da,, i1 vient :

5.

A

P(E,r) = %—5'r"1(1 - r)'l/z avec r = —% (Jickle, 1972)
: E
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La densité de TLS s'écrit alors

A max 1 —
0 - P dr
n(g) = P(E,Ao)dAO = g‘“}E——“—Sjjg
. r{l - r
A min roin

Chaque TLS donnera lieu en chaleur spécifique a un terme du type
Schottky

2 x‘
X e E
C =k ——=——s avec x = =
TLS (ex+1)2 kT

La contribution *otale sera la somme de chacune de ces contri-

butions soit :

1
2.X 2 _

C = // k %—§—~;§ n{E)dE = L k2 TP //( g;(l-r) Mz
e+1

ro.
0 min

On obtient ainsi avec les hypcothéses faites une contribution
Tingaire d la chaleur spécifique dont la mesure expérimentale permet
d'accéder & la densité de TLS

1

// dr
- r(l-r)l/2

min

raf o

D'autre part, r est directement relié au temps de relaxa-

min

tion maximum (Amax) des TLS accessibles pendant le temps de mesure
&
P =
min T

ot T est le temps de relaxation minimum {cas des puits symétrigues)

et Toax = temps de mesure ce qui conduit & Ta formule du modé&le tunnel

prévoyant la dépendance en temps de la chaleur spécifique.

2

R
Cp(,tT) = 17 kT P Log

4t
™T)

avec T(T) ~ AT'3 {J.L. Black, Phys. Rev. 817, 2740 (1978)).
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En_conduction thermique, si 1'on suppose que toute la chaleur est

transportée par des phonons acoustiques et que Teur lihre parcours
moyen est déterminé par les interactions résonantes avec Tes TLS

{(2(w) = v.t(w)), on peut en utilisant le spectre de Debye et en sommant
sur tous les modes de phonons acoustiques &crire

s3]

K = / Cla) v 2{w) du
0

ot C{w) est la chaleur spécifique d'un phonon de fréquence ¢ ,

v la vitesse moyenne du san.

Le Tibre parcours %(w) est dé&fini par

fuy

-1
( )

pv

tanh (

ol y correspond & une valeur moyenne sur tous Tes TLS de Ta constante
de couplage phonons-TLS relative aux puits symétriques

A

= _0
Mmax EY

qui déterminent la diffusion des phonons 1a plus efficace (le plus
faible temps de vie).

Ceci conduit & 1'expression de la conduction thermique

2
: 1
6rh™ Pv

dans laguelle Ta dépendance quadratique en température est en excallent

accord avec 1'expérience. Les données expérimentates permettent la

détermination du produit 5&2.
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L'analyse des résu]éats expérimentaux ne permet pas la déter-
mination de la Toi CTLS = aT" sur une gamme de température suffisam-
ment &tendue avec une précision assez grande pour une analyse numérique
d 1'aide de Ta formule {1). Par contre si en premiére approximation
on fait 1'hypothése d'une variation purement lindaire de Ta chaleur
spécifique au voisinage de 100 mK (CTLS = Eﬁ K nOT) on peut tirer une

valeur de densité d'état constante n, - Celle-ci varie de n0=1,4.104od'1cm'3
pour ZrAg a n, = 1,11041 Julcm"3 pour ZrMo ; elle est systématiquement
plus élevée que pour la silice amorphe (nO =2 . 10%° J'Icm's). En outre

si 1'on compare la valeur obtenue pour notre &chantillon brut de pulvé-

40

risation ZrCu {n, = 2,3 . 10 J—lcm‘3) d celle publi&e pour un &chan-

tillon de composition voisine obtenu par trempe du liquide
(n0 =1,6 . 1040 J'lcm3, Lohneysen, 1980), on observe que la densité de

TLS est plus forte pour 1'échantillon pulvérisé. Cette tendance est

confirmée par les mesures de conduction thermique (voir paragraphe

suivant) et par Tles effets de recuit {voir chapitre suivant).

La publication rapportée ci-aprés met en évidence une corréla-
tion entre ['amplitude du signal TLS et celle de la chaleur spécifique
résiduelle CNT'2 observée d trés basse température. Cette derniére
contributicn attribue & un effet quadrupolaire nucléaire ne peut &tre
observée que s'il existe dans 1'é&tat amorphe supraconducteur un couptage
supplémentaire des noyaux de Zirconium (QIZr) qui diminue  le temps de
refaxation nucléaire, En effet nous avions vérifié (annexe D) sur dn
€chantillion de Zirconium cristallin que le couplage des noyaux de
Zirconium via les &lectrons de conduction est effectif (Tl < 10 sec)

d 1'état normal. Par contre & 1'é&tat supraconductaur le temps de reia-
xation T devient supérieur & Ta minute: nous n‘avons donc pu cbserver
aucune remontée de chaleur spécifique en T'Z. L'hypothése avancée dans
cette publication d'un couplage via les TLS permet d'expliquer 3 la
fois la restauration du signal quadrupolaire et sa corrélation avec
1'amplitude du signal TLS. Ceci fournit en outre un argument solide en
faveur de l'existence de TLS dans nos échantillons & 1'origine des
excitations de basse &nergie observées en chaleur spécifique.
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LETTER TO THE EDITOR

Two-level systems in zirconium-based amorphous alloys:
evidence of a coupling with Zr nuclei ?

J C Lasjaunias and A Ravex

Centre de Recherches sur les Trés Basses Temperatures, CNRS, BP 166 X, 38042 Grenoble
Cedex, France

Received 18 March 1983

Abstraet. We report very low-temperature specific heat measurements on a series of
amorphous superconducting zirconium-based alloys. After subtracting the clectron and
rhonon contributions, we determine from the analysis of the data in a large temperature
interval the specific heat excess due to the low-energy excitations (TLs) characteristic of the
amorphous state. Furthermore, at the lowest temperature (7' 0.1 K) the onset of a nuclear
contribution is ohserved, numerically correlated to that of the TLS, which suggests a coupiing
between the *'Zr nuclear spins and these excitations. .

Over the past ten years a lot of work devoted to the investigation of insulating glasses has
indicated the existence of low-energy excitations typical of the amorphous state, A
phenomenotogical model developed simultaneously by Phillips (1972) and Anderson et al
(1972) ascribes these excitations (TLS) to atomic tunnelling motions between the two states
ol a double-well potential. Their characteristic behaviour is now also well established in the
case of metallic glasses: specific heat excess, quadratic 7% variation of thermal
conductivily due to a strong scattering of phonons by TLs (Graebner et af 1977), saturable
nature of the ultrasonic power absorption and logarithmic dependence of sound velocity
with temperature (see. for example, Belessa and Béthoux 1977, Weiss ef al 1980,
Doussineau 1981). In this study we have undertaken a systematic determination of the
specific heat contribution of TLS for a series of amorphous superconducting zirconium-
based alloys. _

The samples are obtained by high-rate sputtering with a pc magnetron under an argon
atmosphere (5 x 10~ Torr), Condensation occurs on a copper substrate held either at
room or liquid nitrogen temperature. Samples (4 x 2 cm? foils, 100 #m thick) are studied
cither as-sputtered (As) or after thermal annealing below the crystallisation temperature.
They are characterised by different techniques (x-ray diffraction, pra, density) widely
described in the cases of ZrNi and ZrCu alloys (Ravex et af 1981a, b, 1983).

The specific heat is measured from 50 mK up to 6 K by a transient heat-pulse
technique. Experimental details of this method together with typical total specific heat
curves and a complete analysis of the data are published elsewhere (Ravex ef al 1981a, b,
1983). Concerning the transient response of the thermometer following the heat pulse, we
indicate that in the very low-temperature range (7' 100 mK) these regimes remain well
defined by a unique exponential decay with a time constant 7 varying from about 10 s at
100 mK to 20-40s at 50 mK. With this technique 7 is defined as the product of the heat
capacity and the thermal link resistance. Let us just recall the usual process of analysis:

‘¢ 1983 The Institute of Physics L101
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from the data above the superconducting transition temperature 7, we use a plot of C/T

against 77 to determine the “values of the normal electronic specific heat y7" and of the
phonon contribution 87° from which we estimate a Debye-like temperature 8. Below
T, (for 2<T,/T<6) we verify that the superconducting elcctronic specific heat
(C, =C —BT?) obeys an exponential decay (C.ocyT, exp| —{(Ag/ka T X(1c/T)|) from
which we get an estimate of Ag/kg T,, where Ag is the superconducting gap at O K. A
summary of these experimental data is given in table 1.

Subtracting the phonon and eleciron contributions determined previously from the
measured total specific heat, there remains a residual contribution below about 500 mK as
shown in figure 1 for some typical samples of the series. We assign this specific licat excess
to the low-energy excitations (i.e. TLS). All the experimental data are well fitied by power
laws (Cqs =aT") down to about 100 mK. Values of # and of the amplitude of the 118
signal at 100 mK for each sample are reported in table 1. Generally for the samples in the
As state the temperature dependence of Crrg is lower than the linearity usually expected
for an energy-independent distribution of these TLs: this indicates a weak decreasing
energy dependence of #(£) in the corresponding energy interval. However, we obscrve Uial
by structural relaxation induced by thermal annealing (Ravex et al 1981a, b, 1983), one
approaches a more linear variation for the specific heat excess, corresponding o a constant
TLS distribution with energy. Moreover, in the case of ZrCu, after thermal annculing the
specific heat tends towards the value of a sample of very close composition prepared by
rapid quenching from the melt. Beyond the differences in the power laws the amplitude of
the specific heat excess, i.e. the density of TLS, is, for all the samples investigated in Uhis
study, of the same order of magnitude as that previously reported for a great variety ot
insulating glasses. For the samples subjected to a thermal annealing, we have verified that
the decrease in excess specific heat is correlated to an increase in the quadratic term of the
thermal conductivity associated with the TLs scattering of phonons. In particular this
correlation rules out the hypothesis of a spurious origin for this excess attributed to the
presence of gases: indeed such gaseous impurities would not be so strongly coupled with
phonons, Moreover, it would be very surprising to have such a reproducible content of

" gases in different samples from different laboratories obtained by different techniques
(sputtering or quenching from the melt).

Hence our measurements confirm the intrinsic nature of these low-energy excitations
present in metallic glasses as well as in insulators. However, more inleresting is the fact
that we can induce large modifications of their density of states by thermal treatment. Such
a behaviour, which has never been observed in insulators nor so clearly in metallic glasses
quenched from the melt (Grondey ef a/ 1983, Esquinazi ef al 1982), seems (o be a
particular property of sputtered samples. It will be of great interest for an understanding of
the physical nature of TLS to correlate these results to structural or local-order
investigations such as EXAFS, RMN or small-angle x-ray diffraction which are in progress.

If the TLS specific-heat temperature dependence is still valid at lower temperatures, itis
necessary to introduce a supplementary contribution to take into account the measured
specific heat below 100 mK. The best fit of the data between 50 miZ and 0.3 K is obtained
with a 772 term in addition to Crs: it could be the onset of a quadrupolar nuclear
contribution Cy T2 due to *'Zr nuclei, with Cy oc(e?qQ/kg /1), where eq is the main
contribution of the electric field gradient at a *'Zr nucleus, Q is the quadrupolar moment
and =3 is the nuclear spin of this nucleus. No other nuclear origin seems possible, either
hyperfine magnetic or quadrupolar, from the secondary element since the amplitude Cy is
not correlated to its nuclear spin (/=% for example in the case of Ag or Pt forbids any
quadrupolar contribution). Moreover, specific heat measurements performed on the parent
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1

crystalline zirconium (Lasjaunias and Ravex 1982) have shown a similar onset of a nuclear
contribution in the normal state. In a metal the nuclear moments have a strong magnetic
interaction with the moments of the conduction electrons leading to a short relaxation rate
T, for the nuclei. Due to the condensation of conduction electrons in the superconducting
state one expects a drastic exponential enhancement of this relaxational process: in fact for
the parent crystalline zirconium we no longer observe a nuclear contribution in the
superconducting state within the timescale of our measurements (about 40 s at 50 mK).
Likewise a process consisting of the modulation of the electric field gradient by phonons is
not efficient at low temperatures (T < 6p). Under these conditions it seems quite surprising
o observe a nuclear signal in these amorphous alloys. However, the analysis of the
experimental results (table 1 and figure 2) indicates a systematic correlation between the
amplitude of the TLs specific heat anomaly and the amplitude of the nuclear contribution.
These features lead us to suggest a relaxational process of the nuclear spins via the TLS.
Such a restoration, or at least a dramatic decrease of Ty, in the amorphous state compared
with the corresponding crystalline solid has already been indicated by NMR oOr NQR
measurements in amorphous insulators (Szeftel and Alloul 1978, Jellison et al 1980).

It is supposed that the relaxation is achieved through the modulation of the electric field
gradient at the nuclear site by the elastic field of its nearest-neighbour TLs. In view of the
rapid decrease (like r ) of this coupling it is assumed by analogy with the paramagnetic
impurity-induced relaxation (Khutsishvili 1966, De Gennes 1958) that a nucleus is
primarily relaxed by the TLs which is closest to it. The relaxation is thereafter achieved
between Zr nuclei by nuclear spin diffusion. The coefficient of diffusion for nuclear spin is
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Figure 2. Coeflicient of the nuclear term as a function of the amplitude of TLs specific heat at
0.1 K. Letters refer to samples in table 1.

given by D= IVd? where W is the probability per unit time of a flip-flop transition of a pair
of nearest nuclei and d is the distance between them. This distance, estimated from the
molar weight and the density of samples (around 7gcm™?), taking into account the
natural abundance of *'Zr (11%), is of the order of 6.5A. The probability of a
flip-flop transition can be expressed (Khutsishvili 1966, Abragam 1961) as
W= w3007 + Dg]2(7iyd /d®) where py is the NMR frequency (y/27=400Hz G™'), I'is the
nuclear spin and g is a coefficient of the order of 10 which is a function of the structure.
Fhis leads to a value for the diffusivity D~2 x 10~ " ¢m? g1 which is a common value
for solids. Consequently during a time interval ¢ all relaxed nuclei are located inside spheres
centred at each tus and with radii r=(D6)"2. For an experimental time of about 10 s at
HOO mK, r~45 A, From the TLs specific heat contribution we can estimate their density
of states 1y, assuming in a first approximation a linear variation for this specific heat
with  temperature: Crq =4n’kdnyT. For our series of samples these contributions
(50 erg mol ! K‘IQCTLS/TQ 150 erg mol~! K2 correspond to densities of states:
L3x10% erg™'em ™ <rig <4 % 10% erg™! em=3. With the approximation that at the
temperature 7 the TLS involved in the specific heat are mainly those with an energy
splitting £ 3k 7" wg get an estimate of their mean distances: 180 A < dpis <260 A,
These distances are larger than the extension of the relaxation by spin diffusion around
each TLs. This is in good agreement with the fact that the observed nuclear contributions in
the amorphous alloys are smaller than those observed in the parent zirconium in the
normal state. The unique well defined time constant which characterises the transient
response indicates that we measure the actual contribution of nuclei which thermaily
equilibrate via the TLS during this timescale, and it allows comparison with the data of
parent Zr measured under similar experimental conditions,

Moreover, the observed numerical correlation between the TLs and nuclear
contributions is well taken into- account by the proposed mechanism, if one assumes that
for all samples investigated, in either As or ‘relaxed’ states, the local electric field gradient
eq at each *' Zr site is the same and is not affected by the nature of the additional element.
We also suppose that the TLS by themselves do not modify the local environment of the Zr

nuclei: this seems reasonable since the concentration of such configurational defect is only

a few ppM in the energy interval of the present investigation, and can be estimated up to
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1072 or 1073 of Zr atoms with the hypothesis of a constant density of stales extrapolated
up to about 0.1eV, |

In conclusion, we have analysed the very low-temperature specific heat in this serics of
amorphous alloys by the contribution of TLs excitations and a nuclear quadrupolar term
assigned to ' Zr nuclei. The correlation between the amplitude of both terms enables us to
ascribe the relaxation of the nuclei within our experimental timescale to a process of spin
diffusion among the nuclei, initiated in the close vicinity of the TLs defects. These resulls
strongly support the existence of TLs at the origin of the low-temperature specific heat
EXCESS. - '

The authors are grateful to Dr O Béthoux for preparation of the samples and
Dr P Averbuch for stimulating discussions.
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Pour un certain nombre d'échantillons de la série étudiée,qu'il
s'agisse d'échantilions bruts de préparation ou recuits, la mesure
simultanée de Ta chaleur spécifique et de Ta conduction thermique a
permis de confirmer la présence de TLS & I'origine & la fois de 1'excas
de chaleur spécifique et de la variation gquadratique de Ta conduction
thermique. I1 est méme possible, comme rapporté dans la publication c¢i-
aprés, d'é&tablir une corrélation entre T'amplitude du signal de
chateur spécifique (proportionnelle & P d'aprés la relation (1)) et celle
de Ta conduction thermique {proportionnelle & :lf d'aprés (2)). Cette
constatation exclut quasiment 1'hypothése d'unpgrtefact pour 1'anomalie
de chaleur sp&cifique, plus précisément d'un effet 4G a des gaz inclus
pour lesquels on ne pourrait pas justifier d'une interaction avec les
phonons entrafnant la limitation observée de leur libre parcours., E&n
effet, Ta forte valeur de la constante de couplage déterminée
expérimentalement (M = 1 eV) est incompatible avec 1'image d'atomes de
gaz inclus faiblement corréilés i la structure (Rosénstock, 1?72). Dans
cette publication, les résultats sont présentés en chaleur spécifique,
et paramétre de couplage (57%) réduits. L'état de référence est celyi
de ['@chantillon ZrCu brut de pulvérisation (fig. 3).



(Phonon Scattering in Condensed Matter - Stuttgart, 1983)

Low-Energy Excitations in Zr-Based Amorphous Alloys Studied
by Thermal Conductivity and Specific Heat

J.C. Lasjaunias, A, Ravex, and Q. Béthoux

Centre de Recherches sur les Trés Basses Températures, CHNRS, BP 166 X
F-38042 Grenoble Cedex, France

For temperatures well below their superconducting transition Ta, the
thermal properties of amorphous superconducting alloys become very similar
to amorphous insulators, that means governed by the low-enerqy excitations
(Iwg-Levei Systems) successfully proposed by the tunneling model [1] :

R regime for thermal conductivity below about 1 K and a residual spe-
cific heat anomaly roughly Tinear with T and almost universal in magnitude,
‘of the order of a few erg/g.K at 100 mX,

We present specific heat (C) and thermal conductivity {K) data related
to T.L.S, for a few Zr-Cu sputtered amorphous alloys, with Zr concentration
of 76-80 at %, of different thermal history : ZrygCupg-1 in its "as-prepa-
red" state and after annealing 1 hr at 200°C, below the crystallization
temperature of ¥ 320°C ; Zryglupg-11 aged at room-temperature i Irgplusn
"as-prepared", Also data for a Ir7gNisg "as-prepared" [2]'are7repdrtedlfor
comparison, A1l alloys have Te included between 3 and 3,5 kK [2]: Details
about the preparation and characterizaticn'of'thESe'samplés are given else-
where [2,3?.

In Fig.(1) are reported specific heat data below 0.8 K only, In erder to
obtain a precise analysis, measurements were performed to about 7 _K, which
includes the normal state range where C follows the usual yT + 873 relation
Below 0.5 K the electronic term Ces vamishes exponentially and the remain-
ing cogtributfons are phonons {indicated by solid lines) and T,L.S. :

C = BT° + Crpg. Below 0.1 K the specific heat ceases to decrease, which in-
dicates the progressiYe influence of a nuciear hyperfine contribution

{n T-2) assigned to %17y nuclei (for a discussion of this term and its re-
lation to T.L.S,, see ref. [3]).

The first striking feature is the Targe spreading of the amplitude of
the anomaly mainly due to T.L.S. between 0.1 and 0,3 K, for this series
of ZrCu samples of close chemical composition, Including ZrNi, this spread
reaches a factor of five at 0.1 K, This is at variance with the insulating
glasses (e.g. oxide glasses, fluoride glasses) where continuous variations
of chemical composition (or annealing near Tg) has much less effect an the
TLS density of states ; however universality of the magnitude of the anoma-
ly (about 1 erg/g.K at 0.1 K) remains. This effect is corroborated by the
thermal conductivity data (Fig.(2))}. Well below T. (in the present case
below 1 K), due to condensation of normal eiectrons the dominant phanon
scattering process is the resonant scattering by TLS, characterized by a
T1+9-72 regime obeyed in this series of alloys. There ‘appears a qood corre-
lation between the C and K raw data for the TLS regimes : a larger value
for K corresponding to a Tower for C. This will be confirmed in the precise
analysis.

410 -
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Secondly, a large effect of decrease of the TLS density of states occurs
upon anneating (sample Ir76Cuga-1). Similar increase of ¥ was detected in
different melt-spun IryxCuy_x alloys (x = 0.6, 0.7, 0.74 [4]) but not corre-
lated to the specific heat, which remained unchanged,

In order to give precise numerical TLS parameters, we have to separate
the phanon contribution BT3 in the specific heat data. In the series of
IrCu, contrary to ZrNi or ZrPt [2], the Crg{T) variation is very sensitive
to this phonon term above 0.3 K : 1f one uses for 8 the value B defined in
the normal state ahove T » 1t results_in an abnormal behaviour for Cyig
which decaeases with T agove 0,3 X [5]; it means that the actual phonon
term to be used in this 7 range is probably smaller than B. Indeed a com-
plete analysis of the thermodynamics of superconductivity based on the
B.C.S. model (jump at 1., parameters of Ces) Teads to a B value smaller
than B, which restores a monotonous increasing variation for Cris up to
" 0.5 K, in agreement with al1 other results of amorphous materials, Since
a significant variation of the sound velocity has never been detected in
the T, range for other Zr-based alloys, this suggests the presence in BT3
of an extra-phononic contribution which rapidiy vanishes in the superconduc-
ting state, probably of electron-phonon interaction origin .

Generally, the Cy;g(T) variation for the "as-prepared" samples is slower

than a7 (f.e, ~ TO'5 to T0°7[2]) but a Tinear dependence is almost verified
after annealing which indicates, in the frame of the tunneling model, the
tendency for the TLS density of states n{E) to a more energy-independent

distribution, simultaneously to its decrease for F;—;gl K.
8

an
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‘%ﬁ; éﬁéi Fig, 3 : Correspondence between the redu-
ST fCns ced TLS specific heat (at three tempera-
« * ZrgNi,, tures) and tgerma1 conductivity coupling
" 4 [asprepared) parameter nM4 for the ZrCu samples and
IrNi [ref. 2]. The reference values
2r - (CTLS)U and (ﬁHz)o = 4,1 x 107 erg.cm"3
8 o ° L ZraCu Wow i R
s 0 qb:kéjn g are‘those of "as-prepared” Zr,.Cu,, -1
the I e > 2rpCuy
ol— 0._.__._|......._...,L._..1...
T=01 02 03k

From the quasi T2 regime of K(T) we calculate the coupling parameter EHZ
which mainly determines the variations of K in this series of samples

k3
B, ——Q T2 with p = density, v, = mean sound velocity calculated
H2 2 D

&
from B = (Zﬁ kB) (SﬁBsz) , where n represents a constant density of states

(Ko<

of TLS, the most strongly coupied to phonons, which is only a fraction of
n(E) active in specific heat, and M a mean phonon-TLS coupling constant.
Fig.{3) demonstrates the excellent numerical correlation between bath ther-
mal properties of this series of alloys, which strongly supports their. com-
mon origin in the tunneling states.

In conclusion, we have pointed out the sensitivity of the TLS density of
states to the conditions of preparation and thermal history, contrary to
insulating gltasses : this is probably a direct consequence of metallic ben-
ding. Moregver this property is perhaps related to the high concentration
of Ir atoms which could determine the TLS characteristics [5].
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CHAPITRE 1V

EFFETS DES RECUITS SUR LES PROPRIETES ELECTRONIQUES ET
SUPRACONDUCTRICES ET SUR LES EXCITATIONS DE BASSE ENERGIE (TLS)
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tes effets de traitements thermiques au-dessous de la tempéra-

ture de cristaliisation ont &té é&tudiés pour deux alliages d'é&l&ment

additif distinct (Zro Ni,, et Zr,.Cu,,). Dans un premier temps,
767 24 767724

1'influence sur les propriétés thermiques a &té mesurée (chaleur spé-

cifique et conduction thermique). Les résultats obtenus, présentés ci-

aprés, permettent un certain nombre de constatations

i)

i1)

le comportement observé en chaleur spécifigue (fortes diminutions

de 1a contribution des TLS, de celie des phonons et des
&lectrons normaux) ast trés différent de celui des isolants
amorphes (pas d'effet de recuit sur le terme TLS (Lasjaunias et
al., 1980) et des alliages supraconducteurs amorphes obtenus par
trempe du liquide (pas d'effet sur Tla contribution des TLS,pas ou
peu d'effet sur la contribution é&lectronique normale (Grondey et’

al.,, 1983 ; Garoche et al., 1982),

3

1 'augmentation systématique de la conduction thermique sous i'effet

de recuits est par contre en accord avec les résultats obtenus sur
des supraconducteurs amorphes tremp@s du liquide (Esquinazi et al.,
1982).

i11) malgré les fortes variations de la densité d'état €lectronique et

de Ja température de Debye induites par le recuit, les effets sur

la température critique supraconductrice et sur ie couplage

&lectron-phonon sont faibles. Nous observons au recuit une diminu-
tion de TC de quelgues diziémes de Kelvins : cette diminution est
un point commun aux deux catégories d'alliages et permet en
particulier de mettre sérieusement en doute 1'hypothése que 1'évo-
tution de 7. est essentiellement gouvernée par la densité d'état
&lectronique (Karkut et Hake, 1983 ; Civale et al., 1983).

Ce dernier point nous a incité & effectuer une analyse parti-

culigdre de 1'évolution des propriétés électroniques et supraconductrices

en incluant dans la discussicn des mesures de résistivité et de champ

critique HC2 effectu@es au laboratoire.
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We have measured the low temperature {from 30 mK up to 3 K) specifie
heat and thermal conductivity of an amorphous ZrNi superconducting alloy
as sputtered and after annealing in the amorphous state. We observe
after annealing a decrease of the specific heat anomaly below 0.5 K
together with an increase of the thermal conductivity, These variations
are in agreement with a decrease of the density of two-level systems
(F.L.5.) due to the structural relaxation,

Introduction

The existence of low—energy excitations in
metatlic glasses is now well established by mea-
surcments of specific heat and thermal conducti-
vity on superconducting amorphalts alloys{ZrPd,]
ZrCu,2 ZchB). Recently a structural mechanism
particular to metallic glasses was proposed by
Banville and Harris® for the two-level tunneling
states : they assumed that a TI$ corresponds to
the motion of a single atom between two or more
alternate eguilibrium positions within a void,
Using computer simulatrion of the structure they
pointed out a relation between the concentration
of TLS associated with the presence of voids and
the stage of scructural relaxation of the mate-
rial. In order to test this model we have
measured the effect of a structural relaxation
obtained by thermal annealing on the thermal
propecties of a similar alloy (ZrNi). For the
first time we have evidenced a corrslation bet-
ween the low temperature specific heat and
thermal conductivity variations related to a
modification of the density of TLS during the
anncaling.

Sample preparation aund characterization

Up to now the thermal properties measure- _
ments have been performed on Zirconium alloys
obtained by rapid quenching from the melt. In
our case the alloy is sputtered and deposited
in the form of a thick film (thickness about
100 pm) on a substrate held at nitrogen tempe—
rature. The deposition rate is about 3 um/her.
The sawmple unstuck from the substrate is avai-
lable in foils (4 cm % 2 cm) of about 0.6 gram
welght. The over-all variations of the thick-
ness of the Foila are about L 20 7, A chomionl
analysis performed on different parts of the
sample shows fluctuations of * 3 at. I around
the nominal composition Zr 7gHi a4, The amor-
phicity is checked by X-rays diffraction and
D.T.A,

After the measurements of the thermal pro—

3
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perties the sample i3 annealed under vacuum
for 24 hrs. at 250°C, temperature lower than
the crystallization temperature determined by
D.T.A. (350°C). The amerphicity is checked
apain by X-rays. The two X-rays patterns before
and after annealing are essentially identical :
within the precision of our measurements the
width and the position of the first peak of
diffraction are unchanged (table {). Density
measurements show a2 slight increase for the
aunealed sample (table 1} indicating a tenden-
Cy to a more packed structure. The variations
of the room temperature and low temperature

(v 10 K) resistivity are respectively - 0,8 %
and - 2 7, .

Table 1 : X-rays diffraction data and densgity.
(Zﬂ)max is the diffraction angle {in degrees)
of the firat peak and A(ZG)I/Z its half height

width,

Zr0°76N10'24 (za)max A(ZB)I/2 denstgy
{g/cnd)

as spuyttered 36.3 t 0,2 5.0 * 0.2 6.85 t 0,01

annealed 36.4 £ 0.2 4.8 £ 0.2 6.95 % 0.0]

Specific heat measurements and resuits
3

The specific heat C of both samples was
measuraed from 0.04 up to 5 K by a transient heat
pulse technique~. Four or five fails were pres=
sed between two silicon plates of the same
surface. On one plate the thermal link is sofe
soldered on a gold Film evaporated om it and the
thermometer ~ a doped gilican stice® - iy glued
with grease, Tthe healer g pressced between the
cpposite silicon plate and a sample foil. The
thermometer is calibrated betow [.5 K apainst
the magnetic gusceptibilicy of CMN and From
4.2 K up to 7 K by comparison with a calibrated
germanium thermometer. Characteristic time
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constants for the equilibrium with the heat
sink after heat pulses are between a few se—
conds and a few tenth of seconds. The addenda
heat capacity has been measured in a separate
experiment ! their contribution to the total
heat capacity in the worgt case varies from
30 T at the lowest temperature to 13 I at 5 K.
In figure | we report the specificheat
data for both samples. Arrows indicate the
superconducting transition temperatures T
(table 2). The relatively broad trans1t10n
widths AT, are probably related to the fluctua-
tions of the concentration observed by chemical
analysis. Below the transition temperature the
electronic specific heat C,s decreases exponen—
tially due to electron condensatlon. But below
0.5 K a residual contribution in addition te
those of Ceg and phonong is eclearly apparent.
Above T, the specxfxc heat obeys a YT+BT
law as tan be verified in fig. 2 where C/T is
plotted versus T2, From this analysis we obtain
values for Y and 8 (table 2) which are checked
below T; by verifying that both normal and
superconducting state entropies are equal. The
presence of the RT3 term slgnlflcant of acous-
tic phonons, which is not observed in amorphows
1nSulat0ra, allows the determination of a
Debye temperature 9p (table 2). However no
sound velocity measurements are available in
order to get an acoustical determination of 8p.
We observe an important increase of 8p for the
annealed sample : this corresponds to an
increase of the structural stiffness. Such an
effect has already been observed on PdSi al-
loys7. We also note a decrease of 22 I of 7.
However T, fs little modified by the thermal
annealing (the effect of structural relaxation
on superconducting and electronic properties
will be published elsewhere).

Below T, the guperconducting electronic
term Cogy decreases as A yTcexp — Ay/kT. Below
0.5 K after subtracting the phonon term BE3 and
Cag we obtain a residual specific heat reported
in fig. 3 that we can assign mainly to the low-
energy excitations. For both samples the ther-
mal variation ia mot linear, which rules out
the presence of normal inclusions. At the
lowest temperature we observe for the annealed
sample an increasing contribution which can be
atrributed to the onset of the nuclear quadru~—
potar specific heat of Zirconium : this term
has also been observed in three other Zr alloys
and will be discussed elsewhere. It becomes
negligible above 0.1 K. Therefore we analyze
the residual specific heat of this sample as
the sum of a nuclear contribution (yT-2
(Cy = [5 x 107 2 erg.K/mole) and a low-energy
excitations contribution with a temperature
dependence slightly smoother than linearity

Table 2 :
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Fig., 1 : 8pecific heat of the Zrg,7gtli 24 amor-
phous alloy before and after anneallng. Arrows
indicate the superconductlng transition tempe—
ratures for each sample. Dashed lines indicate
the calculated phonon and superconducting elec—
tronic contributions in the case of the "as
sputtered" sample.

(see the fit in fig., 3).

For the "ag-sputtered" sample such a
auclear term is not apparent and thercfore we
cannot determine in the same way the temperaru-
re dependence of the low-energy excitations
below 0.1 K. Anyway we chserve that the effect
of the annejling is to reduce the excess speci~
fic heat, If we suppose that this excess is

Specific heat parameters, vy is the Debye sound velocity obtained fram aD

270,760, 24

T (X) ATC(K) Y(mJ/mule.Kz) B(mJ/mole.Kb) Bﬁ(K) VD(cm/s)

a8 sputtered 3.15 0,53 B8.15 %

0.2 0.465 61 1.47 x 10°

annealed 3.0 0.55 6,30 £

0.1 0,315 18  1.67 x 10°
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Fig. 3 : Residual specific heat after subtrac=
ting from the experimental valuas the phonen
and superconducting electronic contributions.
Dashed lines indicate the analysis of the data
for the annealed sample by the sum of a nuclear
T2 term plus a low-energy excitations contri-
bution. The linear temperature dependence is
shown for comparisca.

mainly due to the low~energy excitations, the
net effect of annealing is to reduce their
density of states. In order to verify this
hypothesis we have measured the thermal con~
ductiviey.
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Thermal conductivity measurements and results

The thermal conductivity K of both samples
was measured between 0.1 K and 5 K by the per-~
manent heat flow mathod with two chermometers
and one heater. In each sample we cut two bands
4 cm long and i cm large. The heater and the

. heat sink were clamped between the two foils.

The therwometers (doped silicon slabs) were
glued on copper clamps } between the two ther-
momaters separated by 1,50 * 0.05 cm, we have
measured precisely the thickness of both foils
of each sample, The geometrical factor 8/ was
respectively 1.30 x 1072 cm for the "ag sput—
tered” sample and 1.08 x 10~2 ca for the
annealed one, with a precision of about 10 Z.
Because of the low thermal conductance of the
samples, we verified that at the lowest tempera-
ture the heat loss through electrical leads
(Mo-Ti wires in a Cu-Ni matrix} was less than a
few percent of the total heat input,

Results of the measurements are shown in
fig. 4. The superconducting transition tempera-
tures Tc determined in the specific heat measu-
rements atre indicated by arrows : they corres—
pond very well to the change of regime in the
phonon~electron scattering due to the rapid
decrease of the number of notmal-state eleccrons
below T..

Hell below Tes both electron heat tramsport
and phonon-electron scattering become negligi-
ble. Then the phonon conductiviey K., is mainly
limited by the interactions with the low-energy
excitations and sample boundary scattering. In
fact, above 0.2 - 0.3 K we chserve a Tle%n 1ike
variation, characteriscic in the amorpitous
materials of the resonant scattering of phonons
by the TLS tumneling states. Below 0.2 - 0.3 K
the thermal conductivity decreases more rapidly,
indicating the progressive influence of the
boundary scatteringB. In the whole temperature
range, the value of K for the annealed sample
are enhanced in comparison with the "as sputte-~
red" onme. In order to evaluate quantitarively
the role of these two different machanisms, we
have calculated K(T) from the exact Debye for-
mula :

K - ir’ W 2 e
3 - - » ——— ., '_:'— [
ph 3 2n2v30 D (ex—l)z € 1
. b . s .
with x = T and the inverse relaxation time
-t . m =2 hu p o, .
T == w tanh b + L 18 determined by

pv
the resogant scattering with the 'I'LSg and the
Casimir limitation (L being the thickness of
the sample) ; M is an average coupling constant
of the TLS with phonons, n the density of sta-
tes of TLS stfongly coupled to the phonous and
p the density. Tn absence of any acoustical
measurements on such samples we used an avera-
Be Debye sound velocity v_ obtained from the
8p value of the specific Reat measuraments
(tahle 2}, Introducing in the above formula
the mean thickness of each sample (95um * Sum
for the "as sputtered", 82um * Sym for the °
annealed) from the fit of the data we obtain
thg value of the unique adjustable parameter
nf", The fits are drawn in fig. 4 ¢ they cor-
respond to values of nf2 of 9,1 x 107 erg.cm™
and 6.7 x 10/ erg.ca3 respectively for the
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Fig. 4 3 Thermal conductivity before and after
annealing. Arrows indicate the superconducting
transition temperatures determined by specific
hieat measurements. Solid Iines represent the
fit ¢f the data by the phonon thermal conduc—
tivity limited by both scattering due to TLS
and boundary scattering, as described in the
text. The T1+9 variation is draown for compari-
son. Dashed line B represents the boundary
scattering term for the acnealed sample,

"as sputtered" and the annealed samples, which
are close to thogse chtained in amorphous inau—
lators (Si02 ¢ 1,2 % 108 erg.cm ). In the

temperature range where the Casimir timitation
is negligible, the phonon comduction can be
described as :

3
K L T2 XB_
ph=TLS N

Experimentaly one gets !

- +
¢ 3.0 x 1o~ p1+85 £ 0.05

PheTLS g4 ple90 £ 0.05
: !

expressed in W.em™!.K™! unies.
It shows an increase of the thermal conduc-—
tivity of 50 % by annealing. Taking into account

(as sputtered)

{annealed)
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the variation of the density (+1,5 %, table 1)
and of the sound velocity v (+14 X, table 2),
a significant decrease of nM“ by a Factor 1.35
remains. This variation is well correlated to
the diminution of the residual specifie heat if
it is ascribed mainly to the TLS low-energy
excitations. Morecover, in comparison with the
other amorphous superconducting alloys studied
up to new'"4, we obtain a relatively low abso-
lute thermal conductivity which confirms the
higher amplitude of thie specific heat residual
anomaly.

Above T,, the experimental thermal condue-
tivity follows a linear temperature variatiom ¢

4 -1
KT »r " 3.3 x 10 T W.cm

a1 x 107%T Wiew '&' (annealed)
K(T) is the sum of two contributions : the
electronic heat conduction K,1 plus the phonon
heat conduction Ky, K,) can be calculated
- phr Re
from the Wiedemann—Franz law

2.45 x 1o~8

K =~ "o T : we get for both sam-
el fo

ples the same value K, = P, 2x1070T W.cm_l
because of the very slight variation of the
resistivity {pg = 200 UQ x cm) by about 2 %
during annealing, Withdrawing this value from
experimental data there remains the plhonon
contribution K, which is limited by scattering
by both electrons and structural disorder

KEA.= K"E_e + Kﬁé—disorder' The plicnon cundue=
tivity B2 t%e anncaled sample is 40 % higher
than the "as sputtered”" one. Unfortunately we
cannot distioguish clearly the contribution of
each scattering process. For instamce the
scattering due to disorder is diffiecuit to
estimate in this range of temperature interme-
diate between the T2 regime and the “plateau”
regime } anyway we expect a diminution of the
scattering by TLS with annealing.

K—! (as sputterecd)

gl

Conelusion

Qur thermal conductivity measurements con-—
firm the hypothesis of a reduction by thermal
annealing of the intriusic low-energy excita-
tions density of states suggested by the speci~
fic heat results.In fact the analysis of the
specific heat data alone is net sigrificant
enough 1 indeed we can evoke other origins for
the variation of the anomaly, for example a
magnetic component due to Ni clusters or a con-
tribution of gaz inclusions., But such explana-
tions cannot take in account the significaot
variation of the thermal conductivity whicl can
only be interpreted, in the framework of the
tunneling model, by a reduction of excitations
strongly coupied to phonons, which rule cut the
previous itypothesis.

However it is Jifficult to corrclate quan-—
titatively the variation of the TLS contribution
observed in the specific heat to the variatiom
of thermal conductivity due to the resonant
scattering of phonons by the TLS5. From thermal
conductivity we have an access to nM* variation,
but we cannot distinguish variations of n or M.
Moreover there are not necessarly the same TLS,
i.e. the same n, whi?h act in specific heat and
thermal conductivity O But qualitatively these
results are coherent and agree with the theore=
tical model of structural relaxation developed
by Banville and Harris®, which predicts a

Vol. 40, No. 9
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decrease of TLS density associated with the
disappearance of voids during annealing : this
is what we observe, the disappearance of voids
being confirmed by the 1.5 % increase of the
density. Moreover our specific heat results are
in reasonable agreement with the calculation of
Banville and Harris who obtain a reduction by a
factor of 10 of the TLS concentration together
with an increase of 4.2 % in the demsity of
their model structure.

Finally we think that our samples prepared

SUPERCONDUCTING AMORPHOUS ALLOY Zr'76Ni
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by sputtering are more "disordered" than simi-
lar alloys prepared by rapid quenching Ffrom
the melt : the specific heat anomaly is larger
and the thermal conductivity lower, both indi-
cating a larger density of TL$. This fact has
been recently confirmed by Hiilairet et al.l!
who compared by electrical resistivity measu-
rements the thermal structural relaxation of
our samples to samples cbtained by a melt
spinning technique.
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Abstract. We report and discuss measurements of low-temperature specific heat and thermal
conductivity, upper critical fleld near T, electrical resistivity, mass density and x-ray
diffraction, performed on an amorphous superconducting ZrysCuyy alloy obtained by high-
rate sputtering deposition at 77 K. A thermal annealing of the samples in the amorphous
state before crystallisation induces a large decrease of the very low-temperature specific heat
related to the two-level system excitations. whereas thermal conductivity increases in a
correlative way. Both electron and phonon contributions to the specific heat in the normal
state decrease and tend towards the values of liquid-quenched (L) alloys of corresponding
compaosition. At the same time, the other properties studied are less affected. likewise in Lo
alloys. The occurrence upon annealing of 2 chemical phase separation in the amorphous state
is proposed to expiain the resuits,

1. Introduction

In recent years a large amount of experimental data has been obtained in the field of
amorphous metals. By thermal annealing in the amorphous state, these materials undergo
a structural relaxation. Its effect on different physical properties is of great importance in
order to elucidate their relations to the structurat disorder.

To date mainly metallic alloys prepared by fast quenching (~10% K s~!) from the melt
have been investigated. Apart from systematic studies of the superconductive transition
temperature 7. electrical resistivity, or elastic constants (Young’s modulus), very few
experiments have been performed on the effect of thermal relaxation in the amorphous
state on structural or thermal properties (for a review, see Chen 1980), and almost all
referred to liquid-quenched (LQ) alloys. In the continuation of our previous work on a
sputtered Zry,Niy, alloy (Ravex er af 1981bh), we have now investigated the effect of
thermal annealing on different physical properties (heat capacity, thermal conductivity,
electrical resistivity, superconductivity and ‘averaged’ structure) of Zr,sCu,, obtained by
the same sputtering deposition technique. Moreover, this al[c;y enables & comparison to be
made with the corresponding liquid-quenched alloys of the series ZrCu which has been
widely studied. We present here the analysis of the specific heat results in a more detailed
way than in previous papers; from data in a large temperature interval (from 7 K down to
0.05 K). one can get successive information about the Debye temperature 6y, the normal
electronic density of states. the electronic contribution in the superconducting state, the
low-energy excitations (two-level system—TLs) related to the structural disorder and,

0305-4608/84/020329 + 18302.25 © 1984 The Institute of Physics 329
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finally, nuclear quadrupolar interaciions. For almost all these contributions, the effect of
thermal annealing is large, especially in comparison with the small effect, if any, for LQ
alloys. One observes a general trend toward a state of lower entropy, approaching that of
the corresponding melt-spun ZrCu. Simultaneously, the phonon thermal conductivity
which, well below T, is determined by resonant scattering by the TLS shows a variation
well correlated to its specific heat counterpart.

The other properties investigated, ‘averaged’ structure from density and x-ray
diffraction, electrical resistivity and superconductive properties (7., upper critical field
slope at T,) are close to those of LQ materials and exhibit much smaller variations under
annealing than the thermal properties,

2. Sample preparation

The amorphous samples are prepared in the form of thick films by high-rate (10 um h~)
DC magnetron sputtering of a buik pre-afloyed target. The alloy is prepared by levitation
melting of pure Zr and Cu under a high-purity argon atmosphere. The alloy is then cast in
a rotating cold copper mould to obtain a target without any chemical contamination,

For the parent Zr, the resuits of chemical analysis are as follows: Cr, Mn, Co, Ni, each
<10 pem: Fe, 35 pem; HF, (00 ppM. We have measured its low-temperature specific heat
previously between 0.03 and 1 K (Lasjaunias and Ravex 1982), The parent Cu is of 5N
purity, ASARCO. Sputtering is performed under a pressure of § x 10~? Torr of high-purity
argon and the film is deposited on a copper substrate held at liquid-nitrogen temperature.
For each deposition run (and target) six foils are removed from the substrate; each has
dimensions about 2 x 4 cm?, 80—100 4m in thickness and about 0.6 g weight. The samples
are usvally stored in liquid nitrogen before experiments, In the present study, we used
mainly two different samples (A and B) corresponding to two distinct depaosition runs and
targets. Other samples have been used in characterisation experiments (density, x-ray).

The amorphism is checked by routine x-ray measurements (Cu K., radiation). The first
broad maximum is always located at 28=236.0° + 0.2° for the different samples, in either
the *as prepared’ staté or after annealing at 200 °C.

3. Thermal treatments

3.1. Crystallisation

DTA measurements with a heating rate of 407K min~' show two successive erystallisation
peaks with maxima located at 321 and 357 °C. From the deviation from the base line, the
crystallisation appears to start at T, ~ 300 °C. These results agree with those obtained by
Samwer and von Lohneysen (1982) at a rate of 70 K min~" on a series of LQ Zr, Cuy_,
alloys. The appearance of two successive crystallisation stages has also been observed by
isothermal measurements of electrical resistance at 240 °C as shown in figure 1. The
measurement was performed with a sensitive four-wire Ac method, using a heating copper
sample holder under high vacuum. The resistance begins to decrease significantly after
1.5 h of annealing at 240 °C, indicating the onset of crystallisation. For durations longer
than 8 h. AR shows two different behaviours as a function of Ig ¢ with different slopes
corresponding to the formation of successive crystailine phases (denoted as stages [ and II)
with different growth kinetics. For stage {, an x-ray diffraction diagram obtained on a
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sample annealed for 24 i at 240 °C under vacuum shows 14 lines superimposed on the
amorphous background. By indexing these lines, the crystalline structure is determined to
be hexagonal with c/a=10.622, a=5.03 A and e=3.13 A. This phase is the metastable w
form of Zr which appears in quenched scc Zr-rich alloys (Sass 1972) or in pure Zr under
pressures greater than 40 kbar (Oiinger and Jamieson 1973). Stage IT has been investigated
by x-ray diffraction on a sample annealed at 370 °C until its resistance does not change
further with time: the 20 lines analysed correspond to a mixture of the equilibrium phases
{Zr;Cu and HCP a-Zr} and some remaining w-Zr phase,

These results suggest that annealing causes. the amorphous alloy to decompose into a
nearly pure Zr amorphous phase which thereafter crystallises into w-Zr type, and a second
phase more rich in Cu which further crystallises into the equilibrium phases, The first step
ol erystallisation (e-Zr) is in agreement with the recent findings of Buschow et af (1983) on
series of LQ Zr-based alloys,

J.2. Relaxation in the amorphous state

In order to study the structural relaxation, we have measured the dependence of electrical
resistance on annealing temperature T,, which is ess than the crystailisation temperature.
The room-temperature resistivity (pygsx =153+ 3 #§2 cm) decreases monotonically with
increasing T,: for T, =200 °C, (Ap/phsyk = —0.9%. The absolute value of the thermal
coeflicient (1% ={1;/9%dp/dT )03 = — 1.24 x 10~* K~') also decreases monotonically
with increasing 7,: for T, =200 °C. (Aa/a)ygsx = — 14%. The irreversible change of p at
T, is achieved within about ten minutes for T, > 50°C, any further change being of about
107* in one hour. In the following, the samples termed ‘annealed’ have been subjected to
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this unique thermal treatment for 1 h at 200 °C under a normal pressure of high-purity
argon (for specific heat and thermal conductivity measurements) or helium (for other
experiments: x-ray diffraction, upper critical field).

4. ‘Averaged’ structure studies of the amorphous samples

4.1. Density measurements

Density measurements were performed using Archimedes’ method with toluene as fluid.
The accuracy of the method, checked by numerous measurements, is probably better than
0.01 g em ~? for one foil of mass 0.5~0.6 g. Typicaily, extreme fluctuations of 0.03 g cm™?
are observed over the values of six different foils obtained from the same sputtering
experiment, From a total of about 20 measurments on 18 foils obtained from sputtering of
three different targets, subjected to various heat treatments (storage at room temperature
for several months, annealing at 200°C), ail data are situated between 6.78 and
6.84 g cm ~?, These values are in very good agreement with the recent ones for melt-spun
samples from Samwer (1983) and Karkut and Hake (1982} and in particular with the
results of Altounian and Strom-Olsen (1983), which agree to within 1%.
The Muctuations, +£0.015 g cm™?, observed between six foils from the same sputtering
- depasition can be ascribed to variations of Cu concentrations x of about +1 at.% from the
stope dp/dx=0.017 g cm~* (at.%)~! determined for the series Zr,_,Cu,. This is in accord
with the widths of superconductive transitions in specific heat experiments as discussed
below (§ 3). -

On the same foil, we have measured the effect of thermal annealing for 1 h at 200 °C:
the density changes from an initial value of 6.805 g cm™? to 6.822 g cm=>, an increase of
0.25%; this variation is comparable with that usuaily obtained in L9 alloys. A smaller
variation (~0.1%) was obtained by a similar annealing of a foil previously aged at room
temperature for two months. These results are at variance with our previous observation of
a surprisingly large change of density by 1.5% on ZrNi induced by annealing at 250 °C
(Ravex et al 1981b). Actually, this variation was not significant, since data were taken on
two different foils which could not have exactly the same concentration. Indeed, we have
since verified by chemical analysis that the concentration fuctuations are larger in ZrNi
samples ( £3 at.%) than in ZrCu samples.

We have observed small fosses of weight of the samples depending on the time of
storage and thermal treatments: for example. the loss of weight for a foil annealed for | h
at 200 °C is 0.07%,; after melting the same foil under vacuum, the loss of weight is 0.12%.
These weight losses can be attributed to emission of gases trapped during the deposition
process. probably Ar since the usual gases (Q;, Ny, H,) give stable compounds with Zr
and cannot escape from the alloy. With this hypothesis the initial Ar content for this foil
should be 0.4 at.%.

4.2. X-ray diffraction measurements

Accurate diffraction spectra have been performed with Mo K, radiation on piece of
sample B. firstly in its ‘as prepared’ state and after subsequent annealing for | hand 12 h at
200°C. The resuits will be presented and discussed in detail elsewhere (Samwer and
Lasjaunias 1984). Briefly. the total radial distribution functions G{(r) obtained up to
r=16 A are only weakly modified upon annealing: the average nearest-neighbour distance
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r) increases by 0.5%, whereas the second maximum position r, decreases by 0.5% after
annealing for | h at 200 °C. The basic shape of G(r) is similar to that of the Lg ZrCu alloys
{Chen and Waseda 1979),

We conclude from these studies on the ‘averaged’ structure that there is no indication
for any significant difference between liquid-quenched and our sputtered samples;
moreover. only minor modifications occur for the present sputtered samples upon
annealing for 1 h at 200 °C.

5. Specific heat and superconducting measurements

" The specific heat measurements have been performed between 0.04 and 7 K in a unique
" cryostat using a transient heat-pulse technique described previously (Lasjaunias e af 1977,
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Ravex et al 1981a, b); the sample holder consists of two silicon plates and the thermometer
is a doped silicon slice. This highly sensitive thermometer is calibrated against the magnetic
susceptibility of ¢MN (cerium magnesium nitrate) below 1.5 K, the ‘He vapour pressure
between 1.2 and 4.2 K (EPT-76 scale (BIPM 1979), instead of Ty, scale) and by reference
to a calibrated Ge resistor above 4.2 K using the fixed point of the superconducting
transition of Pb at 7.20 K (EPT-76 value) for reference. Generally, we measure four or five
foils in order to minimise the sample holder contribution {about 1.5erg K™! at 0.1 K) to
the total heat capacity. The uncertainty in the total heat capacity data is of the order of a
few per cent; for comparison, the change of thermodynamic *He scales from Ty to EPT-
76 induces modification by about 1% of the heat capacity over the whole T range. A larger
uncertainty arises at ultra-low temperature, and can be estimated from the scatter of the
data.

Results over the whole temperature range for both amorphous states (‘as prepared’ and
annealed for [ h at 200 °C) of sample A are given in figure 2; the general behaviour is
very similar to that previously reported for Zrq Niy (Ravex et af 1981b): the large effect
of annealing is observed around and above the superconductive transition temperature
(indicated by arrows at the middle of the transition). Below T, the specific heat is
dominated by the electronic contribution in the superconducting state, C,,. which
decreases exponentially: around ! K both specific heat curves join, but at very low
temperatures (7' 0.5 K} where the low-energy excitations (TLS) become predominant, a
large difference occurs rapidly: annealing lowers the specific heat considerably so that it
comes close to that of the Lo alloy of very close contposition, Zry, Cu,e (Samwer and von
Léhneysen 1982), In the following we discuss the analysis of these data in successive
temperature ranges. '

3.1. Normal state above T, and superconductive transition

The data are reported for samples A {figure 3(a)) and B (figure 3(6)) in a C/T against T?
plot: above T, the specific heat obeys a yT+ AT law up to 7 K as in crystalline metals and
LQ Zr—-Cu amorphous alloys (Garoche 1982, Samwer and von Léhneysen 1982). From the
coefficient £, one can extract s Debye-like temperature 6, and the correspending sound
velocity vy, in the usual form;

L 1944 ” 24
ﬁ:%fw@: 7 (J mol~' K—% or ﬁ=%"? (1)

£ is the mass density. The values of f, @y and vy are given in table 1.

A problem arises concerning the validity of this analysis: it is wrong in the case of
insulating glasses where the lattice specific heat over a large range of measuring times
always exceeds the acoustic contribution calculated from sound velocities {Poh! 1981,
Loponen et al 1980). The question is still open in the case of amorphous metals where
sound velocity data are very scarce: recent measurements on Cugy Zryy (Arnold ef af 1982)
lead to an acoustic value for fp of 275 K compared with (228 £ 6) K from specific heat
data {Garoche ef al 1980, Garoche 1982). Nevertheless, we continue our analysis with the
By values obtained from our calorimetric data and the corresponding mean sound velocity
tp that will be used in the analysis of thermal conductivity (§ 6). Therntal annealing results
in an increase in 8y of about 10%, a trend similar. but amplified, to that in other Lq alloys:
Pd-Si (Mizutani and Massalski 1980) and FeNiPB (Onn 1981). Such an increase could be
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Figure 3. Specific heat of Zr.;Cuy, shown on a /T against 72 diagram: the broken fines
indicate the fit to a yT + 877 taw for data in the normal state: (a) sample A in both the ‘as
prepared’ {@) and annexaied (A) states; (£) sample B in the ‘as prepared’ state,

related to the increase of stiffness as evidenced by measurements of Young’s modulus in
different amorphous ailoys (Chen (978, Kursumovic and Scott 1980).

In the normal state, we obtain the electronic contribution and the corresponding
density of states at the Fermi fevel:

NAEe) =y} , @

expressed in states eV~ atom~! (both spin directions). This experimental value is
increased in comparison with the “bare’ density of states M(0) by many-body mass
enhancement due to electron—phonon interactions and possible spin fluctuations:

Ny(Ee )= (m*/mNO) = NOY(L + Appy + Ay ). (3)

The values of y and N,(Ep) are given in table | and figure 4 together with the data availabie
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Figure 4. Electronic specific heat coefficient ¥ as a function of Cu concentration for liquid-
guenched ZrCu alloys from two groups: O, Garache er of (1980, 1982) and Garoche and
Veyssié {1981) for relaxed samples; &, Samwer and von Léhneysen (1982) for ‘as quenched’
semples. Our data on sputtered Zr15Cuyy alloys are shown: sample A (@, as sputtered; A.
anneated): sample 8 (Q. as sputtered), '

for Lg ZrCu alloys, Both samples A and B show similar higher ¥ values than the Lg ailoys;
the large decrease of y induced by annealing, first observed in sputtered ZrNi, is confirmed
here by a similar variation of 20%, Moreover, the value in the annealed state approaches
the extrapolated vatue for similarly relaxed Lg alloys (Garoche et af). For these alloys with
higher Cu concentration the variations of ¥ under annealing are small or insignificant
{Zr3Cuyy, Grondey et al 1983: Zrsy Cuyg, Garoche ef a/ 1982: in this case a variation of
4% in the opposite sense occurs). :

Figure 5 shows the electronic specific heat (after subtracting the §77 term from total
specific heat) divided by T, From this diagram we can define the value of T., using the
criterion of equalisation of entropy (broken line in the figure). One also obtains an ideal
specific heat jump of amplitude AC at T.. The values of T,, the normalised specific heat
Jump AC/yT, and the width of the transition AT, are given in table 1.

The T, values are in very good agreement with the T, () curve defined by numerous
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Figure 5. Electronic specific heat C, shown as C/T against T between 1 and 7 K for sample
A in both states (@, ds sputtered; 4. anneaied). The vertical dotted lines represent the specific
heat jump at T,. The superconductive transition temperatures, indicated by arrows, are
determined by equalisation of areas under the experimental C,/T curve.

results on 1o Zr,Cu,_, alloys {Garoche er af 1982, Samwer and von Ldhneysen 1982,
Altountan and Strom-Olsen 1983).

The width AT, depends on the amount of material used for the experiment (2,5 g for
sample A. only 0.5 g for sample B) and hence can be accounted for by concentration
Huctuations. From dZ/dx~0.11 K (at.%)”", one obtains fluctuations of +1.5 at.% for
sample A and +1 at.% for sample B, in good agreement with those estimated from density
measurements.

Thermal treatment decreases T, by 0.15 K: this diminution by a few tenths of a degree
is a common feature for numerous amorphous Zr-based alloys (ZrCu, Altounian et af
1981. Garoche er a/ 1982: ZrNi, Ravex et al 1681a, b, Anderson et al 1982: ZrRh,
Drehman and Johnson 1979; ZrPd), whatever the sense of variation {if any) for 6 or y
may be. This lack of correlation is more evident in the present case where such large
variations of both y and &, would imply, within the usual framework of superconductivity,
much larger variations for T,. Another example of lack of correlation between the
measured value of y and superconductivity is given by the absence of variation of the upper

critical field slope at T, measured by a resistive method on sample B (table 2): indeed

(dH,/dT}z, should be proportional to the product yp and hence should vary by 21%,

Table 2. Density. slectrical resistivity and upper critical field siope at T,

Density i K (dHc.‘/dT)T‘
Sample {gem™" (62 cm) (kQe K~
‘ag prepared’ 6.805 153.0+3 26.7£0.5

annealed 6.822 151,743 266 £0.5
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Such discrepancies confirm the hypothesis of phase separation upon annealing into two
amorphous phases previously suggested by the crystallisation studies. Indeed, if the
annealed sampie is now a mixture of two phases of different chemical compositions, its
measured y value will be less than that of the homogeneous ‘as prepared’ sample. On the
other hand, depending on the scale of the inhomogeneities, its T, will be governed by
proximity effects and will not be related to the measured y by the classical Bcs relation as
in the homogeneous ‘as prepared’ sample, The fact that the annealed sample behaves as a
single superconductor with a slightly changed T, indicates an inhomogeneity scale less
than the zero-temperature superconducting coherence length (~70 A).

3.2. The superconducting range: 0.5 K TT,

Below T, two contributions to the specific heat are present: the electronic term C,, and the
“lattice” AT term. In order to determine C,, we have to subtract the cubic term from the
measured specific heat. As we shall discuss later concerning the temperature dependence of
the TLS contribution, the more convincing analysis in the case of the ‘as prepared’ sample is
obtained with a § value lower than that determined for T'> T,. We have chosen to use the
same value for both states: that obtained above T, for the annealed sample. Note that the
choice of B is not important for the determination of Cu, except in the very low-
temperature range: T' 0.8 K. The thermal variation of C,, determined in this way is
shown in figure 6 in the usual normalised plot lg(C,, /yT,) against T/T.For 1T, /TL2,
a good fit is obtained with the Miihlschiegel numerical data. For T./T>2 variations
are linear for both samples, which corresponds to the usual exponential decay
Cu/yT, =aexp(—bT,/T). In the range 2.5 < T, /T'< 6, the BCS relation for weak coupling
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Figure 6. Electronic specific heat of sample A (®, 25 sputtered; A. anneaied) in the
superconducting state plotted as C,,/yT, against 7./T. The broken line represents the acs
variation valid in this temperature range: C,,/yT, = 8.5 exp(—1.44 T./T).
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gives a=8.5 and b=1.44, which are the values obtained for the ‘as prepared’ sample
(table 1).
From the electronic specific heat we have calculated the superconducting entropy and,
with the criterion of equality of entropy at T, for both states, determined the y value as
T O
S(Tyy=| =2 dT=yT..
Jo T
This value is higher by 6% and 9% respectively for ‘as prepared’ and annealed samples
than that obtained from data above T,.

J.3. Temperatures below 0.5 K

Betow 0.3 K, C,, becomes rapidly negligible. Down to 0.} K, two contributions are
dominant: the lattice and the TLS excitations. The residual specific heat AC obtained after
subtracting the 87 term and C,, is shown in figure 7. The thermal variation of AC above
0.2 K is very sensitive to the value of §. contrary to the previous case of other sputtered
Zr—M alloys of the same composition (ZrNi, ZrPt, Ravex et al 198 la, b, Lasjaunias and
Ravex 1983), where a mach larger (by a factor of two or three) TLS contribution partly hid
the influence of a f7° term roughly similar to the one here. If one subtracts the 77 term
determined from data above T, this leads to a variation for AC which rapidly decreases
with 7 above 0.3 K (open circles for the ‘as prepared’ sample in figure 7). Since this
peculiar thermal variation has never been observed in the other amorphous Zr—M ailoys,
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Figure 7. Residual low-temperature specific heat after subtracting the electronic C,, and the
phonon A7 contributions from experimental data. For the ‘as sputtered’ sample, Q
corresponds to the analysis with its own 87 term and ® to that of the annealed (&) sample
fchain line). The broken curves indicate the fit of the data by the sum of a nuclear 7% term
plus a TLS term (Cre 2 T% a< 1)
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this would rather suggest that the actual BT value to be used in this low-temperature range
is lower than that datermined in the normtal state above T.. In the absence of experimental
acoustic data, it is difficult to speculate on the possible evolution of the true Debye term
well below T, but this could also imply the existence of a cubic term additional to the true
acoustic one in the normal state, which progressively disappears in the superconducting
state, suggesting a possible origin in electron-phonon interactions (Danino and
Overhauser 1982). Nevertheless, if one uses the value of f# determined for the annealed
sample in its normal state for the ‘as prepared’ sample, one recovers a monotonic increase
AC(T), in agreement with the other alloys.

For T¢0.2K, the residual anomaly is then analysed as the sum of the TLs
contribution  plus  a  very low-temperature  nuclear  contribution CyT2
(Cn=(18 +3)x 107 erg mol ! K~ for the ‘as prepared’ sample) very probably due to
the electric quadrupolar moment of *' Zr nuclei (nuclear spin £ =4} and observable through
a coupling process between nuclei and TLs, which is discussed elsewhere (Lasjaunias and
Ravex 1983). For the ‘as sputtered’ sample, Cpg increases smoothly as T°7; this
temperature dependence is very similar to other ‘as prepared’ sputtered alloys (ZrNi, ZrPt,
Ravex et al 1981a,b) with Crg variations between 7'* and T%7, which indicates a
smooth decreasing energy dependence for the density of states n(£). For the anneajed
sample the nuclear contribution is about two times smaller than for the ‘as prepared’ state,
and that of TLS is also reduced by a factor 1.5-2, now approaching a linear variation
(~T°'°—-T"O).

Both these effects of annealing on Ctus, the reduction of magnitude and simultaneously
a temperature dependence closer to linearity, corresponding to a more energy-independent
density of states, exactly confirm our previous results on ZrNi. Moreover, upon annealing
the Cqrs value of our sputtered sample tends towards that measured in LQ Zryy Cuyg
(figure 2}, for which a similar thermal treatment has no effect (Grondey er a/ 1983). This
trend is similar to that in the 7> T, range.

It we approximate Crig for the annealed states of both ZrCu and ZrNi by an exact
linear variation, we can estimate a density of states 1y from C=}xln ki T

o~ 3.6 x 10% erg ' em ™" for ZrNi and ny ~ 1.3 x 10% erg~! em™? for ZrCu.

6. Thermal conductivity measurements—discussion of the low-energy excitations (Ls)

The thermal conductivity experiments were performed on the same unigue foil of sample A
of width about | cm and length 4 cm, successively measured in the ‘ag prepared’ and
annealed states. We used the permanent heat flow method with two thermometers (Si
doped) separated by a distance /= 1.50 £0.05 ¢cm and one heater. One thermometer is
used to regulate the temperature either under forced flux or under natural parasitic heat
flow. The second is used to measure the temperature difference due to the forced flux. We
verified that the thermal shunt by the electrical wires (Nb-Ti in a Cu—Ni matrix) is always
less than 2%. From the volume of the foil (calcutated from_‘weight and density) and its
surface. we deduced a mean thickness of 80 #m and a corresponding geometrical factor
S/1=35.25 x 1077 em with a total uncertainty of about 5%.

The resuits are shown in figure 8. In the superconducting state, between ~0.2 K and
K. for both samples K(T') obeys the usual 7"*2° variation characteristic of the resonant
scatlering of phonons by the tunnelling states: K =8.5 x (0~* 74902002 gy -1 e -1 for
the ‘as prepared’ sample and K =15 x 10~* 720005 g oot g = for the annealed
sample,
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Figure 8. Thermal conductivity data on Zr5Cuz. @, as sputtered; &, annealed,

In a similar way as for our previous results on sputtered ZrNi, the effect of thermal
annealing is to increase X by a factor of about 1.6—1.7, which implies, in agreement with
the reduction of residual specific heat anomaly, a reduction of the density of TLs.

For the annealed sample below 0.2 K, X decreases more rapidly than 77 suggesting an
additional scattering mechanism. The same effect observed in ZrNi samples was attributed
to the progressive influence of boundary scattering. This*interpretation cannot apply here
since this effect shouid aiso occur in the ‘as prepared” sample which has the same thickness
as the annealed one,

The increase of K upon annealing is a general feature of amorphous ZrCu afloys
(Esquinazi er af 1982, Grondey et af 1983).

From the quasi-quadratic 7?2 regimes, we can obtain a first numerical estimation of the
characteristic scattering parameter AiM? where 7 represents the consiant density of states
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for the tunnelling states most strongly coupled to the phonons (which can be only a small
fraction of the usual value m(£) determined from specific heat measurements on the
timescale of a few seconds (Black 1978)) and M is the average phonon-TLS coupling
constani. Applying the kinetic approximation and using the Debye specific heat of
phonons, the numericai expression for X is (Graebner et af 1977)

pké Uy 21)‘ 2 .
K(T)=1.65 + T 4

(M=165 53 (F:Mf g @

{ and t stand for the longitudinal and transverse polarisations. In the absence of sound

velocity data, we make the usual approximation v, = 2v,, obeyed in amorphous materials,
with v, ~0.9 ¢ obtained from the 8T specific heat. Usually M7 = 2M2, and one obtains

3
K(T)=1.26 x 10°p —-:{‘—2 T~ 3.4 x 10°

My R

pUDZ Tz (5)
iy
{CGSs units: K expressedinerg s~ ! em~! K1),

Within this rough analysis, we have to approximate our data to exact 7% laws. For the
‘as prepared’ sampls, a good approximation is K~9x 107* 7 Wcem™! K~'. For the
annezled sample, we use the experimental T2 law between 0.2 and 0.7 K.

As we discussed previously in the specific heat analysis, a probiem occurs concerning
the actual value of the phonon contribution (here phonon velocity) in the very low-
temperature range. which can differ from that obtained from the specific heat in the normal
state above T,. In the case of the ‘as prepared’ sample, it appears more appropriate to use
the Debye term corresponding to the annealed sample. Therefore we indicate in table 3 the
values of /t4f] calculated with both values of vy in the case of the ‘as prepared’ samples. [n
order to compare numerically with our previous results on ZrNi (Ravex ef af 1981b) we
have also calculated the 7iAf2 coupling terms for this alloy in the same way (table 3). The
effect of annealing is to decrease M by a factor of 1.68 in the ZrCu alloy and 1.57 in the
ZrNi alloy.

These values are very similar, and it is werth noting the good numerical correlation for
the four samples between the coupling parameter and the amplitude of the TLS specific heat
(except the low vatue of Crpg at 0.1 K for ZriNi annealed; table 3). Note the large variation

Table 3. Low-temperature thermal conductivity and specific heat regimes related to TLS
excitations (T« T) for Zr-sCuzg and ZrqsNisg alloys,

Crs (erg mol ™' K1

Sample Mtitergem =)t T=01K 02K 04K
ZrNisg 12.9x 107 260 195 680
‘as prepared’ {(11.2x 107 (260) (380} (570}
annealed 8.2 x 107 120-130 210 400450
H
Zr1eCuyy 4.03 x 107 90 145 225
‘as prepared’ (3.64% 107 {90} (140
annealed 24 x107 50--55 9 not estimated

T RA1Y is obtained from the approximate formula (5) valid for a 71 regime. For the ‘as
prepared” states. the two values correspond sither to the Debye term of the corresponding
state {in parentheses) or to that of the annealed state (see text).
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of the TLS parameters for these Zr-based alloys, never previously obtained with insulating
glasses. This correfation supports unambiguously the common TLS origin of both low-
temperature specific heat and thermal conductivity. In particular, it rules out a possible
origin for the specific heat anomaly in gaseous impurities (Ar in the present case) loosely
bound within cavities of the material (Rosenstock 1972), and evidenced experimentally in
vitreous silica (Van Maaren et af 1980, Fisher 1980).

The strong reduction of the TL§ density upon annealing is not related, as we previously
supposed in ZrNi amorphous alloys (Ravex et af 1981b), to a significant increase of the
mass density since it has not been observed here. But it is more probably related to the
phase separation suggested by the crystallisation studies and the superconducting
behaviour. A striking analogy can be made with the effect of annealing on a quenched
ZrNb (20%) single crystal which exhibits glassy-like low-temperature thermal properties
(Lou 1976). This analogy suggests a common structural origin for the TLS in these two
kinds of Zr allov. In ZrNb quenched crystals, Lou has identified the TLS with atomic
motions associated with fuctuations between two local atoric orders: those of the Bcc
B-Zr and hexagonal w-Zr phases which coexist in the material. The observed decrease of
the TLs density of states in the annealed crystal is attributed to the decrease of the
fluctuation frequency induced by the growth of the w domains.

Since the first stage of crystallisation in our Zr—Cu samples is the w phase of (nearly)
pure Zr, we suppose that isolated groups of Zr atoms (about 10 atoms) with such a locat @
order exist in the amorphous state and can fluctuate by tunnefling into other metastable
configurations of higher energy. Then, the segregation of Zr during the early stage of the
chemical phase separation induced by annealing causes these groups to grow rapidly.
Consequently, the fluctuation frequency decreases just as the observed TLs density of
states does. This scheme is in aceordance with the hypothesis of Mon and Ashcroft (1978),
who relate the presence of TLs to the occurrence of polymorphism of the material, Zr in
the present case.

In corresponding liquid-quenched alloys, the chemical phase separation couid be
achieved during the quenching process. The consequence will be a lower TLS density and
specific heat, with no further effect upon annealing; this is observed experimentally
(Grondey er al 1983).

7. Conclusion

Contrary to the behaviour of glassy alloys prepared by fast quenching from the melt, the
amorphous alley Zr,, Cu,, obtained by high-rate sputtering deposition at 77 K exhibits
rather large variations of its low-temperature thermal properties upon annealing in the
amorphous state. Over the whole temperature range investigated, the specific heat of the
‘as prepared” state is higher than that of the annealed state. Thus, annealing induces a
reduction of the low-temperature entropy, which indicates a structural evolution to a more
stable state very similar to that of liquid-quenched alloys. .From a thermodynamic point of
view, the deposited amorphous alloys appear. more ‘disordered’ than their liquid-quenched
counterparts. It should be noted that ail the contributions to the specific heat (two-level
systems. electrons and phonons) are reduced upon annealing, the largest reduction being
observed for the T1.8 contribution,

This behaviour, the crystallisation studies and the qualitative disagreement between the
variation of the superconducting properties and electronic specific heat upon annealing
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strongly suggest that a chemical phase separation occurs during the heat treatment.
Probably due to the very short scale of the inhomogeneities induced by the phase
separation (a few tens of angstroms), the annealing has very little effect on the ‘averaged’
amorphous structure (mean interatomic distances, density) and only small effects on
electrical resistivity and superconducting properties, as observed also in liquid-quenched
amorphous alloys,

As discussed before, the TLS excitations can be attributed to Auctuations of local atomic
order in small groups of Zr atoms. Then, the reduction of the TLS specific heat upon
annealing is associated with the growth of these groups of atoms during the phase
separation.

Finally, it is still not clear whether the cubic term of the specific heat can be attributed
to a pure Debye term or whether an extra coatribution exists which decreases at low
ternperature: more direct measurements of the sound velocity or shear modulus would be
necessary to clear up this point.
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Effect of Structural Relaxation on Critical Fields
I, and I, and on Resistivity in Sputtered
Amorphons Alloys Zr,,Cu,, and Zr,Ni,,

0. Laborde,* A. Ravex, J. C. Lasjaunias, and Q. Béthoux

Centre de Reclerches sur les Trés Basses Températures, CNRS, Grenoble, France

{Received December 12, 1983 revised February 22, 1984)

We report critical field results on sputtered amorphous Zr,sCuz, and Zr,sNiy,
alloys. The H.(T) obtained from calorimetric measurements is well described
by assuming that both systems are weak coupling superconductors. A similar
gond agreement is not found for H.,(T) obtained by a resistive method;
tentative explanations of this discrepancy are suggested. We also report resis-
tivity measurements in the normal state on Zr;;Nis, alloys. Results are well
interpreted in the framework of the Faber-Ziman diffraction model. An alterna-
tive explanation, the Kondo-like model for two-level systems, is also discussed.

I. INTRODUCTION

Amortphous zirconium alloys with transition metals have been the
subject of intensive research for the last few years; indeed, these binary
alloys are relatively ea=y to prepare and display a large variety of physical
properties, from superconductivity to magnetism. Most of the results have
been cbtained on rapidly melt-quenched samples, and few results are
available for samples prepared by sputtering. The structural relaxation that
can be achieved by a moderate annealing makes it possible to vary different
properties of the amorphous state'; this is an easy way to modify a system
under investigation without changing its chemical concentration. Con-
versely, from these variations one can get information about the structural
relaxation itself. '

The two amorphons systems Zr-Cu and Zr-Ni were chosen with the
same concentrations of 76 at % Zrand 24 at % 3d metal; their superconduct-
ing transition temperature T, is high enough to allow the study of the
superconducting state. We have systematically measured these two alloys

*Also at the Service National des Champs Intenses.
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with difTerent techniques (calorimetric, electric transport) in a wide tem-
perature range from 100 mK  to room temperature. In previous publica-
tions® we have reported the large effect of structural relaxation on the
different thermodynamic parameters of these sputtered materials, such as
the normal electronic coefficient v, the “lattice” T° term, and especially the
two-level systems density of states, which together correspond to a decrease
of the low-temperature entropy. This behavior is very different from liquid-
quienched alloys,™* and indicates a higher degree of structural disorder for
the “as-sputtered” alloys.

Here we report measurements of thermodynamic properties and upper
superconducting critical fields for Zu,q Cuy, and ZrygNia, samples, and of
resistivity in the normal state for Zr;sNi,,. The role of the structural relaxa-
tton due to annealing is investigated.

2. SAMPLES

The samples (4 X2 cm? foils, 100 yem thick) are prepared by a high-rate
spultering technique. They are deposited on a copper substrate held at 77 K
inargon atmosphere (P =5x 1077 Torr). We have also studied another Zr-Ni
sample deposited at 300 K. As far as possible, measurements are done on
the same sample. Details of preparation and characterization of these alloys
are described elsewhere.™ All characterization data, such as X-ray diffrac-

1 I
Zr7sCu24
7}
f=
3
o
8
L
E
[
a
£
Q
>
Ly
TN N WU S S SR SRR TN TR SN B
250 300 350

T(°C)

Fig. |. Differentiating scanning calorimetry
thermogram for “as-prepared” Zr,4Cu,, cor-
responding to a heating rate of 20 K/min.
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tion spectra, mass density d, crystallization temperature, superconducting
transition T., and electrical resistivity p, are in excellent agreement with
corresponding melt-spin alloys. For example, the density lies within 0.5%
for Zr-Cu and 1% for Zr-Ni of the results of Altounian and Strom-Olsen.®
We also report in Fig. | an analysis by differential scanning calorimetry
(Perkin-Elmer DSC-2C) of sample Zr;4,Cu,, in its “as-prepared” state: the
main sharp crystallization peak is located at 350°C, in excellent agreement
with the literature.”

In order to study the eflect of the structural relaxation, measurements
are carried out first in the as-prepared state and after an annealing well
below the crystallization temperature, T,,,=0.8T.,,. Thermal treatments
were | h at 200°C for 7Zr—Cu and 24 h at 250°C for Zr-Ni under a normal
pressure of high-purity Ar.

3. CRITICAL SUPERCONDUCTING FIELDS
3.1. Results and Analysis

The thermodynamic critical field H,(T) is shown in Fig. 2 for Zr-Cu
and Zr—Ni. It is obtained from calorimetric measurements down to 0.1 K
using the expression

8 T T —
HuT)= ”I dT’J Co=Con gy

v, s T
| T i T ] ] T
6{}0‘- \\ Zr76 Cleé‘ | \ Zr76 N|24
1 \\\‘A ) -,
2 AN | \“\
= A0} - ton - ‘_. .
o "n -
™ . - \. -
200|- n -
Ql “ "
- . L ‘.:‘.
0 ! | Pow L | ) S
0 1 2 3 T(K) 1 2 3

Fig. 2. Supercondueting thermodynamic critical field versus temperature for
(&) “as-prepared” and )y anneated, Zry,Cu., and Zr,,Ni,, amorphous alloys.
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where V' is the molar volume, C,, = C — 8T is the electronic su erconduct-
p

ing specific heat (377 is the phonon contribution and C the measured
specific heat) and C,, =T is the electronic specific heat in the normal
state. Both vy and 8 were determined in the normal state above T..%?

For both systems annealing induces a weak decrease of T, by about
0.2 K. This result is generally observed in other superconducting amorphous
alloys and has been extensively studied in the case of zirconium-based
systems.™'” We also observe a decrease for H.(T = 0), larger than that for
T., which corresponds to a decrease of the initial slope dH,/dT near T,

The upper critical field H,,(T') is shown in Fig. 3. It is obtained between
1.5 K and T, by a conventional four-probe ac resistive method also used
for the resistivity study. A strip (3 X 15 mm?) is cut from the initial foil and
the magnetic field is applied perpendicularly to its surface. The sample is
immersed in the liquid helium bath. We define H,, as the field where the
resistance reaches half its normal state value, and the transition width as
the range where it varies between 10 and 90% of this value. In this way,
AT inzero field is found to be about 200 mK and remains almost unchanged
under high magnetic field. A similar width is obtained for the inductive
transition measured by an ac susceptibility method on 1 X7 mm? strips, the
applied magnetic field being parallel to the axis of the strip. The width is
larger (0.3-0.5 K) for calorimetric measurements. Examples of the three
kinds of transitions, before and after annealing, are shown in Figs. 4a and
4b.

60 T T T 1 I t
i Zrog Cugyy, i ZragNiqgy,
& 4ol . »
S ."A | -t
(&) '.
T “a .
.-A L
2(]-—- s —
0L i | ;- 1 ! Lo
0 1 2 3 T(K) 1 2 3

Fig. 3. Superconducting upper critical field versus temperature for (A) “as-
prepared™ and () annealed Zr;,Cu,, and Zr,4Ni,, amorphous alloys.
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‘This large calorimetric value is likely due to a larger amount of material
(four or five initial foils) used in these experi;nents, which also involves
farger concentration fluctuations.” Calorimetric widths of the same order
of magnitude can be observed in melt-spun samples:! "1 moreover, a good
agreement is found with the literature for the inductive width. > However,
resistive widths one order of magnitude smaller have been reported'"'? and
interpreted as a homogeneity criterion. As discussed above, no anomalous
behavior was detected in our samples from the usual characterization experi-
ments and this large transition width, like the important variations on
annealing of y and Debye temperature, should be an intrinsic property of
these sputtered materials. We note that the resistive width is not affected
by annealing (which can be interpreted as an absence of homogenization),
and gives a reliable meaning to the variation of H,, and T, defined in this
way. These variations upon annealing are sometimes smaller than the
transition width; nevertheless, they are significant, especially when measure-
ments are performed on the same sarple and with the same technique.
Furthermore, the agreement among the values of T, obtained from these
different methods (Table 1) is satisfying when one considers the arbitrariness
of the definition together with the uncertainties of the measurements.

Similar to the H.(T) results, H..(T) data show a lowering of T, on
anvealing. However, for both alloys, in the case of the upper critical
lield no significant variation of the slope dH_,/dT near T, is apparent
{Fig. 3). '

For clarity, the results for the Zr-Ni sample prepared by deposition at
J00 K have been omitted in Fig. 3. they will be discussed later.

3.1.1. H. Results

According to the BCS theory, the thermodynamic critical field H.(T)
is given by

HI(Ty= T.N(Ep)?h3S(T/ T,)

where N(Ip) is the electronic density of states at Ey, which is proportional
-to the electronic specific heat coefficient v:h*S is a unique function of the
reduced variable T/ T, and has been tabulated by Miihlschlegel.'*

We have plotted H.(T)/ T, versus T/T. in fig. 5. As noted previously,
H.(T)/ T. decreases for both systems upon annealing. The behavior is well
accounted for by the observed decrease of y. The experimental values
measured at temperatures above 7, are reported in Table I. Moreover, we
can see (Table 1) that the ratio yTE/Hﬁ(O) remains almost constant for a
same system and is also very close to the BCS value of 0.168 especially for
Zr-DNi alloys. 1t is just slightly weaker for Zr—Cu.
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Fig. S Tlot of H/T, versus T/T, for (A) “as-prepared” and ()
anneled ZryCuyy and ZrogNiy,, and () for Zrqq Niyy deposited at
N0 K.

I order to compare the thermal variation of H,(T) to the BCS predic-
tions, we have as usual'® plotted in Fig. 6 the deviation of H.(T) from a

parabolic law:
T\ HJ(T 2
o(z) -5 -(7)]
./ H.(0) T.
versns (T/T.)"

We obtain a very good superposition for all samples of the same system.
Furthermore, the results for Zr-~Ni are in excellent agreement with the BCS
theory, while a small deviation appears for Zr-Cu.
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Fip. 6. Deviation function D(T/ T.) versus ( T/ T,)? for the

different Zro Cu., and 7Zr;gNiy, amorphous alloys (same
symbols as in nther figures).

3.1.2. H_; Results

According to the GELAG theory,'® in the case of an isotropic dirty
superconductor the slope of the upper critical ficld near T, is given by

i,
=2l = 448 %10 yp (1)
dr T.

where yisinerg cm ® K7°: p, the resistivity in the normal state, is in Q) -cm;
and I77, is imkOQe K.

In Fig, 7 we have plotted 1 (T)/ T, versus T/ T, for both systems. The
straight Hines show the slopes 71}, calculated from formula (1) (values in
table ). Within the limit of precision of the measurements, the data are
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Fig. 7. Flot of H.,/ T, versus T/ T, for (A) “as-prepared” and (©)
anncaled Zr,.Cu,, and Zry¢Niy,, and () for Zr,6Niy,; deposited at
300 1. Straight lines show the siopes H, calculated from formula
{1 {see text),

superposed for each system. The experimental values of H', are 26+
0.5kOe I for 7Ze-Cuand 32+ 0.5 kOe K™ for Zr-Ni, in reasonable agree-
ment with the results reported for alloys of similar concentration obtained
by a melt-spinning technique.®"'” Taking into account the uncertainties
on the different parameters, only for one sample, annealed Zr-Cu, is good
agreement achieved between the calculated H; and the experimental data.
Fot the other four samples discrepancies occur as large as 40% for as-
preparved Zr-Ni and 20% for as-prepared Zr—Cu, which are beyond the
uncertainty of the measurement. We note that experimental vaiues of H,,
which are different for both systems, do not vary significantly on annealing
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Fig. & lot of &, 1Y = H (TY/V2H.(T) versus T/ T. for (A) “‘as-
prepored” and (@) annealed Zry,Cus,y, and for (A) “as-prepared™
and ({1 anuenled 7r; Ni.,. Solid lines indicate «,(T) calculated
{tom the GILAG model with x =38 and 72.

or on couditions of preparation,* while, the calculated value decreases by
more than 20% on annealing, mainly due to the variation of y. Such a large
change shanld he easily detected experimentally.

The thermal variation of {1 - relative to H, is described by the parameter
1k (T defined as

*Recent experiments'! on melt-=pnn Zr,Rh and ZryNi point out a similar lack of variation on
annenfing.
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For 7 near T, «, becomes equal to the Ginzburg-Landau value «.
Figure R pives «( 7/ T,) calculated from the measured H,, and H, for four
samples. The omitted Zr-Ni sample (deposited at 300 K) still shows an
intermediate behavior. We have also indicated k(T) calculated according
to the GLAG model'® using « =58 and 72, which are, respectively, in
accordance with the results at higher temperatures for Zr—Cu and Zr—Nj
as-prepared samples.

For both systems annealing leads to an increase of «. But this is just
an alternative way to describe the variations of H, and H,, previously
discussed. On the other hand, Fig. 8 shows that the temperature dependence
expected from the GLAG model is not obeyed for «1(T), which is almost
constant for a given sample. Deviations from the GLAG model occurring
i Ho(T) [or «( T)] for high-«x superconductors are generally accounted
for by a balance of the Pauli paramagnetic limitation and the spin—-orbit
coupling. From the experimental slope H5(T.), we can deduce'®'? the Maki
parameter a = 1.71 for Zr-Ni and 1.39 for Zr-Cu and, assuming that x,(T)
becomes constant down to 0 K, we obtain for the spin—orbit A,, parameter
2.5 far Zr=Ni and 1.5 for Zr—Cu, values that are physically reasonable. Both
o and A, remain constant upon annealing. In the case of Zr-Ni, these
valies are in good agreement with data of Karkut and Hake!” for the same
concentration,

3.2. Discussion
A.2.1. Thermodynamic Critical Field H,

We can see in Fig. 6 that our results lie between those of weak coupling
superconducting crystalline Al and Sn, for which the electron—phonon
coupling parameter A is less than 0.7.'® The present values of T, and 6p
for our alloys fead to the values of A,'* using McMillan’s formula, that are
quoted in Table 1. they are smaller for Zr—Ni than for Zr-Cu, in agreement
with the trend of the H, results. A large variation of A occurs on annealing,
which corresponds to a change as large as 20% for T./ 81, which does not
appear in the 1, behavior. Similar deviations from the BCS theory occur
tor the specific heal jump at 7.

Crystalline indium and tin with similar values of A (~0.6-0.8) deviate
much mote from the BCS curve (Fig. 6) than our amorphous alloys, for
which A is comparable. These deviations are not surprising because in the
exact relation between H, and A, parameters like a’F(w) are implied that
are not exactly the same for crystalline and amorphous metals. Calculations
hv Rainer and Berginann'® that try to account for these particularities of
the amorphons state reproduce the trend of our results, but small discrepan-
cies remain. I'or instance, a value of T./{w) larger by a factor of three is
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needed to explain the abserved yT2/HX0) for Zr-Cu. Nevertheless,
the nagreement between existing theories and these H/(T) data is
satisfying.

1.2.2. Upper Critical Field H»

A similar pood agreement is not found for the upper critical field.
Indeed, formnla (1), which relates H', to p and v, is seldom verified for
our results, contrary to the assertion of the literature,”® although significant
discrepancies can sometimes occur.® Unexpected behavior of H.,(T) is also
reported,’? which is sometimes assigned to structural inhomogeneities.” In
addition to the different characterization tests discussed above, the quality
of our samples is confirmed by the coherence between the measurements
hy',diﬂerent techniques. In this connection, we note that we do not observe
the significant broadening of the resistive transition at high magnetic fields
that is sometimes reported:'” the result is perhaps due to its large value in
the present case. For the first time a change of y as large as 20% was
achieved by annealing, which implies drastic conditions for verification of
expression (1), Uncertainties due to reproducibility from one sample to
another are thus eliminated.

Devintions from the (GLAG model are usually ascribed to a strong
coupling eflect, or a gap anisotropy effect, or paramagnetic limiting and
spin—orbit e(fects.”™ The only ones that can play a role here are the magnetic
eliects, which oceur at large field (40-50 kQe) and cannot explain anomalous
behavior vear T.. The more realistic point that could account for the
disagreement between measurements and formula (1) is the relation between
p and the mean free path and then the coherence length. Indeed, electronic
scattering due to disorder is very large, and mean free paths are of the order
of the interatomic distances. So small a value leads one to question the
validity of the definition of this parameter.

Finally, we note that specific heat is a bulk property of the material,
wherenas resistivity vanishes as soon as superconducting paths are able to
percolate in a part of the sample: this coutd explain the different values of
T measured by the two methods (Fig, 4a). The disagreement encountered
in applicntion of formmila (1) could result from these two different ways
used to study the superconduetivity. This fact is likely due not to sample
inhomogeneity on o large scale, but rather to a specific property of highly
disordered materials. These dillerent explanations remain to be checked,
hut at this stage we have to he careful about the vatues of y crudely extracted
by meaus of formula (1) from resistive measurements.

TSee Ref. 17. A recent wnrk na Mo—Ru-B?' describes such a discrepancy, which progressively
develops on snecessive thennal treatments.
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4, NORMAL STATE RESISTIVITY
4.1. Results

The resistivity measured at room temperature is 15343 uQ-cm for
Zr-Cu and 168+3 y€)-cm for Zr-Ni in their “as-prepared” state. Both
values are in excellent agreement with literature data for corresponding
melt-spun alloys (for example, within a few percent to data of Ref, 6).
Annealing induces an irreversible decrease of (300 K) by about 1% for
hoth systems. This variation is smaller than the uncertainty in the absolute
value of this parameter, which is mainly due to the form factor of the
sample. The thermal variation of the reduced resistivity p(T)/p(273 K)
measured down to T, for the three Zr—Ni samples is shown in Fig. 10. The
value of p increases when T decreases from 300 K. A maximum appears
at T,.,.= 10 K and the resistivity decreases very rapidly when the supercon-
ducting transition is approached. The magnitude of the variation of p
between T,... and room temperature is of the order of 5% and decreases
upon annenling. The sample deposited at 300 K again shows an intermediate
behavior. Similar elfects of annealing have been obtained by Guimpel and
de La Cruz ™ for amorphous Cu—Zr alloys prepared by rapid quenching.

4.2, Discussion

Diflerent theories are used to describe the resistivity of amorphous
metals.* The most appropriate one to account for the behavior of nonmag-
netic metals is the Faber~Ziman diffraction model, originally introduced
for tiqnid metals. However, we will discuss an alternative approach, the
Tondo-like model,”” where the resistivity results from the scattering of the
conduction electrons by the two-level systems (TLS) characteristic of the
amarphous state. By anpalogy to the real Kondo effect, the following
expression was suggested” for the thermal variation of the resistivity:

N _ ( 2 éi)
T3 K)-A Blog{ T +k§ (2)

where T is proportional to the number of efficient TLS and A is a characteris-
tic tunneling splitting energy of the TLS. Such an expression with three free
narameters accounts accurately for the smooth thermal variation of p for
T > T,.., 2s shown in Fig. 9 in the case of the as-prepared sample. The
parameters calculated by a least square fit for the three samples are listed
in Table IL The value of B decreases by 20% on annealing and A remains
practically constant. Reliable information about the TLS density of states
over an energy of a few kelvins is obtained by specific heat and thermal
conductivity measurements carried out on the same samples.? The specific
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TABLE 1I
Parometers Used (o Fit the Resistivity Following Formulia (2)

A B x 100 Afkg, K
21y, Mis,
As-prepared 1.224 1.989 58
Annealed 1.182 1.613 57
ZriaMis,

Deposited at 300 K [.215 1.904 59
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heat shows unambiguously that the number of TLS decreases by a larger
value, at least by 70%, and moreover that the energy distribution is strongly
affected by annealing, which should induce a larger variation of A. This
model in its simple form can also be ruled out on theoretical arguments.”
A more sophisticated treatment of the interaction between the TLS and the
conduction electrons® shows that under specific conditions a highly corre-
lated state can occur at low temperature, which is reflected in the resistivity.
However, the temperatures involved are smaller by at least one order of
magnitude than the determined values of A. Finally, this modei, which
allows a good fit of the experimental data, gives neither physically acceptable
values of the parameters nor the right amplitude of the variation on
annealing. :

In the diffraction model, following the Nagel’s®' simple formulation,
the resistivity is expressed by

p(T) = poSt(2ky)
= poll +[So(2ke) ~ 1T exp(=2f W(T) - W(0)])} (3)
Po 18 & constant that accounts for the microscopic mechanism of the scattering
of the conduction electrons by the potential of the ions. The temperature

dependence of p is entirely determined by that of the structure factor. The
Debye-Waller factor W(T) is, in the Debye approximation,

3ﬁzk2T2J'BD’T 1
2Mkg8. ),

W(T)— W(0) = zdz )

e’ —1

the thermal variation of p is given by expressions (3) and (4) as long as we
know the following parameters: Sy(2kg), the value of the structure factor
at 2ky (as wsual, 2k is assumed to be close to g,, the position of the first
diffraction peak); M, the atomic mass; and 6p, the Debye temperature.

Using Sy(q,)=3 from the diffraction measurements on the Zr-Ni
system,”™ g =253 A~ measured on the studied samples, and 85 deduced
from the calorimetric measurements,” we obtain the variations of o(T)
quoted in Figs. 9 and 10.

Considering that there is no free parameter in this analysis, the agree-
ment with experimental data is very good. Indeed, expressions (3) and 4
account for both the magnitude of the thermal variation of p and the
evolution upon annealing that results from the only variation of ;. We
note that g, is constant for the three samples. The value Sy(q,) reported in
the literature does not correspond exactly to the concentration studied here,
but this value is not a sensitive parameter in formula (3) and does not vary
significantly with concentration,* or with the constituent of the amorphous
Zr-based alloys,” or with annealing.”® However, deviations occur; in par-
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Fig. 0. Plots of p(T)/ (273 K) versus T for (A) “as-prepared”, ({J)
deposited at 300 K. and ((Q) annealed amorphous Zr,gNi,,. Curves are
caltculated from formula (3) with 8y respectively of 161, 163, and 183 K
(see text).

ticular, the upward curvature of p(T) is not reproduced by the expressions
(3) and (4); the same discrepancy is also observed with this simplified
approach in other alloys.*'*** Refinements of the model can be achieved
by introducing the partial structure form factors.”® However, this correction
is only important when two constituents of the system are very different,
for instance of their atomic number.*

The questionable hypothesis of the model seems to be the over-
simplified thermal variation used for S(k). Indeed, at high temperature

*In Ref. 38, the relevant ratio is M,/ M. = 10, whereas M /My, is only 1.5.
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(T > fy), for which scattering of the electrons by phonons is quasielastic,*
formulas (3} and (4) are rough approximations. At T~ fp, collisions are
inelastic, and at very low temperature (T « @p,), elastic collisions dominate
because electrons do not have a sufficiently large energy (~kpT) in order
to create phonons. In this regime, a more reliable expression for p(T) is
available;*

p(T) = poSo(2ke) exp(=2[ W(T) ~ W(0)]) (5)

which is, however, only valid asymptotically for T— 0, due to the existence
of phonons of very low energy. As the temperature increases from T =0,
the one-phonon and n-phonon terms become important in the Debye-Waller
factor,” but the exact expression is not easy to calculate. Figure 9 gives
p(T) from formula (5) for the as-prepared sample; it indeed becomes in
excellent agreement with experimental data at low temperature. The extra
contribution to p( T) that appears at higher temperature could be interpreted
as the inelastic contribution. We note that this term becomes negligible at
low T, when p decreases as T7, in contradiction with some theoretical
predictions.*

5. CONCLUSION

The study of the effect of structural relaxation induced by annealing
on the critical lields of Zr,;Cus, and ZrygNiy, amorphous alloys indicates
an identical behavior for both systems, which suggests that Ni does not
present any magnetic character at this concentration. The measurements of
H.(T) down to 100 mK unambiguously indicate that these alloys are weak
coupling superconductors. Indeed, the absolute values and the thermal
variation of H.(T), which are in excellent agreement with the BCS model,
confirm more clearly previous investigations of the specific heat jump and
of the ratio Ao/ Tc.>>'"" However, a discrepancy occurs for the relation
between the upper critical field slope at T,, the resistivity in the normal
state, and the y coefficient, in contradiction with a hypothesis often found
in the literature. Finally, the resistivity resuits of Zrq6Ni,, are well interpreted
within the framework of the-Ziman diffraction model. In particular, it
accounts, without a free parameter, for the amplitude of the thermal vari-
ation of p upon annealing. Nevertheless, an exact description of the experi-
mental data needs a more detailed theoretical analysis.
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CHAPITRE V

ETUDE DE PROPRIETES STRUCTURALES
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Afin de mieux caractériser les effets structuraux des recuits
et de les relier aux variations observées des propriétés thermiques,

nous avons soumis nos échantillons a diverses techniques expérimentales
sensibles aux réarrangements de structure : analyse thermique différen-
tielle, diffraction de rayons X, diffusion des rayons X aux petits
angles, "EXAFS", résistivitd. Ces mesures ont été effectuges en colla~-
boration avec d'autres laboratoires. Les principaux résuitats obtenus
sont rapportés et analysés ci-apres.

I - ANALYSE THERMIQUE DIFFERENTIELLE - APPARITION DE LA PHASE w DU
ZIRCONIUM

Les mesures de routine d'analyse thermique différentielie et de
rayons X effectuées au laboratoire dans le cadre de la caractérisation
des &chantillons ont mis en évidence 1'apparition comme premiére phase
de cristallisation des alliages ZrCu, la phase o du Zirconium. Cela a
d'ailleurs &té observé &galement par Buschow et al. (1983) dans des
achantillens obtenus par trempe du liquide pour: les fortes concentra-
tions de Zirconium. Cet &tat de fait nous a amené 4 propaser une origine
gventuelle pour les TLS et leur sensibilité aux recuits (Ravex et al.,
1984) par analogie avec les observations effectudes par Lou (1976)
dans des alliages cristallins ZriNb trempes od la coexistence des phases
BCCR-Ir et hexagonale w-Zr entraine un comportement de type "amorphe"
des propriétés thermiques. On suppose que dans 1*atat brut de pulvéri-
sation des groupes isolés dtatomes de Zirconium possédent un ordre
local du type w-Zr et peuvent fluctuer par affet tunnel vers d'autres
configurations métastables d'énergie voisine. Le traitement thermique
entrainant une séparation de‘phase chimique entratnerait une croissance
rapide de ces groupes, diminuant par 1d-méme la fréquence des fluctua-
tions et par conséquent la densité de TLS. Ce schéma rejoint 1'hypothése
de Mon et Ashcroft (1978) qui associent, de facon générale, la présence
de TLS au polymorphisme. Dans les alliages cbtenus par trempe du tiquide,
la séparation de phase chimique peut s'effectuer durant la trempe
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entratnant ainsi une densité plus faible de TLS et une relative
insensibilité aux recuits ultérieurs comme observé expérimentalement
(Grondey et al., 1983).

Des mesures d'analyse thermique différentieile trés sensibles
ont été effectuées sur nos échantillons {Zr'76Cu24 et ZrBOCuzo) et sur
des échantillons trempés du liquide au Centre d'Etudes de Chimie
Métallurgique du CNRS d Vitry-sur-Seine (M. Harmelin, 1984). Ces mesures
ont porté sur plusieurs objectifs : recherche d'une transition vitreuse ;
effet des recuits sur la relaxation structurale et sur Ta cinétigue de
précipitation de ia phase w-Zr ; comparaison du comportement des
alliages trempés du liquide et pulvérisés,

a. Transition vitreuse :

L'existence d'un Tg (tempérautre de transition vitreuse) est
souvent présentée comme un “critére de qualité" dans les échantillons
pulvérisés. Une étude de Harmelin M. and al. (1984j a montré par étude
comparative d'é&chantillons pulvérisés et trempés du liquide (Zr606u40
et Zr500u50) la présence (trés nette dans le cas des &gchantiilons
trempés et plus floue surtout & ['état brut dans Te cas des échantillons
pulvérisés) d'un début de transition vitreuse caractérisée par un pic

endothermique.

Dans notre échantillon ZrBOCUZO recuit 1 heure & 200°C, la mise
en &vidence d'un effet endothermique entre 150 et 260°C suggére 1'exis-
tence d'une transition vitreuse. Sur les &chantilions bruts de pulvéri-
sation aucune transition vitreuse n'a 8té observée avant la formation de
w-Ir .

b. Relaxation structurale :

La relaxation structurale se traduit par un effet excthermique
observable 4 partir d'une certaine température jusqu'au début de la
cristallisation {phase w-Zr). Le tableau ci-dessous récapitule les

résultats expérimentaux.
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Fchantillon Ré]axation structurale : effet
stat exaothermique
début fin intensité | % relax.
°C °C JmoTle-1
Zr76Cu24 brut 110 300 1066 -
recuit 1 minute 225 300 651 3% %
200°¢ 1 heure 255 300 262 75 %
ZraoCuZO brut (vieilli 7 mois 134 275 1380 -
ambiante)
recyit 1 minute 220 273 270 80 %
200°C 1 heure N~ 100 %

Cette relaxation est irréversible et typique de 1'é@tat brut.
Elle se produit dans les premiers instants du traitement. Les recuits
dimindent son amplitude jusqu'a méme 1'éliminer (ZrSOCuZO, recyit 1 n
d 200°C). E1T7e a aussi été observée dans des &chantillons trempés du
tiquide mais avec une intensité bien moindre que dans les &chantillons
pulvérisés de méme composition (Harmelin M., 1984). Elle a &té attribuée
par les auteurs au rel3achement de contraintes et de configurations
anisotropes introduites lors de la trempe.

. Formation de w-7Zr :

L'effet des recuits sur Ta formation de la phase w-Zr au premier
stade de la recristallisation peut @tre &valué en suivant Ta température

du pic de cristallisation et 1'énergie sous ce pic.

Ces paramétres sont résum@s dans le tableau ci-aprés.
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Echantilion Cristallisation de Ta phase w-ZIr
état température (°C) AH{dmote~1)
début pic

Zr766u24 brut 3le,6 326,2 . 1667
recuit 1 minute 313,2 323,3 1734

200°C 1 heure 312,6 322,4 1768

Zr806u20 brut " 275 297,7 | 2340
recuit 1 minute v 273 297,7 2410

200°C 1 peyre " 263 299,3 2550

On observe un effet des recuits dans un sens favorable &
1'apparition de la phase w-Zr : diminution de la température de début
de cristallisation et augmentation de 1'enthalpie sous e pic.
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II - DIFFRACTION DES RAYONS X ET DIFFUSION AUX PETITS ANGLES

a. Rayons X Tstandards'

Une étude sur la structure de 1'échantillon Zr766u24'appelé
"B" dans le travail rapporté au chapitre précédent {Ravex et al., 1984)
a €té effectuée par Samwer et Lasjaunias (1984} au California Institute
of Technology. Le spectre de diffraction X obtenu est presque inchangé
sous 1'effet de recuits & 200°C de 1 heure et 13 heures. Les positions
des deux premiers pics des fonctions d'interférence réduite
(1{K) = K[I(K) - 11) et de distributioms radiales rédyites (G(r)) sont
rapportées dans le tableau ci-aprés ainsi que tes densités et Te nombre
de coordination (C.N.) pour les différents &tats de 1'échantiilon.

Echantillon! &tat 1{K) G{r) C.N.
densité o 71 °
Zr76Cu24 brut 6,805 |[2,548 | 4,412; 3,109 5,459 112,38

Pulvérise |recuit . 1 h| 6,822 |2,550 | 4,408 3,123[5,428 | 12,53
a 77 K 200°C 13 h| 6,820 |2,549 | 4,408 3,118|5,421 | 12,48

Pour Ta composition étudige, la position du premier pic de
la fonction de distribution radiale est proche du rayon de Goldschmidt
de la paire Zr-Zr(3,20 E):en effet la principale contribution & 7a
fonction densité atomique observée en RX est celle des paires Zr-Zr
vu Teur concentration et leur nombre atomique. Les paires Zr-Cu
apportent une 1égére correction alors que la contribution de paires- Cu-Cu
est négligeable. Les résultats obtenus sont en bon accord avec les
modéles de sphéres dures qui négiigent Tes effets d'ordre chimique (pour
ce point voir les mesures d'EXAFS). L'effet des recuits se traduit par
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une 1égére augmentation du nombre de coordination et de la densité.

On attribue ces effets & la relaxation structurale ; ils sont compati-
bles avec un récent modéle microscopique basé sur Ta description de |
défauts dans la matrice amorphé {Srolovitz et al., 1981). Par contre
1'absence de différences significatives entre &chantiilons puivérisés
et trempds du Tiquide ne permet pas d'expliquer les différences obser-

vées dans les propriétés thermigues.

b. Diffusion aux_petits_angles

‘ Des mesures de diffusion aux petits angles des rayons X ont

atéd entreprises en collaboration avec le laboratoire de Métallurgie
Physique de Poitiers sur un échantillon de ZPSOCUZO. E1les sont
exposées dans la pubiication ci-apré@s. Le résultat essentiel est

| 'observation de larges défauts {environ 100 E et plus) dans 1'échan-
tillon pulvérisé que 1'on ne retrouve pas dans des échantilions trempés
du 1iguide. D 'autre part 1'intensité de Laue indique systématiquement
une moins bonne homogénéité a courte et moyenne distance des échantil-
lons pulvérisés par rapport aux trempés. Le recuit de 1'échantillon
induit un réarrangement des gros d&fauts et une homogénéisation & courte
distance. De plus on voit craftre le pic principal de la phase w-Zr.
Ces observations, mises en paralidie avec les effets mesurés sur la
conduction thermique, sont compatibles avec le lien suggéré précédem-
ment entre les TLS et la phase w-Zr.
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1. INTRODUCTION

The structural relaxation of metallic glasses
obtained by anneaiing induces a decrease of
their free—energy, and consequently significant
changes for some of their properties. We report
here its effect on the low-temperature thermal
conductivity, which is detarmined by intrinsic
excitations of the disordeced state (T.L.5.),
together with very sensitive X-ray scattering
experiments which give direct informations about

the structural evolution.

2, EXPERIMENTAL

Samples of Zryﬁﬂuza and ZrgaCupy are prepared
in the form of large foils, about 10C ym thick,
by a high-rate (10 ym/hr) DC magnetron sputter—
ing technique. Characterization of the samples
is described elsewhere]. For X-ray measurements,
they are thinned down to around 15 um for a good
transmission with Cu—Ka radiation.

X-ray measurements are carried out with a
specific small-angle scattering (5.A.5.) camera
described in details alsewhere2 which is well
adapted for the study of amorphous materials. It
allows measurements over a large angular scale
from the small-angle region to the first diffrac-
tion halo. Furthermore, heating of the sample
can be carried out in-situ inside the vacuum
chamber ; consequently tiny variations of the
scattered intensities upon annealing can be re-
vealed by this highly sensitive device3’4

Thermal conductivity «(T) measurements are
performed in the T-range from 70 wk to 5 K,

which includes the critical temperature T, =3.5 K

" neutron 3.A.5. at very low q valuess’

of these superconducting materials. We use the
permanent hear-flow technique with one heatar
and two thermometers1 on a strip of 1 cm x 4 ém.
The lower temperature is limited by the parasi-
tic heat input in the dilution cryostat, aboutr
10719 ¥, In case of ZrgpCusg sample where varia-
tions of x are very smali, thermal treatments
were ensured without modification of the geome-

trical arrangement.

3. RESULTS

3.t. X-ray scattering

Fig. 1 shows the whole scattering curve ob-
tained using three positions of the detector Ffor
ZrgpCugg alioy (a).aged at room temperature for
6.5 months, and (h) after annealing | h ar 200°C,
well below the crystallization temperature de-
termined to be about 29G°C by differential scan-
ning calorimetry (Fig. 3),

For the (a) state, there is a strong intensi-
ty near the primary beam indicating large de-
fects of one hundred A or more in size. We have
always observed such an effect in sputtered
alloys in oppoesition to liquid-quenched one53’4.
This scattered intensity varies as q—3, a varia-
tion already observed in amorphous alloys by
. Then, a
flat scatrering curve till the first diffraction
peak means that the flat Laue intensity is re-
levant to an homogenecus amorphous state for
the short and medium range order. When - compari-

4,7 the Laue intensity is syste-

son can be made
matically higher in sputtered alloys than in

ligquid-quenched ones.
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FIGURE 3
Scattering pattern of Zraocugﬁ alloy aged for 6.5 months at room temperature (a), and annealed for ' h

at 200°C (b). [q = 4n{sinB/A

For the (b) state, there appears small but
significant differences (i} the intensity
near the pyimary beam is more concentrated, in-
dicating a rearrangement of the large defects ;
(ii) an increase in the S.A.8. region correspond-
ing to fluctuations in the medium-range order
around g = 0.5 i ; (iii) for higher q values
a decrease of the monotenie Laue intensity, by
about 7 %Z between § and 1.5 3_1, which indicates
a better short-range order and is also in agree-
ment with the increase of the intensity in the
former q domain. This is a confirmation of the
presence of fluctuatioms in composition, based
on the fact that the total scattered intensity
must remain constant8 ; (iv) a narrowing by
12,5 % of the width of the diffraction peak
(q = 2.493 &") together with a very smail shift
towards the angular origin.

This same zlloy annealed now 7 h at 200°C
does not show any more change in the swall angle
pattern, bui a difference occurs in the diffrac—
tion region EFig. 2] the main streak (110) of
the w-Zr phase rises at q = 2,486 ﬂ_%, which is
exactly the right valueg, superimposed on the

amorphous halo. Thereafter, on .increasing the

annealing temperature, there is no neticeable
evoittion of the whole pattern till 250°C, ex—
cept the sharpening of the w-Zr main streak. At
300°C a mixture of w-Zr and Zr,Cu is observed,
and at 400°C w-Zr evelves into a-Zr.

Similar investigation on a ZryaCuy, sample
leads te tlie same evoluticn, but significant
modification occurs only at 250°C, temperature
at which the w—Zr phase appears after 8 hours.
This is in agreement with the crystallization
data from D.S.C. (Fig. 3} che first broad peak
corresponding to the formation of w—Zr decreases
markedly from 316°C for ZrjpgCuny to 288°C for
ZrggCusgg, that signifies an easier transforma-
tion intoc w phase at higher Zr concentration.

3.2, Thermal conductivitcy

It is widely accepted chat the Ti.9—2.0 re—
gime of the phonon thermal conductivity below
1 K in amorphous materials originates in exei-
tations characteristic of the disordered struc-
ture : atoms or groups of atoms can tunnel bet-
ween two configuraticnal posicions‘whiuh differ
in energy by AE < 1 K {or 1075 ev) ; these en-
tities are so—-czlled Two Level 8ystems (TLS) or

; . , 10 e} .
Tunneling States ~. The T° regime of « corres-—
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ZrgoCugy alioy annealed 7 h at 200° C,

ponds to a distribution of TLS independent of
energy (n(E) reduces to n) and very strongly
coupled to phonons (a coupling counstant M of
about 1 eV) : k(T) G:EX% Tz, with vp is a mean
sound velocity, extracged here from specifie
heat1, and p the density.

In Fig. 4% are shown the variations of l%
telow 1 K for three different samples at diffe-
tent steps of the thermal history. We may con-
clude : (i) the Ti'9 or T2 regime is rather well
cbeyed below about 0.7 K for samples "as—preparsd"
or aged at room temperzture ; (ii) ageing or
annealing results in an increase of « , and 1is
also to reduce progressively the domain of pure
T2 regime, what means a decrease of TM2 11, much
probably of m, together with 2 modification of
the distribution n(E}. The decrease of n{E) bet-
ween the "as—prepared" and annealed states is
confirmed by simultaneous specific heat measure=
ments12. Note that for Zry4Cuy, alloys large
variations of k occur on annealing at 200°C,
whereas they are only tiny for the small-angle

X-ray pattern, except near the primary beam.
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Both kinds of measurements indicate thar the

D.5.C. thermogram at 20 K/min (as-prepared stace).
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Thermal conductivity data

structural relaxation leads the initial alloy
into a less disordered amorphous state. The di-
minution of W or a(E} from the low temperature
thermal properties is related to a decrease of

the tumneling entitivs on & scale of a few atonms.



666

Although no straightforward hypothesis about
their microscopic ovigin can be inferred from
thermal measurements, authors of ref. 1 (1984)
suggested a correlation between the décrease of
n{E), that is in the possibility of rapid tun-
neling fluctuations, and the growth of small
aggregates of nearly pure Zr phase.

For the X-ray measurements, the different g
regions are medified ! near the origin, indicat-
ing modifications of the larger defects ; in the
small-angle range, indicating fluctuations in
composition that correspond to the decrease of
the Laue scattering ; the first diffracticn peak
sharpens towards lower q values, indicating
Langen distances between first nmeighbors. This
last is unusual, we do chserve the centraryz’j’%
but it is in accordance with recent X-ray dif-
fraction data on the Zry4Cu,, alloy which show
an J{ncaease of ry by 0.5 % on annealing at
200°c'3, This result is more significant here
with the very sensitive in-situ abservation.

An explanation can be proposed, on the facg
that the main streak of the w-Zr phase appears
a litctle bit shifted on the left side of the
amorphous peak (a variation of 0.1° in 28). We
conclude to a rearrangement on the atomic scale,
because the variation of the 5,A.S. pattern is
toco small to be significant, There is an in-
crease in the distances of the Zr~Zr pairs,
which have the highest weighting factor for the
£~ray structure factor. So the structural rela-
xation leads to the early stage of formation of
w~Zr ; we suppose this process to be continuous
and irreversible till the direct ebservation of
crystallization, Therefore, the structurazl re-
laxation is emphasized when the formation of che
w—Zr phase becomes easier : that is the case

when the Zr coOncentration increases.
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Un échantillon de Zr760u24 a 8té étudié par EXAFS au LURE
- laboratoire de Physique des Solides d'Orsay (A. Sadog et J.C.

Lasjaunias, 1985} afin de préciser ['ordre local au niveau des premiers
p

voisins exclusivement et les effets de recuit sur cet ordre.

Les mesures

ont &té effectufes 4 la fois sur le seyil du Cu et du Zr.Les informations

sur la composition et le rayon des couches atomiques entourant chaque

atome de Cu et de Zr tirées de ces mesures et de celles de rayons X

"standards" sont reproduits sur Te tableau ci-aprés :

Central X EXAFS
atom as-prepared as prepared ' annealed
o= .15 A
N R N R a(A) N R G{A)
3 Cu 2,55 Al 3,3 Cu 2,50 A 1035 G 2,52 A g
Lu 1,5 Cu 3,10 A} 1,5 Cu 3,i0 A 1,5-2 Cu 3,10 A
4,5 Ir 2,80 A| 5 Ir 2,74 A K122| 62l Zr 2,76 A .120
1,4 Cu 2.80 Al 1,5-2 Cu 2,70 A .122| 2 cu 2,69 A .127
ir 5 Ir 3,10 6 5 ir 3,12 é 137 5,5 Zr 3,13 5 132
2,75 Ir 3,43 A} 1,5-2 ZIr 3,45 A 2 Ir 3,45 A

Table | - Structural parameters for amorphous Cu242r75

a L] a
(Atomic diameter in 4 : Cu~Cu = 2.56 A, Cu-Zr = 2.88 A, Zr-Zr =

3.20 A)
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On constate que les résultats obtenus par les deux mé&thodes
sont en trés’ bon accord :les &carts observés sont dans 1'incertitude
habituelle des mesures d'EXAFS pour des mat@riaux désordonnés (nombres
de coordination : AN = 0;75 ; rayons de couchés : AR = 0,06 R). Les

principales conclusions de cette étude sont les suivantes :

- 1'entourage des atomes de Cu est jdentique a celui obhservé dans une
série d'échantillons trempés du liquide de compositions différentes
(ZrXCul_X ; 67 < x < 40, Sadoc et al., 1984};

-.1le paramétre de désordre structural (o - voir tableau) est plus élevé
-pour notre &chantillon pulvérisé que pour les échantillons trempés du
liquide précédemment étudiés ;

- 11 n'apparait aucune évidence d'ordre chimique dans 1'échantillon
gtudié {pas de préférence pour les paires ZrCu par rapport a la statis-

tique) ;

- le recuit se traduit par un réarrangement des paires Zr-Zr {1e nombre
de paires Zr-Zr augmente de 0,5, a distance Zr-Zr augmente et le
paramétre de désordre o¢-diminue de 0,005 E), que 1'on peut interpréter
comme une tendance & la formation d'amas de Zr (clustering). Cette
tendance 3 1'augmentation de la distance Zr-Zr est accentu&e sur les
diagrammes EXAFS mesurés trés récemment sur un échantiilon partieTle-
ment cristallisé en phase ® {ceci confirme que dans nos échantillons,
la cristallisation est un processus continu avec la relaxation struc-

turale).

Ce dernier résultat est en bon accord avec les observations
précédentes (rayons X, diffusion des RX aux petits angles, A.T.D.)
montrant une tendance au regroupement des atomes de Zr sous 1'effet

du recuit qui pourrait 8tre le premier stade de la formation des
garmes de w-Zr.
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IV - RESISTIVITE ELECTRIQUE ET MQDULE DE CISAILLEMENT : EFFETS REVERSI-
BLES ET IRREVERSIBLES

Hitlairet et al.(1984) au Centre d'Etudes Nucléaires de
Grenoble (DRF) ont mis en évidence par des mesures de résistivité &lec-
trique et de module de cisaillement deux types de comportement distincts
(1'un réversible et 1'autre irréversible) associés & la relaxation
structurale des verres métalliques. Ils interprétent les résultats expé-

rimentaux en distinguant deux processus dans la relaxation structurale :

une réorganisation d'ordre topologique qui donne lieu aux effets

irréversibles observés au cours du recuit & laquelle se superposent

des variations relativement plus faibles et réversibles qui traduisent

des modifications dordre Tocal @ caractére essentiellement chimique.

I1s ont effectué ces mesures sur 1'un de nos échantiilons pulvérisés
(Zr76N124) et sur un &chantillon de méme composition préparé par trempe
du liquide. IT ressort de cette étude comparative que Tes deux effets
(réversibles et irréversibles) sont cbservables dans les deux échantil-
lons. Le comportement réversible {(associ@ & 1'ordre chimique lecal)

est absolument identique pour les deux types de préparation si 1'on
prend scin de faire subir des traitements de prestabilisation identiques
aux deux Echantillons,

Par contre les effets irréversibles {décroissance de la résis-
tivité et augmentation du module de cisaillement de quelques pourcents)
sont trés importants dans les échantillons pulvérisés comparés aux
trempés du liquide, tendant d prouver que le désordre topologique est
plus important dans 1'échantiilon pulvérisé. Ce résultat est en parfait
accord avec nas mesures thermiques.

De plus, 0. Béthoux (communication privée) a vérifié sur la
résistivité &lectrique que la relaxation irréversible commengait dés que
la température du traitement dépassait celle de la fabrication de 1'é&chan-
tillon (autour de 100 K). Ainsi un &chantillon s&journant & 300 K doit-i?

avoir déja fortement relaxG par rapport & son état brut de préparation.



143

- BUSCHOW K.H.J., VINCZE I., van der WANDE F., J. Non Cryst. Solids 54,
101 (1983).

- GRAEBNER J.E., GOLDING B., SCHUTZ R.J., HSU F.S.L., CHEN H.S., Phys.
Rev. Lett. 39, 1480 (1977).

- GRONDEY S., von LaHNEYSEN H., SCHINK H.J. and SAMWER K., Z. Phys. BS51,
287 (1983).

- HARMELIN M. {communication privée, 1984), a paraitre.

- HARMELIN M., NAUDON A., FRIGERIO J.M., RIVORY J., "Rapidly Quenched
Metals", 5e Conf. (1984}, p. 659.

- HILLAIRET J., BALANZAT E., DERRADJI N.E., CHAMBERCD A., J. Non Cryst.
Solids 61 et 62, 781 (1984),

- LOU L.F., Solid State Commun. 19, 335 (1976).

- MON K.K. and ASHCROFT N.W., Solid State Commun. 27, 609 (1978).

_ RAVEX A., LASJAUNIAS J.C., BETHOUX 0., J. Phys. F : Met. Phys. 14 (1984).

- SADOC A., CALVAYRAC Y., HARMELIN M., QUIRY A., FLANK A.M., J. Non Cryst.
Solids 65, 109 (1984).

- SADOC A., LASJAUNIAS J.C., J. Phys. F 15, 1021 {1985)

- SAMWER K., LASJAUNIAS J.C., Solid State Commun. 51, 93 (1984),
- SROLOVITZ D., HAEDA K., VITEK V., EGAMI T., Phil. Mag. Ad44, 847 (1981).







CHAPITRE VI

CONCLUSION







145

Les mesures de chaleur spécifique et conduction thermique
présentées dans ce mémoire mettent indubitablement en &vidence Tlexis-
tence d'excitations de basse énergie (SDN ou TLS) dans les alliages
métalliques amerphes supraconducteurs étudiés.

Ces résultats confirment la premiére observation des TLS
dans le systéme ZrPd par Graebner et al. (1977) en accord avec d'autres
mesures tant thermiques qu'acoustiques. I1s présentent en outre les

spécificités suivantes

i) 1'extension des mesures de chaleur spécifique au-dessous de 100 mK
a &té rendue possible par le développement de technigues de mesures
trés performantes notamment au niveau de la thermométrie (sensibi-
1ité, reproductibilité et faible capacité calorifique) et procure
ainsi des possibilités expérimentales privilégiées.

Elles ont rendu possibie 1'observation d'un terme quadrupoiaire
nucléaire et permis de mettre en évidence un couplage entre TLS et
noyaux de Zirconium qui restaure la relaxation nucléaire. D'autre
part les lois de variations en température de la contribution des
TLS @ la chaleur spécifique ont pu &tre définies avec précision.

i1) la mesure de la chaleur spécifique dans une grande gamme de tempéra-
ture, & la fois & 1'Btat normal et supraconducteur a ouvert des
possibilités d'analyse supplémentaires. En particulier cela a posé
le probléme encore mal &clairci d'une contribution en T3, trés pro-
bablement d'origine extra-phononique, qui est présente a 1'Btat

normal.

iii) 1'&laboration des échantillons par pulvérisation a permis d’'étendre
Tes mesures d des compositions riches en Zirconium inaccessibles par
trempe du liquide. On constate quand la comparaison est possible que
les échantillons bruts de pulvérisation présentent une densité de TLS
plus élevée que les &chantillons obtenus par trempe du liquide (chaleur
spécifigue plus forte, conduction thermique plus faible). Si 1'on
admet que les TLS sont 1iés & des mouvements de groupes d'atomes

cette différence traduit certainement des différences au niveau de
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structure locale, De fagon générale on peut parler d'un degré de
désordre plus élevé pour les a111ages pulvérisés en terme de
défauts de structure a 1'origine des systémes a 2 niveaux.

I1T en est de méme pour Ta densité d 8tat électronique N (EF) beau-
coup plus e1evee {30 & 40 %) dans Tes aliiages pu1ver1ses Or cette
densité est essentiellement déterminée par les orbitales d des
atomes de Zirconium. Cela implique du fait du caractére trés Tocal
de ces orbitales une structure au niveau des atomes premiers
voisins de Zr différente.

iv) des effets de recuits importants ont &té observés sur nos échantil-
tons qui se traduisent par des variations cohdrentes des praopriétés
thermiques associées aux TLS : diminution de la chaleur spécifique
accompagnée d'une augmentation corrélée de la conduction thermique
traduisant une diminution de la densité de TLS. Ces effets sont
certainement associés 4 une réorganisation de la structure Tocale
des &chantillons lors des recyits.

Cette réorganisation entraine également de fortes variations
de la densité d'é&tat €lectronique au niveau de Fermi.

Il est remarquable de noter que toutes les mesures d'ordre
local effectuées sur nos échantillons mettent en évidence les mémes
tendances systématiques

- degré de désordre plus &levé dans les échantillons pulvérisés 3
1'&tat brut que dans les &chantillons trempés ;

- tendance au réarrangement sous 1'effet de recuit favorisant 1'appari-
tion de ta phase w-Zr comme premier stade de cristallisation.

Mais en valeur absolue tes variations expérimentales observées
sont tres faibles, souvent & la Timite de résolution des techniques
employ&es. Or les conséquences de ces trés faibles modifications de
t'ordre Tocal se traduisent par des effets spectaculaires sur Tes
propri€tés thermiques macroscopiques attribuées aqux TLS faisant de la
chaleur spécifique et de la conduction thermique des outils expérimentaux
privilégiés,
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On peut raisonnablement affirmer que dans la série d'alliages
8tudiée i1 existe treés probablement.un Tien entre la nature miéroscopi-
que des TLS et la tendance & la séparation de la phase w-Zr. I1 reste
cependant encore un sérieux travail éxpérimenta1 et théorique d effec-
tuer pour en préciser les mécanismes. I1 en est de méme pour la forte
densité d'état électronique au niveau de Fermi qui est déterminée par
T'ordre local des atomes de Zr. En 1'absence de théorie suffisamment
précise qui permette de relier le degré de désordre structural 4 la
structure de bande, le probléme est donc ouvert. I1 s'agit en particu-
lier de savoir si la sensibilité de N(Eg} aux traitements thermiques
est une propriété intrinséque de ces af]iages d forte concentration de
Zirconium ou plus généralement si cela est dU au caractére particuliére-
ment désordonné de ces matériaux.







ANNEXE A

CHALEUR SPECIFIQUE DE L'ALLIAGE PdCuSi AMORPHE ET CRISTALLISE
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#

Les mesures de chaleur spécifique effectuées sur PdCuSi et
analysées dans.la publication ci-jointe n'ont pas permis de conclure
avec certitude sur la contribution d'excitations de basse énergie (TLS)
caractéristiques de 1'&tat amorphe. En effet bien que le terme linkaire
en température mis en évidence dans 1'@chantillon amorphe soit supérieur
i ceux observés aprés recristallisation, la grande sensibilité de
1'amplitude de cer terme aux conditions du recuit (400°C ou 550°C} ne
permet pas de trancher entre une éventuelle contribution de TLS ou un
simple effet de structure de bande sur la contribution électronique.

Toutefois 1'apparition de deux constantes de temps distinctes
dans le retour & la température d'équilibre de 1'échantillon aprés le
pulse de chaleur permet de mettre en évidence une contribution hyperfine
des noyaux de Palladium. L'insensibilité de 1'amplitude de cette
contribution aux recuits montre que 1'ordre local autour des atomes de
Palladium est identique dans les états désordgnné et crdonnd.

Cette 8tude avortée guant a san objecti% initial nous incitera
i rechercher des systémes supraconducteurs afin de s'affranchir de la
contribution des &lectrons de conduction dans la quéte des systémes a
deux niveaux !
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Abstract. The specific heat of Pd,.;q4 Cug.068ig.145 alloys has been measured between
30 mK and | or 2 K successively in glassy and polycrystailine phases obtained by anncal-
ing at 400 and 350 °C. Well defined T terms appear betweer (+15 and 1K in cach
case, not very dependent upon the structure. but systematically higher in the glassy state.
Below 80 mK, the specific heat is dominated by a hyperfine T2 term, almost indepen-
dent of the structure. This second point leads to the conclusion that the short-runge
order remains almost unchanged from the crystalline to the glassy states,

1. Introduction

In all amorphous insulators investigated up to now an important contribution to
the specific heat below 1 K has been pointed out in recent years. This contribution,
due to two-level systems characteristic of the vitreous state, leads to a term roughly
proportional to T. In glassy metals such as the Pdg 775CuU4.06Si0.165 alloy, an excess
specific heat in the amorphous phase besides the crystalline ones had alrcady been
obseryed above 2 K (Chen and Haemmerle 1972, Golding et «l 1972). The purpose
of the present work was to extend to lower temperatures these specific heat measure-
ments, seeking a term characteristic of the glassy state in a metallic alloy. In particu-
lar, it was necessary to compare this glassy state specific heat to a direct experimental
value of the linear T term due to conduction electrons in the case of the crystalline
samples, as the previous analyses led to large differences in their evaluation,

The Pd-Cu-Si system presents many advantages. It is easily obtained in bulk
form, in the glassy state at room temperature, and it can be prepared with very
low content of magnetic impurities so that it is possible to study the intrinsic proper-
ties related to the glassy state, which is not the case for most of the amorphous
metals which present a strong magnetic character. '

Recently two typical features already observed in insulating glasses have been
pointed out in this system; the thermal conductivity measurements (Mutey and Ander-
son 1977} show a phonon thermal conductivity very similar in magnitude and tem-
perature dependence, and sound velocity measurements (Bellessa and Béthoux 1977)
show a logarithmic variation with temperature below | K. However, in the latter
case the magnitude of the effect is reduced by an order of magnitude as compared
to insulators.

0305-4608/79/050803 + 12 §01.00  © 1979 The Institute of Physics 803
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2. Experimental
2.1. Samples preparation ahd thermal treatments

The alloys were prepared from high-purity Pd (5N), Cu (3N} and Si in an induction
furnace. Activation analysis on a final sample indicates a concentration of 30 pem
iron. The glassy specimens were prepared in the following way: the atloy is heated
at 1200 °C under vacuum in a fused silica capillary for about ten minutes, and is
then rapidly quenched either into water at room temperature in a capillary 2:2 mm
1D and | mm wall thickness (alloy 1), or into a freezing bath at —22 “C in a capillary
1'85 mm 10 and a wall thickness of 0-5 mm (alloy 2), so that the quenching rate
was enhanced for this second sample. The length of the specimens was about 15 cm.
At first, both specimens were studied in their ‘as quenched’ glassy phase; thereafter,
alloy 2 has been annealed in an argon atmosphere successively at 395-400 ~C for
22 h and at 550 °C for 24 h.

- 2.2. Characterisation of the samples

2.2.1. Optical micrography. On both glassy alloys | and 2, optical micrography with
10° magnification does not reveal any structure, Annealing at 395 “C of alloy | clearly
shows the presence of a spherulitic crystallisation with a radius of the spherulites
of about 10 to 15 pm; the same annealing on alloy 2 indicates crystallite grain boun-
daries of the order of 10 um. No investigation has yet been made alter annculing
at 550 °C.

'2.2.2. Thermal properties. Differential scanning calorimetry, with a Perkin-Elmer
DSC 2, at a heating rate of 20°Cmin~', yields a glass transition temperature of
about 362-372 °C, depending upon the definition of T, und an initial crystallisation
temperature (temperature at which the onset of the exothermic crystullisation peak
is observed) of 412415 °C. These values are close to those obtained by Chen and
Turnbuil (1969) and by Chen and Park (1973) with the same heating rate. Density
values, measured by the Archimedes method in water, are reported in table 1.

2.2.3. X ray diffraction. The different phases of the alloys {quenched and annealed)
have been studied by x ray diffraction, with the Debye—Scherrer technique on powder.
using CuKe radiation. Typical diffractometer recordings are reported in figure L.
For the as-quenched specimens, the general shape of the pattern is typical of an
amorphous structure, with a first diffraction ring maximum localised here at about
2¢ = 40-41°; this first ring is much narrower than in the case of insulating vitrecous
systems as B,0Oj;, GeO; for example; the width at half maximum is here about
4 to 5°; in good agreement with amorphous Pd,4Si,.. (Muasumoto and Maddin
£975, Ino et al 1978). X ray patterns of amorphous Pd4q_ . - w1 Fe, alloys, with y = 0-3
and 15 < x < 20, exhibit the two first diffraction rings 1espect1vcly at 20 = 405~
and =~72° (Ino et al 1978). Our results are very similar, despite the presence of
6 at){ copper in our case. Similar also are the patterns of our two as-quenched
alloys, although the quenching conditions are slightly different.

After annealing at 395-400 °C for about 24 h, diffraction peaks appear at about
the same positions as the diffuse maxima of the amorphous state, the first thece
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Specific heat of Pdy.775Cuy.058i 5,165 ° 805

(220) " T
Figure 1. Xray diflfruction patterns

(Culx radiation A = -390 A) fur
the thiee phases ol the alloys
studied in specilic heal measure-
meats: {u). as-quenched; th), ulter
annealing at 3935 460 O for about

Intensiiylarbitrary units)

{e} 240, The arrows  indicate  the

ot L ——— . | position of pure Pd peaks, for com-

30 L0 S0 &0 70 parison. {cj, alter a further anncul.
26(deg} . ingai 550°C for 24 h,

ones being for values of 28 of 403, 467-46-8 and 68:6; these positions are very
close to the pure palladium peaks (Fcc structure), respectively at 20 = 40-1 for the (111)
reflection, 46-7 for the (200) and 681 for the (220). These small shifts correspond
to a variation of the lattice parameter [rom 3-890 A for pure Pd to 387388 A in
this case. We shall call this first phase of crystallization phase A. Diffcrent durations
of annealing of 2 h, and then 24 h more, give very similar intensity spectra, the first
peak increasing slightly in the last case. Further annealing at 550 °C leads to a much
more complex structure, not clearly identified and named here phase B, charucterised
by a band of peaks not well resolved between 20 ~ 32 and 45° and by the disappear-
ance of the peak at 68°

Our ‘observations for the vitreous phase and the crystalline phase A ure in agree-
ment with the results of Duwez (1967) and Masumoto and Maddin (197F, 1975)
on Pd,¢Sig.,, who state that the structure of the amorphous phase and the first
stage of crystallisation (metastable phase I for Masumoto and Maddin) are closely
related to the rcc structure of pure Pd. Chen and Turnbull (1969) also observed
that the Pdy.13Auq.46Si0.,4 alloy heated between 300 and 400 "C for durations always
less than 6 h crystallises into a metastable rcc solid solution with a lattice parameter
very close to that of Pd. Finally, Chen and Park (1973) report that for Pd-Cu-Si
alloys of the same composition as here, the first stage of crystallisation of the glass,
obtained by annealing at 400 °C for 24 h, Is a metastable rcc solid solution.

On the other hand, Ino et al (1978) observed that amorphous Pdy ;9Siy.00Feg .0,
or Pdg.goSig.;0 alloys aged between 250 and 350 °C crystallise into a predominant
Pd,;Si structure, which differs from the. results of Masumoto and Maddin on
Pdy.4Siy.,. The authors ascribe this discrepancy to dilferences in the methods of
preparation, like the quenching conditions of the melt.

For the later stages of crystallisation, the appearance of a stable phase at an
aging temperature of about 550 °C is reported for Pdy.Siy., (Masumoto and Muddin
1971), this phase is identified as a mixture of Pd;Si and Pd, of orthorhombic structuie;
for Pd-Cu-Si systems, Chen and Park (1973) indicate the decomposition of the meta-
stable FcC phase into metastable silicides and the precipitation of the equilibrium
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phases: Pd and Pd,Si. However, concerning these later stages of crystallisution, we
have never detected in the x ray patterns of our B phase the presence of any peaks
of the Pd,Si structure, even for the more characteristic, at 20 = 39-4-39-3* (220-112
reflections) or 48-1° (230-040).

We have made further x ray analysis of samples annealed in the temperature
range 400-1000 °C for different durations. At this stage of our study it is diflicult
to assert if either A or B phases are metastable or not. Alternative heat treatments
at 400 and 500 °C have not allowed us to decide at present. On Lhe other hand,
annealing at 400 °C for durations varying between 2 h and 8 days lead to the same
A structure and the B phase is always obtained in the temperature range between
about 500 and 700 °C. This phase can appear very rapidly in the amorphous phase;
in a few minutes at 480°. The x ray patterns show minor modifications upon annealing
at different temperatures inside this range.

Annealing amorphous samples at 800 or 1000 °C for durations between 2 h and
a few days leads to x ray patterns intermediate between the amorphous state and
the A phase. We interpret these results by supposing thiat the melting point of the
crystalline B phase lies in the range 700-800 °C. Hence, when hcated above this
melting point, the samples can remelt. Depending upon the cooling rate, one oblains
an almost amorphous state or a partial crystallisation in the A phase. We do not
obtain the B phase because the cooling rate may be sufficiently rapid to prevent
the crystallisation of the supercooled melt above about 500 °C, whereas at about
400 °C the onset of crystallisation in the A phase is then possible,

2.2.4. Electrical resistivity. Values of the electrical resistivity at room temperature
for both samples are reported in table 1. These values depend strongly on the phase
of the alloys {parts of alloy 1 have been annealed at 400 and 5507C at the same
time as alloy 2; both resistivity values are in agreement within | or 2 uQcm). For
the amorphous phase the resistivity decreases with temperature, showing a rclative
variation of about 49 between 300 and 3 K, which is very simifar to the vmmtlon
observed by Duwez et al (1962) on a Pdy.q35i4.,7 alloy.

Preliminary measurements between O-1 and 4 K show a logarithmic dependence
of p with temperature (Ap/p = 2 x 107 * per decade). But this variation may probably
be ascribed to the 30 PPM iron impurities of the sample. This is in agreement with
the results of Hasegawa and Tsuei (1970), who observed a flat residual resistivity
in an amorphous Pdg(Si,, alloy when it was pure enough, and a resistivity minimum
in a less pure sample.

2.3. Specific heat technique

We used a transient heat pulse technique described clsewhere (Lasjaunias ¢t al 1977)
in an adiabatic demagnetisation cryostat. The specific heat values are calculated from
the ratio of the applied heat input to the temperature increment {(AT),_,. Samples
of about 4 g have been measured between 30 mK and 2 K. Due to the small diameter
of .the rods, the arrangement has been modified; the initial rods have been cut into
several pieces about 2 cm long, held together in a copper cylinder which also supports
the heater (Pt-W wire), the thermometers (two phosphorus-doped silicon slabs (Fros-
sati et al 1975) and the thermal link to the cold sink. Mecasurements are taken alterna-
tively with one and the other Si thermometers. Within the cxperimental scatier no
discrepancy appears in the results.
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The thermal equilibrium between the sample (several rods) and the addenda can
be checked by the time constant of the temperature increment following the heat
pulse (labelled ty; Lasjaunias et af [977); in the whole temperature range it lies
between one and two seconds, that of the thermometer itself amounting to somc
milliseconds. The relaxation to the sink, once thermal equilibrium is reached between
the different parts, takes about 100s. The ratio ol both time constants, which is
an indication of the accuracy of the technique, is less than [?, below (-] K and

The heat capacity of the sample holder, equivalent to about 4 g of copper, has
been measured in separate experiments; at the lowest temperatures it shows a very
slight excess above a T law, reaching 7erg K ™' at 40 mK, compared to a total
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3. Resulis and discussion

3.1. Experimental results

The specific heat results of the four different amorphous and anncaled samples are
shown in figure 2, :

Above about 0-2 K, the temperature profile response to the heat pulse is very
well described by an exponential decay corresponding: to the relaxation of the whote
system (sample + addenda) to the sink through the heat link of thermal resistance
R,. The results correspond to a well defined linear variation Jor the specific heat
between 0-2 and 1 K (open circles on figure 2).

Below 02 K the heat pulse response can be described by the superposition of
two exponential decays, as shown in figure 3, with two different time constanis Ty
and 7,

AT(t) = AT, exp(~t/t,) + AT, exp(—t/t,).

The value of 7, remains fairly constant down to 30 mK, of the order of 20 to
40 s depending upon the samples, whereas 7, decreases from about 500 s at 30 mK
to about 50s at 02 K.

Our thermal circuit can be analysed as reported in figure 3, where ). and €,
represent respectively the heat capacity of the electrons or excitations described by
the linear T term and that of the nuclei, Above -2 K, Cy is negligible compared
to Cg, which is thus directly obtained. Below 0-2 K these two heat capacities become
comparable; as on the other hand the thermal resistances R, and R, are also of
the same order of magnitude, it is now necessary to solve exactly the equations
of the thermal response of the system (Azevedo et al 1979),

From this calculation it appears that by exirapolating at zero time the measured
temperature Ty, which is that of the electrons or excitations, using the time constant
1, we have direct access to the heat capacity Cg by

Cg = W/((ATl)t:O + (AT2)1=O)'

We can calculate the heat capacity Cy of the nuclei using the relation {Azevedo

et al 1979)
7, 7y R, Cy
Ch=-3{1~ 1 — .
N R!( RICE)( ' T2 )

The link thermal resistance R, is obtained by extrapolating below 0-2 K the values
measured between 0-2 K and 2 K, as the ratio of the time constant of the temperature
cxponential decay to the total heat capacity. The other parameters are extracted
from the analysis of the recorded results. We have shown in figure 3 the calculated
variation of the temperature of the nuclei. At short times the clectrons are overheated
by the heat puilse and thereafter the heat reluxes either to ile nuclet through the
resistinee R, or to the cold sink through Ry For long times this temperature is
delayed behind that of the electrons (or excitations).

The values of Cg obtained in this two-time-constants range using the extrapolation
with t, (points A} extend very well the linear variation defined at higher temperature

“where one only time constant s present. However, below about 80 mK it becomes
impossible to extract Cg from the T, regime as the overheating of the electrons
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Figure 3. A typical temperature profile recording (7T):) showing the superposition of the
two exponential decays of lime constants 1, and 1, und the calculated variation of the
temperature Ty of the nuclei. In this case, r, = 31§, 1, = W0 g, and the men temperature
is 90 mK. In the insert is druwn the thermal circuit where C,, represents the heat capucity
of the electrons and excitations, and Cy that of the nuclei.

increases so much that the relaxation phenomenon can no longer be described by
a well-defined time constant.

3.1.1. Linear specific heat. The numerical value of the lincar term coellicient
(Cg = AT) for the different samples is reported in table 1. It has been caleukuted
by a least-squares method using the experimental results between 0-2 and | or 2 K,
the temperature range corresponding to the only-one-time-constant regime. For (he
two amorphous samples the values are very close, aithough the quenching conditions
are somewhat different. For the sample annealed near 400 °C. a decrcase of the lincar
term of about 20% is observed, whereas further aging at 550 'C enhuances this e
to a value rather close to the amorphous value.

3.1.2. Hyperfine specific heat. The variation of the culculated specific heat Cy has
been fitted by a T~* law characteristic of the hyperfine countribution of the nuctei,
The value of the coefficient B (Cy = BT~ ?) is reported in table 1. Within the experi-
mental dispersion of the data, it is impossible to cvidence a noliccable variation
of the T2 term for all different phases of the alloys:

B =133+ 1ergmol™' K.

3.2. Comparison to previous results and analysis

The specific heat of alloys of the same composition has been meusured above 2K
by two groups: the glassy phase and crystalline phases obtained by annculing at
400 °C, respectively for 16 min (Golding et al 1972) and 24 h (Chen and Hacmmerle
1972). Their data were nearly the same, within a few per cent.
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Comparison with our numerical values can only be madc at 1-8-2 K, which is
the low-temperature limit of the previous experiments: our valucs are 5- 10 lower
for the amorphous phase (sample ) and 25% lower for the 400 "C anncaled sample,

From very similar experimental data, the two groups used very different analysis.
On one hand, Chen and Haemmerle (1972) fit the data between 2 and 7 K by the
expression

C=9T + BT3 + aT™"

Their values of the coefficients y and « are drastically different from ours; they
deduced a y value four times higher in the crystalline state than in the glass, with
numerical values an order of magnitude lower than ours in the glass. The 7 7 conuri-
bution is several orders of magnitude higher than in our resulis.

The analysis of Golding et al (1972) is in much better agreement with ours, They
fit the data between 1'8 and 36 K by the law

C=aT + bT?® + 4T3

with values of coefficient a respectively 121 mJmol='K 2 [or the glass and
27 mImol ™! K =2 for the crystal, which are not very far from our lincar coellicient
A but larger for the crystal than for the glass. Tt is diflicult to compare the T3
coefficient, since we observe only a slight deviation from the T law between | and
2 K which is difficult to analyse in such a limited temperaiure range.

3.3. Discussion

A first point concerns the linear T term. In the amorphous phase, in addition to
the usual free electron specific heat, we expected a contribution of the excitations
characteristic of this state leading to a term varying more or less as T, as observed
in vitreous insulators. A contribution of this type has been evidenced in the heat
conductivity of the same alloy by Matey and Anderson {(1977) afler subtracting the
electronic contribution. Indeed in our case, the linear term is always lurger in the
vitreous state than in the crystalline one and one may altribute this dilterence (o
the amorphous structure. However, this difference is not very large, mainly that
between the vitreous phase and the B phase of alloy 2 (sample 1V), which reduces
only to a few per cent. But this is not in disagreement with the magnitude of the
effect already measured in insulators; in the case of Si0, for example, the vontribution
characteristic of the vitreous state may be, to a rough first approximalion, described
by a linear term of about 0-05 mJmol~' K -2 {(Lasjaunias ¢t af 1975) and this value
is the typical magnitude for many systems (Stephens 1976). The diiference observed
here is of the same order of magnitude. A more precise estimation of such a contribu-
tion in the amorphous phase is not yet possible because the clectronic density of
states depends too much on the bandstructure, as proved by the variation of the
A coefficient between the two crystalline phases, and must be cvaluated by other
experimental investigations.

The low relative amplitude of the effect is supported by recent sound velocity
measurements perforined on the same samples (Bellessa and Béthoux 1977). The value
of the product ny P? (the two-level system density of states (imes the square of their
coupling constant to the phonons) deduced from these experiments is an order of
magnitude smaller than that in amorphous insulators. This is also the case of NiP,
another non-magnetic amorphous metal (Bellessa ¢t gl 1977 '

M.E(FL 35—
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Susceptibility measurements had been planned on the same samples, but they
would have lead to the same impossibility of separating a small Pauli susceptibility
variation from the diamagnetic one (Bagley and Di Salvo 1973).

3.3.1. Nuclear specific heat. The low-temperature T~% term may be attributed to
the quadrupolar coupling between the Pd quadrupolar moment and the electric fictd
gradients either created by the local noncubic symmetry or induced by the silicon
and copper atoms, due to their charge difference with the palladium matrix. The
proper contribution of silicon und copper is negligible since silicon, having a spin
1, has no quadrupolar coupling and copper has a low concentration and a small
quadrupolar moment compared to that of palladium.

. This nuclear term is given by

CaT? 1 &*¢*Q* (I + (21 +3)
R 80 &k° 121 - 1)

where Q is the quadrupolar moment of Pd, estimated to about 4 barn (Narath et of
1966), I = 3 its nuclear spin. The mean value of the electric field gradient deduced from
this formula, g ~ 4 x 10*3em ™3, corresponds to a splitting Aq = 3 e*qQ/{ 2021 — 13}
of 0-4 mK. Tt is smaller than that induced on Au by surrounding non-magnetic 3d
impurities (Thoulouze 1968). But comparatively, it is one order of magnitude larger
than the nuclear hyperfine term induced on Pd by magnetic impurities of iron, of
a concentration of 30 ppm.

We can make the comparison with the valucs obiained by recent Mossbuuoer
experiments on amorphous Pdgg.; - Si Feg.3 (Ino ¢r af 1978). In this case, the cleetric
field gradient is that one experienced by the *’Fc¢ nuclei. For the Si concentration
x = 17-53 at%, which is the closest to our samples, the quadrupolar splitting € is about
0-45mms™* at 77 K. For *’Fe nuclet, this corresponds to A, = 0-225mK. With a
quadrupolar moment of about 020 barn and [ = 3 in the cxcited state, using the
same above formula for A,, this gives an electric ficld gradient at the Fe site of
1'5 x 10%* ecm ™2,

The electric field gradient is mainly due to the first- und sccond-nearest neighbours
so that the quadrupolar term is sensitive to the local structure. Owing to the very
large dispersion of the experimental values, it is impossible to deduce any systemuaiic
variation. However, there appears to be no large local difference between the A
structure, the almost Fcc structure of Pd, and the B structure which we have not
identified, But it means also that there is no important change in the local arrange-
ment of atoms within a short distance around the Pd atoms between the amorphous
and crystalline phases. This behaviour is analogous to that of glassy insulators in
which the long-range order disappears when going {rom the crysialling to the amor-
phous state, while the short-range order stays almost unchanged.

This conclusion is also supported by the Mdossbauer experiments of Ino ef al
(1978). For silicon concentration varying between [5 and 20 at?) (amorphous alloys)
and for 25 at%, (crystalline Pd,Si), the quadrupole spliting varies almost linearly
from the amorphous alloys to Pd,Si; the local ficld gradient is not sensitive to the
phase, amorphous or crystalline, but depends mainly on the silicon concentration.
However, the difference to our results is that their reference erystalline phase is Pd;Si,
whereas we have never obtained this structure in our crystalline sampies.
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4. Conclusion

Our present specific heat mea;urements have evidenced between 02 and 1 K lincar
T terms in both vitreous and crystalline phases, This term is larger in the vitreous
state than when recrystallised but its large variations among the crystalline phases
themselves prevent any precise evaluation of a4 contribution specilic to the amorphous
phase. However, its maximum value would be some per cent of the clectronic tern,
of the same order of magnitude as that already observed in insulating glasses,

The hyperfine quadrupolar specitic heat, almost invariable for the dilferent phases,
leads us to the conclusion that the local order remains also almost unchanged.

Preliminary electrical resistivity measurements have not shown any logurithmic
temperature dependence which might be attributed to the vitreous state,

Anyway, the effect of the amorphous state on the very low-temperature specific
heat is relatively small, especially when cémpared to the previous results above 2 K.

i
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ANNEXE B

CHALEUR SPECIFIQUE DE L'ALLIAGE LaZn AMORPHE ET CRISTALLISE -
PROPRIETES SUPRACONDUCTRICES - RELAXATION D'ENERGIE
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Ators qu'il s'avérait impossible de montrer clairement par
mesure de chaleur spécifique 1texistence d'é&tats tunnels 1iés au
désordre structural dans le verre métallique PdCuSi (Annexe A}, de
nombreux comporiements typiques de 1'état désordonné Etafent par ailleurs
observés dans le méme systéme : variation logarithmique de la vitesse du
son (Bellessa and Béthoux, 1977) et saturation de 1'absorption ultra-
sonore {Doussineau et al., 1978). Quasi simultanément un excés de
chaleur spécifique aussitdt attribué & 1'existence de TLS est mis en
gvidence dans le sunraconducteur amorphe. ZrPd (Graebner et al., 1977),
sans que d'autres origines, telles que contribution nucléaire (mise en
évidence sur PdCuSi) ou précipitation d'une phase cristalline normale

(Pd en 1'occurrence), ne soient envisagées.

Aussi avons-nous entrepris 1'étude d'un alliage & base de
deux &léments supraconducteurs (La et In) dont les phases cristalliines
stables sont supraconductrices, et en eétendant la gamme des mesures
au-dessous de 0,1 K pour vérifier 1'existence @ventuelle de contributions

nucléaires.

La préparation de 1'&hantillon (pulvérisation cathodigue),
sa caractérisation (rayons X, analyse thermique différentielle, densité)
et la technique de mesure sont identique & celles exposées en détail
dans ce mémoire (chapitre I) pour les alliages de Zirconjum. Mentionnons
simplement. que deux échantillons ont &t& préparés correspondant respec-
tivement § des puretés de Lanthane 3N (échantillion 1) et 4N (échantil-
lon 2). La composition La.782n_22 contrdlée par analyse chimique,
correspondant & un eltectique, a &té choisie car stable a température
ambiante, de TC Elevé (¢ 4,2 K) de sorte que la contribution électronique
supraconductrice & la chaleur spécifique devient rapidement négligeable

au-dessous de 1 K.

Les résultats expérimentaux obtenus entre 60 mK et 6 K -sont
rapportés en figures 1 (&chantillon 1 & 1'état amorphe) et 2 (Echantil-
lon 2 & 1'état amorphe puis recristal]isé}. Les courbes font apparaitre
pour ies deux &chantillons et dans les deux &tats ordonné ou désordonné

une transition supraconductrice. Les propriétés électroniques et
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supraconductrices, leur &volution au cours de la cristallisation, ainsi
que la caractérisation strucfura]e de la phase cristallisée sont
analysées dans une publication jointe en fin de cette annexe {B&thoux
et al., 1980).

Chaleur spécifique & basse température :

Au-dessous d'environ 0,5 K, les contributions des phonons
(C h) et des électrons supraconducteurs (CES) deviennent négligeables et
1'on s'attend donc & observer les TLS. En fait au-dessous de 0,2 K
on observe une importante chaleur spécifique résiduelle qui dépend peu
et de la pureté du Lanthane et de la phase de 1'alliage (plutdt plus
forte méme dans 1'é&tat cristallin). Par contre une différence trés nette
apparait au niveau de la cinétique du retour & la température d'équili-
bre aprés le puise'de chaleur. Alors que dans la phase cristallisée le
régime de décroissance est assez bien défini par une seule exponentielle,
dans la phase amorphe existent deux régimes successifs caractérisés par
deux constantes de temps trés différentes. La plus courte (10-40 secondes)
fournit la valeur de chaleur spécifigue la plus faible alors que la plus
longue (30-200 secondes) donne 1ieu & une contribution variant grossiére-
ment en T'Z. Cette dérniére, peu sensible 4 la pureté du Lanthane, peut
donc 2tre attribuée & un couplage quadrupolaire hyperfin des spins
nucléaires de la matrice de Lanthane, plutdt qu'a des effets maghétiques.,
L'apparition d'une telle contribution exclusivement dans la phase
amorphe a &té observée par la suite systématiquement dans les alliages a
base de Zirconium et interprétée comme la manifestation d'une interac-
tion TLS - spins nucl@aires (Lasjaunias and Ravex, 1983).

Pour 1'échantillon 1 (fig. 1), attribuer le régime & constante
de temps.rapide QUi apparait dans une large gamme de température (entre
0,1 Ket 0,7 K) & 1'existence d'excitations du type TLS conduit & un
bon accord entre les valeurs numériques tirées du premier régime transi-
toire (points noirs sur la figure 1) ou bien obtenues par différence
entre la chaleur spécifique totale, correspondant & la constante de temps
longue, et les différentes autres contributions {réseau, nucléaire et
&lectronique supra) (cérc]es sur la figure 1). Une telle analyse conduit

3 une contribution des TLS : C. ¢ = 40 TO*° erg/qK.

TLS
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Pour 1 echant111on 2, i1 est difficile d'identifier un tel
terme linéaire, ou presque, caractéristique des TLS. En effet la chaleur
spécifique asscciée & la constante de temps courte dans 1'état amcrphe,
quasiment indépendante de la température, apparait trés semblable a
celle observée dans 1'@tat recristallisé. Piusieurs origines magnétiques
peuvent Etre 1nvoquée§ . apparition d'ordre magnétique des spins des
impuretés de terres rares, effet Kondo,..

Dans ces conditions, i1 est difficile d'affirmer en 1'absence
de référence & 1'état cristallisé que 1'excés de chaleur spécifique
observé dans le cas de 1'@ghantillon 1 est en toute certitude une
manifestation des TLS. Cet ensemble de mesures montre toutefois combien
i1 peut &tre hasardeux d'extraire une contribution intrinséque des TLS
sans référence i un &tat cristallisé et sur une gamme de température
restreinte qui peut n'@tre qu'une transition entre un régime haute
(supraconductivité, phonons) et basse (spins nucl€aires) température.
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Propriétés électroniques et supraconductrices

S7 les fésu1tats expérimentaux obtenus au-dessous de 0,5 K
n'ont pas permis de conclure avec certitude quant & Ta présence des TLS,
1"analyse des données haute température permet d'établir Tes propriétés
€lectroniques et supraconductrices de T'alliage et d'étudier leur
évolution au cours de la cristallisation. Cette analyse, étayée par des
mesures de résistivité &lectricue et de champ critique (HCE} &8st présentée

dans la publication suivante.

En complément des résultats énoncés dans la publication, nous
rapportons en figure 3 1'écart 3 une loi parabolique de la variation
avec la température du champ critique thermodynamique. Le champ critique

thermodynamique

T T
. c 1 1
H(T) = %/ dT'/ e DR
Y
T 1

Qi

est calcuié A partir de la courbe ¢ (T) expérimentale puis normalisé

Qi

sa valeur HC(O) {voir table I de 1a publication précédente). L'écart
la loi parabelique pour 1'échantillon cristallisé est comparable aux
&carts observés pour Te Lanthane pur cristal1isé dans ses phases hecp et
fcc (Johnson and Finnemore, 1967) ainsi qu‘d celui du modale BCS,
confirmant un couplage faible. Par contre |'écart d la loi parabolicgue
dans Te cas de 1'échantillon amorphe est de signe opposé, caractéris-

tique des matériaux supraconducteurs 3 couplage fort (Pb par exemple}.
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SUPERCONDUCTIVITY OF A La~Zn 22 AT % AMORPHOUS ALLOY

"o, Bethaux, 0. Laborde, J.C. Lasjaunias and A. Ravex

Centre de Recherches sur les Trds Basses Températures, C.N.R.5., B.P, 166 X,

38042 Grenobla Cédex, France.

ABSTRACT - We report here the main results of superconductivity measurements on a La-Zn 22 ar % alloy,
in amérphous and crystatline {hexagonal metastable phase) forms. The experimental details and a complete
discussion of these results will be published elsewhere. The superconducting and relevant electronic pro-
perties have heen extracted from specific heat, upper critical field and electrical resistivity measure-
ments. The difference in the superconducting behaviour between the amorphous and crystalline states is
compared to theoretical predictions. In conjunction with other results those presented here throw light on
the problem of:the electron—phonon coupling strength in amorphous transiticn metals alloys.

I, PREPARATION OF THE SAMPLES. The amorphous samples

are obtained in the form of thick films (thick-
ness about 100 um} by high rate sputtering of z bulk
pre-allioyed target at the eutectic compositiom (23
at Z Zn). Condensation accurs on a substrate held
at liquid nitrogen temperature. The sample weight is
about & g and the chemical composition is 21.8 at %
in. The X-ray diffraction spectrum is shown in fig.
la. The single broad peak is located at 2 8_= 36.9°,
The nearest-neighbour distance (nnd) caleulated by
the Debye formula /1/ is 3.56 ;. The crystailisation
of the amorphous alloy has been studied as a func—
tion of temperature and time. For the superconducti=-
vity studies, the sample was subjected to a thermal
treatment of 2 minutes at 90°C followed by 2 mi-
nutes at 180°C. This treatment lead to a single he-
xagonal metastable phase with a = 6,48 R and cfa =
0.593. The corresponding ¥-ray diffraction spectrum
is shown in fig. Ib. A consideration of the number
of atoms in a unit cell of this phase and the atomic
valumes of La and Zn, indicates that there is no
long-range order for the Zn atoms. The chemical di-
sorder therefore must be of the same type in the
amorphous and crystallised samples. Subsequetttly we

shall designate this crystalline sample by hex-LaZn,

fig. 1-a
q-LaZnon
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II. RESULTS OF THE LOW TEMPERATURE MEASUREMENTS. The

specific heat has been measured from 0.06 K to 6.5K
for a=La=Zn and hex-La-Zq. Experimental details, the
Cp(T) cu;ves and a discussion of the very low tempe-
rature part of the Cp(T) curves are given in a Sepa-
rate paper /2/. The superconducting parameters and
rele?ant quantities extracted from the Cp(T) data
are sumarized in table I. The symbols used here
have the conventionnal meaning and the values have

been obtained by the usual methods /3/. The super-

conducting electronic specific heat Ces’ obtained
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Table I T 1 ) T T
3 - 80p(kCe) . .
Te | 8 v [MET) Mg (0) {ac/yT, |4, /gt upper critical LaZn 22% at
Alloy k| & [—2koe k7] koe | (TeTy) fletd H,
mele K . T0p~~ - 2 i
a-LaZn, 4,15{ 96 7,9 0.36 0.63 .60 2.1a .,
hex—Lagﬁgzzz z,23]110) 10,2 [ 0.30 | 0.38| Lo | 1.54 ¢ sample i amorphous
BCS theoty .43 [ 1.76 1§ T, o sample 2 i
@y 1oy = ldte/dT . cristalline sampie (hex)
50 -
3 fig- 3
by subwacting the "lattice"T ~term from the torkal L0\ -
specific heat Cps(T) below T , is plotted in Fig, 2.
¢ 3o -
T T T T T T T L T 1 T L) ¥ L ¥ T 1 1 1 20
5F Ces/¥7, fig. 2 T =412k
Oo -
2[R - 10k | T(2)=4.18K |
, "A\Tﬁz.s
1 —
5 5 0 ! &Y, 4 L
. . 0 1 2 3 4 T
¢ .
2 .2
1 —.1
S .05
Ao/k Tc =1.45 T T T T
2 hex.LaZng 55 2 1 HCZ(T) HCZ(O) fig. 4
A S A A N I Y I R N I i
1 2 TC/T 3 a LaZn 22% at.
. o 0.8 .
The eclectrical resistivicy has been measured between
Tc and 300 K by a 4~probes ac technique. The upper
critical field H;, measurements have heen carried 0.6}~ - —
out by the same method as the resistivity with a
.. ) s sample 1
transverse magnetic field supplied by a superconduc- 0.4 o sample 2 B
ting magnet. For a-LaZn and hex-La Zn the measure=- Maki curve
(U.:O » lsozm)
ments have been performed in liquid helium between
0.2 -
1.7 K and Tc' For a-LaZn, 2 second sampie {(with a
slightly different T,) has been measured down to Tc/T
0,135 K in an adiabatic demagnetization apparat . o . L d L
@ € Bn ppaxatus 0 a2 0.4 0.6 0f 1
The experimental results are shown in fig. 3 and the
3
reduced thermal variations of Hey for the two a—lazn
samples are plotted on fig, &, Table II summarizes
Table II
the low temperature electronic transport and elee=~
tromagnetic properties., In this table we have also Alloy o(Ty) Héz(’l‘c) ch(o) Héz(Tc)BCS
Ui~emfkoe K-1| k0e k0e K1
reported the theoretical value of H'cz(Tc} calcula- a-LaZn 150 | 26.0 71.0 26.1
’ hex-LaZng 551 135 | 16.5 - 29.9
ted from the BCS-Gorkov theory /&/. :
T

cz(Tc) = ;dHCZ/dTITyrc ¢
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II1i. DISCUSSICON. Electron—phonon ceoupling and TL

From the values of AC/YTc and AD/kBTC (table I) com-
pared te the BCS values, its appears that a-LaZn is
a strong coupling superconductor and hex-lLaZn, a
weak one. If we agssume (see § I) that the chemical
order is about the same for the amorphous and erys—
talline phases, the main difference between tha two
phases lies in the topological order. We gan there-
fore conclude that topelogical disorder alone in-
creases the electron-phonon coupling. This experi=-
mental Fact is in agreement with the theoretical
predictions of Bergmann /5/ that the lack of trans-—
lational invariance in amorphous metals provides an
additional phase space for electron-phonon coupling.
We can see also from the table T that BD and N(0)
{or ¥) increase from the amorphous to the crystal-
line phases ; we can therefore associate the obser-
ved decrease of Tc with the decrease of the coupling
Such a decrease of TC during the early stages of
crystallisation, has already been observed in Zr-Rh
/6/ and Zr-Pd/7/ alloys.

Upper critical fiel@_gcz. It can be seen from table

II that the experimental value of H.CZ(TC) for
a-LaZn, agrees remarkably well with the theoratical
value chz(Tc)BCS calculated from the BCS-Gorkov
theory of weak-coupling superconducters. Such a re-
sult has already been obtained 1°) by Rainer and
Bergmann /8/ for amorphous s—p metals who explained
it by the characteristic shape of the Eliashberg
function GZF(w) at low frequencies, peculiar to
strong-coupling amorphous metals 2°} by Shull et-al

/9/ for amorphous alloys LaGa and LaGa

0.20 0.22°

which are intermediate coupled superconductors with
d-electrons. Ou the contrary, H'CZ(TC) for hex-Lain
is different from the BCS value in spite of its weak
coupling character. It is possible, for this Bédly
crystallized sample with very small crystallites,

that the measured p(T.) does not represent the

JOURNAL DE PHYSIQUE

"intra-crystal™ resistivity which can be much smal~
ler. Finally, fig. 4 shows, for a-LaZnm, that ch(T)
follows the theoretical thermal variation predicted
by Maki(4) with ot =0 and lso = o, This agreement is
perhaps fortuitous because in this alloy o is dif-
ferent from zero and lso is unknowm. This thermal
behaviour is different from that found for others
amorphous alloys /8.10.11.12/ where HCZ(T) decrea—

ses faster than the Maki law.

on amorphous alloys where Cp(T), po = p(Tc) and
ch(T) have been simultaneously measured. It can be
seen from this table that the elezctron-phonon cou-
pling (expressed by AC/YTC) increases from one alloy
to an other when p(Tc) decreases. This behaviour is
in qualitative agreement with a theory recently
established by Meisel and Cote /13/ to calculate

the decrease of Tc with increaging Pys a8 obsarved

Table III

Te (8 (o) BC/Te [0{Te} [HE,(Te) |Ref,

Alloy _.states
erg emd gpin{(TsT.) [u@~cm|koe K~!

3.1 0% {260 150] 26,0 —
2,210% {196 | 200 | 22.5 e
(3.1 10%* 17 | 227 1 28.0 s
30 103 | e | 266 | 2605 s

K {k
a-LaZng galb.15) 96
a-LaGay 4,13.64{109
a-Ladugy 5413.28| 99
a-2rPdy 5,12.53[180
(x)

Calculated with an estimated denaity.

in highly resistive crystalline alloys (Nb and AlI5).
When the electronic mean free path, %, is small
enough, the electron-phonen coupling decreases with
L. This results from the Zimann-Pippard condition
for the electrén—phonen diffusion (Zn/qph < L) which
introduces a £ low-frequency cut—off in the
Eliashberg function GZF(M) and causes a decrease

of the coupling strength, If we assume that the v;-
riations ofp(Tc) reflect the variations of % for the
alloys of table III (N(Q) varies only.a little)

and that uzF(m) is about the same, then the




electron-phonon coupling will decrease with increa-
sing D(Tc). More geperally thi; model could qualita-
tively explain why some other amorphous alloys of
transition metals have been found to be weak-
coupling superconductors /14/. Likewise, such an
inverse relation between the coupling strength and
p(Tc), associated with small variations of N{0Q),
could explain the relative constancy of H'CZ(TC)
observed in table III and for some fifteen other
amorphous transition alloys /12.15/.

IV. CONCLUSION. A—LaZnO‘zz is a strong-coupling su-
perconductor. After crystallisation into a metasta-
ble hexagonal phase the alloy becomes a weak cou-
pled superconductor with a reduction of TC by a fac—
tor of about 2 {amorphous Tc = 4.15 K, crystallised
Te = 2.23 K). The imcrease of coupling with topolo—
gical disorder, theoretically predicted by Bergmanng,
is verified for this d~alloy. The experimental
FdHCZIdT|T=T value is in agreement with the value
calculated b; the "BCS-Gorkov theory of weak coupled
superconductors,such as found by Bergmann for strmg
coupled amorphous s—p superconductors. The present
results on a-laZn, together with those obtained with
other amorphous La-based alloys and a-PdZr alloy,
indicate an inversa relation between the residual
resistivity and the coupling strength. Such a rela~
tion, theoretically introduced by Meisel and Cote
using the Zimann—Pippard condition for electron-
phonon diffusion, eould qualitatively explain the
spread of rasults concerning the eoupling strength
in d-amorphous alloys and the relative constancy of
[dch/dT}T=TC observed in numerous d-amorphous
alloys. Other experimental resultg on different
d-amorphous alloys aﬁd more precise theoratical cal-

culations will be necessary to confirm this trend.
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Relaxation d'énergie :

Au cours des expériences de chaleur spécifique sur les
echantillons 1 et 2 & 1'état amorphe est apparu un comportement inhabi-
tuel : un ralentissement brutal du refroidissement de 1'échantillon aux
alentours de 250 mK do 3 une dissipation d'énergie au sein méme de
I"échantillon. Ce phénoméne analysé dans la publication ci-jointe est
attribué 4 la transformation ortho-para d'hydrogéne moléculaire piégé
dans T'échantillon amorphe.

Depuis 1'observation et 1'analyse de cette relaxation
d'énekgie, la mise en &vidence par d'autres auteurs (L&hneysen et al,,
1983 ; Graebner et al., 1983) d'un phénoméne analogue dans le silicium
amorphe aSi:H vient confirmer nas hypothéses. Les quantités d"hydrogéne
moléculaire mises en jeu {quelques diziémes de pourcent atomique) saont

d'ailleurs comparables dans les deux cas.
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Heat Relaxation Phenomena at Low Temperature
in Amorphous LaZn
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Centre de Recherches sur les Trés Rasses Températures, CNRS, Grenoble, France

{Received Navember 10, 1981}

Ancanomalous heat relavation with a very long time constant (about 60 h)
has been observed in amarphous Lao 7.7y 2. The total heat release is about
1.5ml per greom of sample, This phenomenon can be attributed to the
ortho-para transformation of hydrogen trapped in the sample. This behavior
disappears after erystallization.

ln specilic hc M omeasurements on an amorphous superconducting
Ui a7 25 alloy' we have encountered dilficulties in cooling which are
e toa heat release from the sample. The amorphous samples are prepared
Ly a sputtering technigue’ in the form of foils (10O wm in thickness), with
ahout 2.7 g used for the specilic heat experiment. The measurentents are
performed by a transient heat-pulse technique.” The sample and the
addenda {thermometer and heater) are connected (o the heat sink (the
paramagnetic salt of an adiabatic demagnetization cryostat or the mixing
chamber of a difution refrigeratot) through a heat link consisting of a
copper wite 35 pemr in diameter. Diflerent lenpgths were used (10 or 20 cm).
With the experimental value of the thermal resistance R of these links,”
we can ealenlate the heat flow (O = AT/ R} by measuring the temperaturcs
of the sample and the heat sink. With such an experimental arrangement
in the demapnetization apparatus the samples generally reach a temperature
of about 50 miC with the heat sink kept at '1Imut 15 mK, indicating parasitic
heat leaks O, of the order of (0.5-1x 0 °*w.

In a usual first experimental run, the cooling of an amorphous LaZn
sample stopped at an anonedously high temperature (170 mK). The sample
was then kept for one week at liquid helium temperature and a second
demapnetization was performed: then the sample reached a temperature
ol I, .

Toavoid any artelact due to the sample, we repeated a series of cooling
runs on a second sample as shown in Fig. 1. We first stored the sampie for
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Fig. 1. Example of a thermal history for sample 2. The numbers
correspond Lo the successive demagnetization cooling runs per-
formed in the adiabatie demagnetization cryostat,

two days at nitrogen temperature, then performed three successive demag-
netizations separated by storages of about 60 h each at liquid helium
temperature. The fimiting minimum temperature reached by the sample
becomes lower after each run (180, 86, and 60 inK). After the third run,
we warmed the sample to room temperature and then cooled it rapidly to
4.2 K using exchange gas without any intermediate storage at 77 K, [u this
procedure the sample reached a temperature of 280 mK,

To avoid any artefact due 1o the demaguetization apparatus, we
repeated the measurements with the first sample in a dilution refrigerator.
In a usual experimental run with a storage of a few hours at 77 and 4.2 K,
the sample reaches a limiting temperature of 300 mK with the mixing
chamber at 34 mK, Fifleen days later the sample reaches its equilibrium
temperature (about 100 mK) compatible with a higher parasitic heat input
in this apparatus (~3x 1 ° W),

In Fig. 2 we have plotted the heat flow Q,., released by the samples
during these different experiments as a function of time. In the case of the
demagnetization apparatus, (J,,, is obtained from the temperature gradient
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Fig. 2. Released power @, as a function of time for different experi-
meats on two dillerend samiples. The origin of time is taken as the time
at which the sample reaches 4.2 K when it is cooled from higher
temiperatures. (@) Fxperiment with sample § i the  difution
relrigerator, Other data correspond {o experiments in the adiabatic
demagnetization cryostat (ADC) {A) The power released at the end
of the demagnetization cooling cyeles 1, 2, and 4 as shown in Fig. 1.
No esttminte of O, has been attempled for eycle 3 since Q,, is less
than the natweal parasitic leaks (0.5 ¢, <1 oW} as indicated by the
dashed area. Fitor bars are due o this uncertainty in €.

Ty =Ty along the thermal tink and from the parasitic heat input Q;
Ty g
. . dr
Orul + Ol) = J T ’ (l )
) i R
In the case of the difution apparatus, we periodically warmed the sample
to 250 mK with a micasored heating power (, in order Lo get a constant
temperiture gradient along the thermal link. This method does not imply
knowledge of the parasitic heat input Q,. Indeed at each time ¢ the relation
of thermal equilibrivum is

. L ,
f ‘_R_ =C™" = Oy Q)+ O4 (1)

Fy

Using this relation at the end of the relaxation process when O,u.(m)—»{),
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one obtains
Orerlt) = Oy (00) ~ O, (1) (2)

From Fig. 2 we note that the released heat flow roughly obeys an exponentiaf
decay {dashed line) with a time constant v, =55 h. Data from ali ditferent
runs are in rather good agrecment, except the higher value of point 4,
which corresponds 1o the rapid cooling from room teinperature without
the usual storage for a minimum of 10h at 77 K. Furthermore, this
phenomenon is almost insensitive to the temperature at whicl we ailow
the relaxation to occur, either mainly 4.2 K in the demaguetization cryostat
or mainly 200 mK in the dilution cryostat: this rules vut any thermally
activated process.

It is worth noting that the long time constant js comparable to those
usuaily observed in the ortho to para transformation of molecular hydro-
gen.* This hypothesis can be checked by the dependence of the amount of
energy released during the relaxation process with the initjal concentration
of ortho-hydrogen, since below 20 K the only stable phaseis para-hydrogen,
while equilibriam concentrations of ortho- and para-hydrogen are, respec-
tively, 75-25 at 300 K and 50-50 at 77 K_°

In the experiment described in Fig. 1 the sample was either stored for
35h at 77K or rapidly cooled from room lemperature: thus we have to
verify that for these two runs the energies released are in the ratio of the
ortho-hydrogen concentrations  at nitrogen  and  room temperature,

LX,

75/50=1.5. The encrgy released is W =]'”) O, (1) dr, with Q,,=
O,u,((i) exp (—t/7,4). At the beginning of the relaxation process the saimple
temperatare T is much larger than the heat sink temperature Ty, and the
parasitic heat input Q, is negligible in comparison to Q.{0). Then from
formula (1), with R('I')~T"E, the ratio between the energies released
during the two runs is cqual to the ratio of the square of the temperatures
achieved by the sample at the same time. Taking as the origin the time at
which the sampie reaches 4.2 K, from our experiments we obtain for this
ratio a value of 1.65, which is tather close to the theoretically calculated
value of 1.5.

In conclusion we think that this relaxational phenomenon can be
explained by the ortho to para transformation of hydrogen.* Using the
heat of transformation (330 J/mole of artho-hydrogen) measured at 20 K,°
and the estimated tota) heat released from our experiments {about
170 mJ/mole of sample), we get a roupgh estimate of the hydrogen content
in oursamples: about .| at % Others have mentioned” a Schottky anomaly
near 1-2 K in the specific heat of copper containing hydrogen which
*The observation of this transformation is experimental evidence of the presence of molecular

hydrogen trapped in the samples,
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disappears by storage of the sample at about 20 K. In our case we o not
obscrve any singularity of the spucitic heat in this range of temperatue.
Furthermore, the specific heat values at lowest lemiperature are unaflected
by the heat relaxation within the experimental accuracy.

Muorcover, we have observed that the relaxational phenomenon disap-
pears after crystallizing the sampies by thermat treatment (either 24 h at
250°C under vacuum or 2 h at 180°C). We think that hydrogen is either
climinated during the annealing or chemically bound to lanthanum in the
form of hydrides. '

= I a recent study of amorphous zirconium alloys also obtained by the
sputtering technique we did not observe any similar release of heat. This
belhavior is perhaps particular to this LaZn alloy due to the aflinity of
lanthanum for hydrogen.
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ANNEXE C

RESULTATS EXPERIMENTAUX DE LA SERIE ZrM -~ ANALYSE DES RESULTATS
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LOI D'ETALONNAGE DU THERMOME TRE S[LlCIUM

LogR= A(LogT)2+B LogT+C
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Specific heat measurements of zirconium between 0,03 and 1.2 X in both normal and superconducting states are re-
ported. In the normal state a purely linear electronic contribution is abserved down to 0.1 K; at lower temperatures there
appears the onset ot a nuclear hyperfine contribution which is uncbservable in the superconducting state within our ex-

perimental time scale.

We have measured the very low temperature spe-
cific heat of erystailine zirconjum in order to obtain
information about the magnitude of the expected
hyperfine quadrupole contribution due to the 91Zr
isotope with a nuclear spin [ = 5/2. Up to now, no
NMR or specific heat data have been reported which
could permit a determination of the quadrupolar
coupling.

The sample in the form of a rod 7 mm in diameter,
about 5.8 X 10~2 mole, was obtained by melting
high purity zirconium in an induction furnace and
quenching in a water-cooled crucible. No subsequent
thermal annealing was performed so that this sample
was mezsured in its “as-quenched” state. Results of
cherical analysis made on this sample give: Cr, Mn,
Co, Ni, each <10 ppm; Fe, 35 ppm; Hf, 100 ppm.
Specific heat measurernents between 30 mK and 1.2
K were performed in a double stage adiabatic demag-
netization cryostat with the heat pulse technique.
The thermal link between sample and heat sink was
easured either by a superconducting tin thermal
switch, but this techrique limits the high temperature
range to about 0.5 K, or by a permanent link which
is 2 35 um diameter copper wire [1]. The second
technique was used for the measurements in the
supercenducting state, between 30 mK and 0.5 K,
and up to 1.2 K. The normal state was obtained by
supplying a magnetic field of about 100 G (critical
field of Zr: &1, = 47 G). Data of the two experiments,
with and without external magnetic field, are re-

0 031-9163/82/0000—-0000/8 02.75 © 1982 North-Holland

perted in fig. 1. The sample undergoes a supercon-
ductive transition between 0.45 and 0.5 K, in rather
good agreement with previously published data:
0.49-0.52 K [2—-4].

In the normal state, the specific heat obeys a linear
variation from 0.1 up to 1.2 K. A slight difference
(about 3%) exists between the electronic v coefficient
in the presence or in absence of the magnetic field; it
is probably due to 2 small magneto-resistance effect
on the thermometer, a doped Si slice, that we have
not tried to correct. The value of y obtained in the
normal state in absence of a magnetic field, 3.0 mJ
mole=! K~2 is in good agreement with the value of
2.91 % 0.12 previously reported by Gschneider [5],
but slightly larger than 2.80 from Collings and Ho
[6]; both correspond to measurements above 1.2 K.
We obtain a purely linear specific heat up to 1.2 K,
the lattice contribution rémaining still negligible in
this temperature range (~2% at 1 ).

Below 0.1 K there appears a deviation from the
linear variation that we ascribe to the onset of the
nuclear quadrupolar contribution due to the nuclear
spin [ = 5/2 of the ?1Zr isotope (11% natural abun-
dance). Although a precise evaluation of its magni-
tude is difficult to establish since we do not actually
observe a 72 variation, we estinate the quagrupolar
contribution Cq to be (1.7 + 0.4)72 erg mole L K~
from the excess of the measured values over the T
law, From expressicn of the Schottky anomaly re-
lated to this nuclear contribution and limited to the
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Fig. 1. Specific heat of zirconium in both rermal and super-
conducting states in a log~log plot. Narmal state below

T = 0.5 K was obtained by applying a magnetic field of
100 G. The straight line corresponds to the electronic term
¥T, with v = 3.0 mJ mole™! K72,

first term,

Cq 1 (equ)z (+ DI +3) -2
R 80\ &, - ’

we evaluate the quadrupolar frequency vo = e2qQ/h =
30 £ 5 MHaz.

Additionally we have to estimate the possible
nuclear contribution of hafnium, in concentration of
100 ppm in our sample, which has two isotopes with
nuclear spins different from 1/2: 18% 177Hf (f = 712)
and 14% 17941 (1 = 9/2). Its nuclear specific heat has
already been measured [7]: Cy = 850 T=2 erg mole~1

. K—1. With the above congentration its contribution is
* orly a few percent of the measured nuclear term.
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In the superconducting stace . below the first ex-
pected transition near 0.5 K we observe a second
transition between 0.17 and 0.2 K which is not under-
stood. Two successive transitions have been reported
when 1 at% Sc is added to zirconium [3,4]. Can the
presence of impurities (i.2. 100 ppm H{) be the ori-
gin *'7 Another explanation could be the presence
of different crystaliine phases as our sample was mea-
sured in its “as-quenched” state without-being sub-
jected to further thermal treatment.

Anyway the specific heat decreases eXponentially
below 0.2 K and down to the lowest temperature
reached: 30 mK. No contribution from the nuclear
term detected in the nommal state was present: the
value of C at 30 mK is ten times smaller than the es-
timated expected value ofCQ in the normal state.
Such an absence of quadrupolar term in the su per-
conducting state in comparison to the normal state
has already been pointed out in a few metals [8f:it
is ascribed 1o the increasing spin—lattice relaxation
time T below T, in consequence of the condensarion
of normal electrons [9]. From time constants of the
transient regimes measured in our specific heat tech-
nique [1] corresponding to the recovery of thermai
equilibrium after a heat pulse, typically 20~50 s at
35 mK, one can put a lower limit of about a few
minutes on T,

In a next paper, we shall demonstrate that in
amorphous superconducting afloys based on zirconium
one can partly recover this quadrupolar contribution,
as the 7 relaxation time is considerably lowered by
the presencs of low-energy excitations related to con-
figurational defects (TLS defects).

We are grateful to D. Thoulouze and O. Bethoux
for useful discussions.

*! Furthermore a slight bump appears in the specific heat
(fig. 1) at about 90 mK which is the superconducting
transition temnperalure of HE reported by lensen [4].
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ANNEXE E

ANALYSE "B.C.S."” DES RESULTATS EXPERIMENTAUX AU-DESSOUS DE T,
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Comme mentionné lors de 1'Analyse des Résultats, nos &chan-
tillons se comportent comme des supraconducteurs d couplage électron-
phonon plutdt faible. La théorie B.C.S. décrit avec succés le compor-
tement thermodynamique de tels matériaux, nous avons donc développé
une forme d'analyse des résultats expérimentaux obtenus au-dessous de
Tc différente de celle exposée précédemment et reposant principalement
sur Tes prédictions du modéle B.C.S.

Dans la gamme de température gue nous explorons expérimenta-
Tement Ta chute de chaleur spécifique &lectronigue exponentielle qui
suit Ta transition supraccnductrice s'exprime dans le modéle BCS par
la formule numérique suivante :

T

= L
{T) = Cen(TC) a exp(-b T ) avec a
et b

I

8,5
1,44

CES

It

4

Dans la gamme de température ol cette formule est valide
(2,5 < I« 6), la chaleur spécifique totale mesurée C comporte trois

Te
contribuzions :
- les: phonons C_, = @ T3
PROnOrS Fon = Fnl
- les T.L.S. CT.L.S. = afl Tc
- les électrons supraconducteurs Cesﬁ= Cen(TQ) a exp(-b T“)
3 T

. _ L
soit C = BphT + CT + Cen(Tc)a exp(fb T )

LS

que T'on peut écrire

C-Crs

7 T2

T
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C“CTLS

T

T
Dans un tracé ——— en fonction de‘jﬁ [TE-a exp(-b TEQ} ,

T

on doit obtenir une droiter'ordonnée a 1'0rigineﬁ3ph et de pente

Cen(Te)

= si 1'&chantillon &tudié suit le modéle B.C.S.

c
La figure 1 montre un tel fit pour 1'échantiilon Zr76Cu24
brut de puivérisation pour leguel nous avons rencontré (Ravex et al.,
1984) 1e plus de problémes 1iés & T'extrapolation vers les basses
températures du terme phononique déterminé au-dessus de TC.
On constate que 1'on obtient une droite qui permet de tirer
les valeurs suivantes :

Bph = 40 = 2 erg/gK4 (0,338 md/mole K4)
CulT )
N €. =755 + 5 erg/gk°(6,33  md/mole k%)
c

et de confirmer le bon accord avec BCS. La valeur obtenue pour 8 h
est trés différente de la va]eur tirée de 1'analyse en C/T = £(T%)
au-dessus de TC. Cette valeur beaucoup plus faible correspond d peu
prés d celle choisie empiriquement pour analyser les résultats dans
la publication citée précédemment (Ravex et al., 1984), Si 1'on consi-
dére que cette valeur obtenue au-dessous de TC est la valeur correcte
pour les phonons (i1 est & noter que cette nouvelle valeur correspond

4 une température de Debye plus forte - eD = 180 K - en meilleur accord
avec celle des échantillons trempés du liquide), on peut affecter le
terme cubique supplémentaire observé au-dessus de TC d une contribution
&lectronique du type BeT3 (Be =B - Bph) dont T'origine raste d déter-
miner. Dans cette hypothése on peut chercher & calculer le saut de

chaleur spécifique a TC. I1 vaut ¢
C (T) - C(T)  (C g TO) - (B, TS+ 4T)
es* ¢’ . N''¢ _“totale ph ¢ c'c Yc 1.41
- e =1,
CN{TC) Bc Tc ¥ YTc

trés proche de Ta valeur BCS alors gue dans 1'analyse précédente on
obtenait 1,89. Ce résultat confirme & nouveau le bon accord avec BCS
et la nature certainement électronique du terme d'excés.

Cette analyse donne des résultats semblables pour 1'ensemble
des échantillons étudiés.
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